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Low-Power Single-Ended SAR ADC Using
Symmetrical DAC Switching for Image Sensors
With Passive CDS and PGA Technique
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Abstract— An integrated, power-saving SAR analog-to-digital
converter suitable for image sensor applications is presented
in this paper. In comparison with previous works, the pro-
posed, build-in passive correlated double sampling (CDS) and
programmable gain amplifying (PGA) technique is superior in
power, as it achieves correlated noise cancellation and signal
amplification without additional OTAs. Furthermore, inspite of
a single-ended signal from the image sensor array, single-ended-
to-differential sampling is used to enable symmetrical DAC
switching. The adopted LSB-first algorithm, utilizing the strong
correlation between neighboring pixels, significantly reduces the
energy and number of bitcycles per conversion. Additionally,
a comparator with four inputs is adopted to keep the DAC array
unchanged, avoiding power consumption from the operation of
the initial guess for next quantization. Fabricated using a 65-nm
process, the 10-bit ADC occupies a die area of 0.19 mm?. The
measured DNL and INL are less than +0.68/—0.45 LSB and
+1.07/-1.15 LSB, respectively. Operating at 40 MS/s, the ADC
provides an SNDR of 55.7 dB and SFDR of 70.9 dB for
signal bandwidths of 17.2876 MHz and consumes 415.2 uW
from a 1.2-V power supply, resulting in a figure of merit
of 21.7 fJ/conversion-step. Additionally, the CDS and PGA
functionality are verified to be effective in removing reset level
influence and providing gains of —6 dB, 0 dB, and 6 dB.

Index Terms— Image sensor, analog-to-digital
converter (ADC), single-ended-to-differential sampling,
correlated double sampling, programmable gain amplifying,
successive approximation (SA), image-dependent power savings.

I. INTRODUCTION

HE market demand for electronic image sensors,

such as charge-coupled devices, CMOS image sensors,
and recently, pinned photodiodes, is continuously increas-
ing [1]-[3]. In many applications including but not limited
to remote imaging, mobile devices, wearable devices, and
biomedical devices, low-power image sensors and readout
schemes are greatly expected. Power consumption is one of
the main design constraints [4]. Studies have shown that most
of the energy is consumed by readout schemes [S5], which
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include key blocks such as a correlated double sampling (CDS)
circuit, a programmable gain amplifier (PGA) and column-
parallel analog-to-digital converters (ADCs) [6], [7]. Owing
to the limitation resulting from noise, a CDS readout scheme
is essential. It is used to extract the voltage difference between
the reference level and the data level of each pixel to remove
any low frequency noise, which appears as a constant or is
correlated to both signals [2]. Further, PGAs are also necessary
to maximize the dynamic range of the ADCs in weak-light
conditions. However, these two blocks consume substantial
amount of power. The individual CDS chip and PGA chip
dissipate approximately half of the total power of an AFE [8].
Although a combination of CDS and PGA [9] [10] achieves
conciseness and efficiency, the power consumption of an active
amplifier is not negligible. The digital CDS that performs a
subtraction between signal data and reset data in the digital
domain is introduced for better noise cancellation and power
saving [2], [11]. However, a PGA is still required to modulate
the signal from the image sensor. To reduce the total power
consumption, one can make efforts to reduce power in the CDS
and PGA blocks or modify the ADC structures and operations
to achieve functionality of the CDS and PGA with or without
a system level power saving.

On the other hand, low-power column-parallel ADC designs
for image sensors are extensively available in literature.
Single-slope ADCs have been widely used owing to their
simplicity, small area, and high linearity [7], [12], however,
the conversion time exponentially grows as the resolution
increases. For example, an N-bit conversion requires 2N clock
cycles, limiting the frame rate of image sensors. Recently, var-
ious single-slope-based two-step ADCs [13]-[15] and hybrid
ADCs [16], [17] have been developed to solve the problem
of conversation speed. However, it consumes more power
owing to multiple-ramp generators [14]. The SS/SAR ADC
in [16] and SAR/SS ADCs in [17] convert the pixel output
into the upper bit using the SS ADC and the SAR ADC,
respectively. However, some problems exist: many accurate
reference voltages are required for the SAR ADC to achieve
high resolution [16]; ADC is vulnerable to the error in the
step size of the ramp signal and the gain error of the capacitor
DAC [17]. As alternative solutions, A->  ADCs and cyclic
ADCs exhibit superior noise performance and faster conver-
sion speed, respectively [18], [19]; however, both of them
require high power-consuming operational amplifiers, even if
self-biasing and OTA sharing technology for lower power are
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Fig. 1. Block diagram of the proposed SAR ADC and conventional one with
image sensor arrays.

used [20]. All the above approaches are proposed to follow the
traditional ADC operation and optimization for achieving good
performance in quantizing pixel data. However, two general
characteristics of pixel signals should be considered for further
power saving and better performance.

First, the neighboring pixels are strongly correlated with
each other, and Apixel of two adjacent pixels shows relatively
small values compared to the absolute gray values [4], [5].
Therefore, power-efficient delta-readout algorithms that reduce
the operation cycle and cyclic power should be used. Second,
image sensor generates a single-end signal. This results in a
power supply and signal handling capability limitation in the
ADC, which is implemented in a single-ended configuration
to handle a large single ended voltage signal. Reducing the
power supply voltage for lower power is not acceptable owing
to the requirement of a high dynamic range. In addition,
a single-ended ADC structure has inferior supply and substrate
rejection in comparison with a differential structure.

Inspired by previous works and features of pixel signals,
this paper presents a new SAR ADC for image sensor that is
superior to other ADCs in power consumption. The proposed
SAR ADC takes in a single ended pixel signal and converts
it into a fully differential signal for quantization. As the
difference between two adjacent pixels is small, the ADC
can utilize the quantized result of the previous pixel as an
initial guess for the sampled value of the following pixel.
Here, the designed ADC quantizes the pixel data using the
LSB-first algorithm to reduce the operating cycle and power
consumption. In addition, CDS and PGA for input signals
are performed utilizing passive capacitance, which does not
involve any extra power consumption. The paper is orga-
nized as follows. Section II describes and analyzes the key
technology for the proposed ADC. Implementation details of
ADC and key block circuits are described in Section III.
The experimental results measured from the prototype are
presented in Section IV. Section V presents the conclusions.

II. PROPOSED KEY TECHNOLOGY
A. Proposed SAR ADC Topology

The image sensor signals are generally single-ended signals,
which consist of the reset level and signal level, and two
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Fig. 2. Operational timing diagram of the SAR ADC.

parts have the same noise component. A SAR ADC for
image sensor application can be implemented in either a
fully-differential [1] or single-ended [4] topology. Although a
single-ended SAR ADC is always favored in area and power
constrained circuit systems, it is inferior in common-mode
noise rejection, distortion performance, and voltage swing.
A conventional N-bit single-ended SAR ADC, together with
the additional CDS and PGA for image sensors is illustrated
in the upper part of Fig. 1 and receives the signal through
route @. The input signals are sampled and amplified by
CDS and PGA, respectively. The comparator compares the
polarity of the reference and input signal, where the reference
voltage is generated via the capacitor array. The proposed
SAR ADC is shown in the lower part of Fig. 1, and the key
idea of this architecture is to achieve SDS, CDS and PGA
functionality through passive capacitance. A board-level unit-
gain buffer (source follower) is adopted in front of the ADC
to drive the sampling capacitance of ADC. Its static current
is 10 mA in the supply voltage of 2.5 V. A symmetrical
DAC switching technique is adopted here. The ADC receives
the single-end image sensor signal through routed @ and
converts it into a differential signal through a SDS operation
for better common mode rejection during the quantization
process; then the four-input comparator outputs the digital
code and controls the DAC arrays to approximate the input
signal successively. Owing to the passive CDS and PGA,
the AVyy of the input signal is obtained and amplified to
allow relaxed comparator noise and faster settling speeds of the
comparator. More importantly, no more extra power except for
board-level source follower is consumed in comparison with
the conventional ADCs using active amplifier. Fig. 2 shows
the corresponding operational timing diagram of the ADC for
image sensor application. The pixel enabled in phase ®rsEey,
generates the reset value Vegr after @g, so that CDS block
could sample it by ®ggs7. Then the pixel signal value Vs;g
appearing on Vjy after @ is sampled by ®s;;, making AVyy
is obtained as a result of CDS operation.

B. Proposed Passive Capacitance Technology

This part describes the key concept of the proposed built-in
passive CDS, PGA and SDS technology for SAR ADC. Based
on the characteristics of the image sensor signals, the proposed
SAR ADC achieves passive SDS, CDS and PGA as shown
in Fig. 3. In the phase ®gs7 of sampling phase, the reset
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Fig. 3. Proposed passive capacitance technology.

signal Vzgr is sampled on the top plate and bottom plate of
capacitances Cip and Cyn on the positive and negative sides,
respectively. While in the phase ®g;; of sampling phase,
the data signal Vg;g is sampled on the bottom plate and top
plate of capacitances Cpp and Cin, respectively. Then in the
pre-processing phase, the bottom plates of Cop and Cpn are
connected to GND and Vg, respectively. Therefore, after the
pre-processing phase, the voltages of point @ and @ on the
positive side are equal to Vgs7 and — Vs, while the voltages
of points @ and @ on the negative side are equal to Vg;g and
VreF —VsiG- In the shorting phase, the points @, @ and ®,®
are connected together and voltages turn into 0.5 X Vesr —
Vsig) and 0.5 x Vger —0.5 X Vgsr — Vsi). Finally, after
the capacitor stacking operation in stacking phase, the output
voltages of points @ and @ are twice of that in the shorting
phase, which equal (Vgrsr — Vsig) and Vrepr — (Vrst —
VsiG), respectively. After the sampling capacitance is settled
completely, the comparator compares the differential voltage
and quantizes it by successive approximation. Here, it is worth
nothing that: firstly, AV;y = Vgst — Vsig is obtained.
As the noise components of Vgsr and Vgjg are the same,
the CDS functionality reduces noise influence to improve the
precision; secondly, the sampled single end input (Vrsr Vsig)
and its complementary signal Vger — (Vgst — Vsig) are
obtained after the stacking phase; thirdly, after capacitor
stacking, the voltage is twice the previous value. Therefore,
the SDS, CDS and PGA functionality are obtained without
the additional amplifier.

C. Proposed Power-Efficient DAC Method

Recently, considering the strongly correlated characteristics
between two continuous samplings of input signals, many SAR
ADCs have been designed taking advantage of the previous
digital output code [21], [22]. A significant amount of power
is saved if the input signal has low activity. However, the power
consumed by the operation of initial guess could not be
ignored. As an example shown in Fig. 4 (a), the bottom plates
of Vp in the DAC array of conventional SAR ADC should be
transferred from “0011...” to “1100...” for the initial guess.
It is observed that the power consumed by this operation is
766 CVZ, where C is the unit capacitance. The proposed SAR
ADC shown in Fig. 4 (b), which adopts the comparator with
four inputs to separate the input terminals from the DAC
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Fig. 4. The switching procedure for the initial guess of the next V;y. (a) The
conventional switching procedure and structure. (b) The proposed switching
procedure and structure.
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Fig. 5. The block diagram of the proposed SAR ADC.

arrays, achieves power saving by keeping the DAC array
unchanged. The quantization for the next sampling of input
signals begins directly without the operation of the initial
guess. The details of the switching procedure are described
in Section III.

III. PROPOSED SAR ADC IMPLEMENTATION

The input signal from the image sensor is sampled by a
bootstrapped switch. The sampling capacitor with embedded
CDS, PGA, and SDS functionality and a DAC capacitance
array are followed by a two-stage comparator, which also
generates quantization code and provides a data-ready signal
needed for the asynchronous SAR operation. In the following
subsections, we will elaborate on the implementation and
practical design considerations of the key building blocks for
the proposed SAR ADC.

A. Proposed SAR ADC Structure

As shown in Fig. 5, the proposed SAR ADC samples the
image sensor signal Vjy through the bootstrap switch, which
has ®gs7 and Og; as sampling clocks to make a correlated
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Fig. 6. Timing diagram of the proposed SAR ADC.

double sampling for AV;y and removing the fixed noise
component. Two sampling positions are located in the reset
level and data level, respectively, as shown in Fig. 6. The
sampling capacitor is divided into two identical parts PART [
and PART II, and each part contains the capacitor C1x and
Cox (X =P, N). In the sampling phase, the input signals are
sampled by the capacitances in PART I and PART II, respec-
tively. A sampled voltage error Verr = 27 fiN VRS /2)% Atskew
owing to the different sampling paths via PART I and PART
II is observed; here, Atgew iS the aperture delay difference
between the two paths [23]. To ensure that the aperture delay
difference is less than half LSB of the ADC, the complexity
in circuit design and layout is apparent. However, the input
image signal of the proposed ADC remains constant during the
sampling phase; thus, the specific attentions are not required
here. The 3-bit digital control word BIT[0:2] is used to set
the programmable gain varied from —6 dB to 6 dB in 6-dB
step, as listed in Table I. Taking O dB as an instance, when
®rs7 is high, the voltage Vzsr of the input signal Viy is
sampled on the top plate of capacitor Cip. The bottom plate
of capacitor Cyp is connected to GND. Meanwhile, the bottom
plate of capacitor CoN connects to Vegr. The top plate of
capacitor Con, which is controlled by digital BIT[1], connects
to GND in the situation involving 0 dB (where BIT[1] = 0).
Then the signal level Vg;g of the input signal Vyy are
sampled by the bottom plate of capacitor Cop and top plate
of capacitor Cin during sampling phase ®g;G, respectively.
When @5 is high, the bottom plates of Cop and Cyn connect
to GND and VggF, respectively. Thus, the top plates of Cop
and Con turned into —Vs;c and Vrgr — Vgsr, respectively.
During the phase @3, the top plates of the capacitance in each
part are connected together. Thus, the voltage Vpp becomes
1/2 % AVyy during phase @3, where AV;y = Vrst — VsiG.
Similarly, Vyy becomes 1/2%xVgrpr— AViy). In phase of @4,
the passive amplification is enabled by stacking the capacitors
C; and C;. The voltage Vpp transforms from //2xAVyy into
AVin. On the other side of the comparator, the voltage Vyn
equaling Vrgr — AV is obtained. Then the comparator makes
a comparison between Vpp — Vpy and Vyp — Vyu; the
output digital code controls the binary DAC capacitor array
to generate the corresponding reference voltage, which finally
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TABLE I
DIGITAL CONTROL WORD FOR GAIN CONTROL

BIT[0] | BIT[1] | BIT[2] | GAIN
1 1 0 6 dB
1 0 0 0dB
0 0 1 6 dB
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Fig. 7. Parasitic capacitors in the proposed sampling network.

has a distinction less than 1 LSB with the input. The DAC
capacitor array is switched according to the LSB-first timing
algorithm, and its top plates are connected into Vcys at the
beginning of the quantization process. The proposed SAR
ADC provides three gain settings for input signals with dif-
ferent dynamic ranges. When a A V;y exceeding the range of
VrEF is applied to the ADC, the digital control word BIT[0:2]
= 110 and the programmable gain is —6 dB. The voltage of
Vpp and Vyy equal I22xAVyy and Vrpr — 1/2 % AViy,
respectively. When AV;y with small amplitude is applied,
it is necessary to provide amplification through BIT[2]. The
sampling capacitor arrays, PART I and PART II, are connected
together through @ to achieve a 6 dB gain, and the voltage of
Vs changes from 0 to AV;y. According to the charge conser-
vation principle, Vg would increase from AV;y to 2% AVyy.
Meanwhile, the voltage of Vg changes from Vrpr — AVy to
VREF —2AViN.

According to the above content, the passive capacitance
technology looks quite nice for ideal capacitor. However,
the difference of the parasitic capacitance in top-plate and
bottom-plate of the sampling capacitance has a non-negligible
influence in practice. Next, we will examine the gain error
due to parasitic capacitors in the proposed sampling network.
We redraw Fig. 3 with parasitic capacitance in Fig. 7, where
Cpxt and Cnxr stand for the total parasitic capacitance in its
corresponding node. In the positive side of Fig. 7, the top-
plates of Cipr and Cypr (which consist of Cip and Cop in
PART I and PART II, respectively.) are connected together after
sampling phase, pre-processing phase and shorting phase. The
voltage Vxp can be obtained as

Vrst (Cipr + Cpi7) — VsicCopr
Cipr +Cpi7 + Copr + Cpor
The sampling capacitance Cipr and Copr are stacked sub-
sequently in stacking phase. And the node voltage Vy|_p is
Cipr (C2pr + Cp271)

+1
(Crpr + Cp17)(Copr +CpP27+Cp37)
(2)

1)

Vxp =

Vyi—p =Vxp [
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Fig. 8. The bootstrap switch for double sampling.

Similarly, in the negative side of Fig. 7, the node voltage
Vy1_n can be obtained as

Cint (Cont + ChNoT)

Vyi—ny = Vxn [ +1]
(Cint + CNi1T)(ConT +Chn27 +CpN3T)
3
where
Vsic (Cint + Cnit) + (VREF — VRST)ConT
Vxn = 4)

Cint + Cnir + Cont + Cpho21

According to Fig. 5, the sampling capacitance and switches
are designed symmetrically with the same sizes, and a dummy
switch with the same size as the extra switch for Vrgr in
the top-plate of Cont is adopted in top-plate of Copr for
keeping the same parasitic capacitance value of Cppr and
Cnat. As Cpor = Cner, and Cint = Cipr = Cont = Copr,
CpiT = CniT, Cr2r = Cnot, Cp3t = Cnat, the sampled input
differential voltage Vyirr = Vpp — Van = Vyi—p — Vyi—n
can be calculated as after the stacking phase.

P1T

C
Vairr = Vep — Vv = k[Q2 + YWin — Vrer] ()
Cipr
where V;ny = Vrst — Vsig, and k can be calculated as
k= Cipr
Cipr +Cpir + Copr + Cpor
C C +C
1pr (CapT P2T) L1 ®)

X
(Cipr + Cpi7)(Capr + CP2r + Cp3T)

Combining Equation (5) (6), therefore, a gain error exists
inevitably due to the parasitic capacitance in practice. It can be
regarded as a fixed gain error and does not affect the dynamic
performance obviously. Additionally, the finger typed metal-
oxide-metal (MOM) capacitor is used as the sampling capac-
itances instead of MIM cap for same parasitic capacitance
in two plates. Every metal layer of the symmetrical MOM
capacitor consists of both top- and bottom-plate, hence, both
plates observe the same parasitic capacitance with respect to
ground. On the other hand, the designed shielding structure,
which consists of bottom poly shield and side-wall metal
shield, is incorporated into the sampling capacitor, reducing
the undesired parasitic capacitance for substrate and routing
lines. Meanwhile the designed MOM capacitance has a density
of 3fF/um?, superior to the 1-2fF/um2of MIM cap, reducing
the capacitance area.
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Fig. 9. The timing diagram of the bootstrap switch.

B. Bootstrap Switch for Double Sampling

The adopted bootstrap switch is shown in Fig. 8, and the
timing diagram is shown in Fig. 9. The bootstrap switch con-
sists of a common clock booster and two N-type bootstrapped
switches, avoiding the use of two independent bootstrapped
switches, which would increase the required chip area and
power consumption. The operating procedure is described as
follows. When ®gg7is high, My and Mjs is off, and the
capacitor Cz is connected between the gate and source of
the sampling-switch transistor M to provide a constant Vs,
which equals Vpp. The output voltage Vo_grs7 tracks with
the input voltage Vjy(equaling to Vgs7). When ®@gg7 is low,
the capacitor C3 is recharged through transistors My and Ms.
Similarly, in the data sampling phase, ®s;gis high, M3 and
Mo is off, the capacitor C4 is connected between the gate and
source of the switch M. The gate voltage Vs_s;c of My
equals Vgrg + 1.2, where Vs;g = VrsT — AV. Thus the input
voltage V;n (equaling to V) is tracked and sampled. When
®g;c is low, the capacitor Cy4 is recharged through transistors
M3 and Mo.

The influence of low Vrpgy is obvious, which results in
a substantial increase in the sub-threshold leakage current.
In order to reduce the leakage current [18], Vgs or Vpg
may be reduced or Vry may be increased [18]. Instead of
a connection to GND, a negative substrate bias is generated
by a negative voltage generator to reduce the sub-threshold
leakage current [24]. The negative voltage pump uses a PMOS
to generate negative voltage approximating to Vry — Vpp.
In the data sampling phase, for example, when ®g;¢ is high
and @ gg7 is low, the voltages in @ and @ are Vry — Vpp and
Vru, respectively. For reducing the leakage current of My,
the bulk connects to negative voltage. Meanwhile, the gate
of switch transistor My is connected to the point @ through
Mj3 and Mpys. Fig. 10 shows a summary of drain leakage
currents for a normal switch transistor with gate and bulk
connecting to GND, a switch transistor with only negative
bulk voltage and the proposed one with negative gate and bulk
voltage. It is apparent that the drain leakage currents increase
with the value of Vj, and the leakage current reduces greatly
when the negative voltage is applied on the gate and bulk
synchronously. It is very meaningful that in the image sensor
application, the reset level and signal level are sampled in
the ®gs7 and Og;c phases, respectively. And the difference
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value AV (AV = Vgest — VsiG) varies from 0 to 1.2 V.
Therefore, the V;5 of a switch transistor (which is in the “off”
situation) might be very large, resulting in an error caused by
the leakage current. In order to minimize the errors introduced
by the leakage current, the switch MOS transistors Mj; and
M3 must exhibit a good performance in the “off” state. The
bootstrap switch connects bulk and gate of the switch MOS
to the negative voltage so as have an obvious degradation in
drain leakage current.

In addition, some switches of the proposed SAR ADC
are designed carefully to guarantee their stability during the
sampling phase. As shown in Fig. 11, the switch SW5 is on
and SW, is off after the sampling phase ®g;5. The voltage
Vp changes from O to —Vjy, which would cause improper
operation of the switch SW5. In such a case, an NMOS switch
transistor would start to conduct current when it should be
off. To ensure proper operation, a PMOS transistor with a
thick oxide layer is used as SW» to prevent the incorrect
conduction. Additionally, a negative voltage Vryg — Vpp is
used to conduct switch during ®g;5. Similarly, a PMOS
transistor with bootstrapping functionality is used as SWi,
which keeps a constant Vs = —Vpp to conduct the voltage
V4 and Vp sufficiently when SWj is “on”.

C. Comparator

Fig. 12 shows the double-tail latch type comparator that is
adopted for the proposed SAR ADC. The comparator consists
of a pre-amplifier and a latch. The pre-amplifier with four input
terminals is used, rather than two single-ended inputs in the
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Fig. 12. The adopted four-input comparator.
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Fig. 13. Single-ended split capacitive DAC arrays and its switching
timing diagrams for first quantization process using the Vcp-based switching
method.

conventional op-amp. When the clock signal CLK is low, the
input stage and latch are reset, with V4, and V4, being high
and Vo, and Vo, being low. When CLK is high, the input
stage compares the V;, — V,or4 and Vj, — Vier—. Then, the
latch with positive feedback forces one output to high and the

other to low according to the comparison result.

D. DAC Array Implementation and Switch Procedure

The single-ended structure of the proposed capacitive DAC
array is depicted in Fig. 13, which provides the reference
voltage. The DAC is implemented as the 5-bit MSB and the 5-
bit LSB arrays with fewer unit capacitors and a smaller silicon
area compared to a regular capacitor array. In this design,
the unit capacitance is designed to be 50 fF. The maximum
equivalent capacitance observed between the top and the
bottom plates of the capacitor array is 32C. Ideally, the value
of capacitor Cc is 32/31 unit capacitor. This compresses
the entire range of the sub-DAC into one main-DAC LSB,
thus allowing the sub-DAC to provide a 5-bit interpolation
between the main-DAC LSBs. In reality, Cc is increased
by an enlarging factor of 1.1 times to compensate for the
impact of the parasitic capacitance at the top plate of the sub-
DAC [26], [25]. Through post-simulation, the C¢ is obtained
as 56.8 fF. In addition, for improving the matching accuracy
and reducing the process variation, the DAC is implemented
using MOM capacitor array. In this prototype, we use a
multi-finger capacitor structure, and the number of fingers is
chosen judiciously such that the fractional Cc can be achieved
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Fig. 14.  Waveform of the DAC output in the quantization process for the
first pixel data.

with identical finger lengths but a different number of finger
segments.

The characteristic of Apixel i strongly correlated between
the neighboring pixels [4]. The ADC presented here adopts
the LSB-first algorithm to quantify the pixel data, which
starts with an initial guess of the current sample’s value and
bitcycles LSBs first instead of MSBs as in the conventional
SA. Fig. 14 depicts the DAC voltage Vpac during 10-bit
conversion for the first quantization process of the pixel data,
and the Vcp-based switching method is used [27]. As shown
in Fig. 13, the DAC array varies as follows: in the Og
phase, the top plates of the MSB capacitor array and the
bottom plates of the DAC capacitor array are connected to
Vceum. The switches Sy k. Smk—1,... 1S connected to Ve
Then in the converting phase ®c, the comparator makes a
comparison when CMP is high, and the comparator output
decides the switch logic of DAC array, which translate the
bottom plate of the capacitor from Vcys to Vpp/GND. The
DAC output can be calculated (7), as shown at the bottom of
this page, where Cy; and Cy, are the sum of the capacitance
in the 5-bit LSB and the 5-bit MSB arrays, respectively.
The DAC digital input X = [S;,...Sm,n], With Sy equals
to 1 or —1 represents the DAC connecting Vpp or GND.
And Sprg equals to 0, meaning that DIR capacitance con-
nects Vcoum in the first quantization process. After ten quan-
tization phases of the first pixel, the DAC output voltage
Vpn — Vnp approaches the input voltage Vpp — Vyy step-
by-step and finally the error between them becomes less
than 1 LSB. To reduce power consumption and the number
of cycles, the proposed ADC takes advantage of the corre-
lation between neighboring pixels, according the LSB-first
algorithm [2]. When the ADC samples the next neighboring
pixel data, the reference voltage of DAC arrays remains the
value for the previous pixel data (which is used as an initial
guess); it is not necessary to reset the reference voltage value
to Veum, and there is no need for an additional initializing

A v ST
2 r"'r"'['"}rzzf"'T’*=1"'1""

o e S0

:: IVPNI-VNPI I I I I |

e 1 S
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Fig. 15. Example 10 bit conversions for the neighboring pixels data using

the LSB-first SA algorithm.

Fig. 16. Die microphotograph of the fabricated SAR ADC.

process as the classic LSB-first algorithm. The initializing
process of DAC arrays would increase costs in delay time and
power. Therefore, the proposed ADC is superior to the ones
proposed in previous works. The ADC operates as follows:
In the quantization process, Sprgr connects Ve, Vpac is
then compared against the sampled V;y. If the comparator
output is 1, meaning Vpac is greater than V;y, the initial
guess was too high and Spjg translates from Ve to GND,
which denotes the need to decrease the guess. Inversely, if the
comparator output is 0, then Spyr connects Vpp. In this case,
the initial guess is either too low or exactly correct. When
the initial guess is exactly correct, the conversion ends after
only two bitcycles. Otherwise, the algorithm moves the digital
output from LSB to MSB until it converges to the final output
code. The example conversion in Fig. 15 has an initial guess
Dpreyv = 718 and a final Doyr = 731. As each bitcycle
involves a DAC transition, an analog comparison, and logic
transitions, it is observed that LSB-first SA saves energy in
all components of the ADC by performing fewer bitcycles
than the conventional ones when the signal activity decreases.

IV. EXPERIMENT RESULTS AND ANALYSIS

Fig. 16 shows the die microphotograph of the proposed
ADC. It has been fabricated using 65-nm standard CMOS
technology, and the active area occupies 0.19 mm?. To reduce
the mismatch between the unit capacitors, the capacitor array

i
Ce (X 2"71CS;u + CSpir +

n=1

k k
S 2 1CS ) +CL > 2" CS

n=1 n=1

Vour (X) =Veu +

Cc (CL+Cy)+CLCy

*5VDD (7)
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Fig. 18. Measured dynamic performance versus the input frequency.

follows the partial common-centroid configuration and is sur-
rounded by dummy capacitors. To conveniently and fairly
evaluate and compare the dynamic performance and linearity
with other works, the proposed ADC is measured using single-
tone testing (the CDS and PGA functionality are not used).
Thus, the sine input signal is sampled onto the capacitance.
The voltages Vpp and Vyy of the comparator are equal
to Vsig and Vrer — Vsig. Fig. 17 shows the fast fourier
transform of the ADC with a near-Nyquist frequency input
signal at 17.2876 MHz. The SNDR and SFDR are 55.7 dB and
70.9 dB, respectively. Fig. 18 summarizes the measured SNDR
and SFDR with respect to the input frequency. The SNDR
and SFDR are greater than 55.7 dB and 70.9 dB respectively,
when the input signal varies from 5 MHz to 17.2876 MHz
at a sampling rate of 40 MS/s. The linearity of the ADC in
terms of DNL and INL is measured and illustrated in Fig. 19.
The DNL/INL measurement result for one test chip uses 1.2-V
supply voltage, and the DNL is bounded at +0.68/—0.45 LSB
and the INL at 41.07/—1.15 LSB.

The CDS and PGA are achieved in the proposed ADC
using passive technology, which are measured and verified
in Fig. 20 and Fig. 21, respectively. As shown in Fig. 20, a
stair-step signal is used as V;y, which is generated by a 14-bit
DAC. The magnitude of AV;y ranges in 0—1.05 V and varies
linearly in 0.286-1.05 V with each step of 1.2/2!° V. The
Vin with small voltage magnitude increases non-linearly due
to evaluation board for measurement, as shown in Fig. 20.
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Therefore, we choose a linear part of V;y from 0.286 V to
1.05 V for verifying the functionality of CDS. A micro-photo
in Fig. 20 shows the correlated double sampling locations @
and @. The measurement results indicate that output digital
codes (corresponding to A Vyy from 0.286 to 1.05 V) increase
linearly with the same tendency of the input signal V;y. Thus
the CDS functionality is effective in obtaining the difference
of voltages in two adjacent sampling phases.

The proposed ADC provides programmable gains of -6 dB,
0 dB, and 6 dB according to the setting of BIT [0:2]. The input
signal Vyy with a constant value of AV;y = 0.22 V is applied
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TAB

LE III

PERFORMANCE SUMMARY AND COMPARISON

Reference M| s [15] [16] 07 | ol [20] [29] (301 |[311| 321|331 | (341 | This work
ADC Architecture|SAR|  SAR ss SS/SAR |SAR/SS| Cyclic | A SAR | SAR/SS |SAR|SAR|SAR| SAR SAR
Technology(nm) | 180 | 350 130 180 180 | 180 180 180 90 | 180|180 | 180 | 130 65
Supply voltage (V)| 1.8 | 3.3 2.8 33 33 1.8 1.8 33 28 [33(33]33| 28 12
CDS Functionality|W/0| W/O W/O wio | wWo | wo | w/o W/O w/io |w/o|wio| W | wo w/
PGA Functionality \y/0| /0 W/0 wo | wo |wo | wo | wo | wo |wo|lwo|wo| wo w/
Sampling | » 5 | 49 NA | 0083 | 03 | 05 20 056 | NA |04]077]003| 006 40
rate(MS/s)
Resolution (bit) | 10 10 12 11 9 12 10 8 12 1210 9 14 10
DNL (LSB)  |0.94(-0.6/+0.73 |-0.49/+1.3411.45/+1.65-1.0/+9.9 +/-0.5 [-0.2/+0.22|-1.5/+1.7|:0.45/+0.84/ 0.83 | 0.55 | 1.2 |-0.9/+0.99| +0.68/-0.45
INL(LSB)  [1.39}-2.43/42.60| -2.5/+2.4 | N/A  |[9.8/+4.7 -2/+3.2 |-0.89/+0.71|-1.3/+0.6 | -1.5/+0.74| 1.62| 0.77 | 4 |-3.9/+12 |+1.07/-1.15
Active area (mm?)[0.035] N/A | 0.0066 | N/A | 0.009 |0.0075| 0.00186 | 0.0024 | 0.002 [0.012] 0.01 [0.0036 0.11 0.19
FoM(fl/conv.-step)| 15 | 844 178 206 378 | 2416 | 151 1410 369 [92.8| 74 | 140 | - 217
TABLE I1
PERFORMANCE SUMMARY
Active die area 0.19 mm’
Sampling rate 40 MHz
Resolution mode 10-bit
CDS with
PGA -6 dB, 0 dB, 6 dB
SFDR(dB)@Nyquist 70.9 dB
SNDR(dB)@Nyquist 55.7dB
Power Consumption 415.2 yW
DNL (LSB) +0.68/-0.45
INL (LSB) +1.07/-1.15
FoM((fJ/conv.-step)) 21.7
A - ] <Image-4 (S4)>
CDS
Comp VGA
o 25.4% 19% 24%
< PGA
.E 51:9% Other 7%
a Dig Cyclic-AD( Other
g 28.3% 32% 39%
O
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S SA-ADC <Image-5 (S5)>
E e ge-5 (85)
i 320 : : : . .
= : L R 2300+ 1
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Proposed ADC [22] [28] [29] £ S1
= 280 - i
£ S2
Fig. 22.  Power breakdown summary of proposed SAR ADC and others. 2
5 260+ 1
&}
St
@
. . . Z 240} S3 |
into the ADC, as shown in Fig. 21. In the measurement, e 4 S6
the obtained digital output code is 155 at the gain of 0 dB, 220 ‘ ‘ ‘ ‘ . S5
while the digital output code is 355 (corresponding to AV;y = 70 75 80 85 90 95 100

0.433 V) at the gain of 6 dB, which is less than the ideal value
of 361(corresponding to AV;y = 0.44 V). It is observed that
the proposed ADC has a gain of less than 6 dB partially due to
the effect of parasitic capacitance in the sampling capacitance.

A power constitution summary of the proposed ADC and
other works for image sensor is shown in Fig. 22. It is
apparent that the CDS and PGA occupy a major component
of the total power consumption [22] [28] [29]. In contrast

pixel-info-similarity (%)

Fig. 23.  Measurement of image inputs. (a) Six different image inputs for
measurement. (b) Power consumption versus pixel-info-similarity @ S1-S6.

to previous works, the proposed ADC provides the CDS
and PGA functionality with low power consumption by the
comparator, logic, and DAC. The measured performance of
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the fabricated chip is summarized in Table II. Here, the
figure-of-merit (FOM) adopts the definition from [33] [35].

To demonstrate the power consumption of proposed ADC
using delta-readout concept and LSB-first algorithm, six image
inputs with different pixel-info-similarity are used to measure
the power consumption of the proposed ADC, as shown
in Fig. 23 (a). The pixel-info-similarity is defined as the
percentages of delta values between neighboring pixels are
smaller than 15 LSB. The pixel-info-similarity is inversed
to the image signal activity. Targeting these image input
signals with pixel-info-similarity from 74% to 99%, the power
consumed by the ADC is from 300 ¢W to 226 uW, as shown
in Fig. 23 (b). It is indicated that lower power consumed by
ADC for image input with higher pixel-info-similarity through
using the LSB-first algorithm.

Table IIT summarizes the basic performance of the proposed
chip and previously reported ADCs utilized for the image
sensor application. Among the ADCs in Table III, the work
described here is the only one that integrated the CDS and
PGA functionality effectively without additional power con-
sumption. And the proposed ADC exhibits a good performance
in terms of linearity, area, and energy-efficiency.

V. CONCLUSION

A 10-bit, 40-MS/s power-saving SAR with passive SDS,
CDS and PGA technology for image sensor applications is
presented in this paper. The CDS achieved by the sampling
capacitance removes the noise component of the data signal,
and the SDS prevents the occurrence of even error during
the quantization process. The PGA controlled by digital word
provides gains of -6 dB, 0 dB, and 6 dB. Based on the
characteristic of the adjacent pixels, the LSB-first algorithm
is adopted in the ADC to effectively reduce the power con-
sumption by varying the LSB array according to the initial
guess. The measurement results show that the proposed ADC
has a better SNDR (55.7 dB) and SFDR (70.9 dB) at a 40 MS/s
sampling rate, resulting in a FOM of 21.7 fJ/conversion-step.
And the lower power is consumed for image input with higher
pixel-info-similarity through using the LSB-first algorithm.
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