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Abstract— A 1024 × 896 test chip is presented in this article
to explore a low-power readout circuit for a multi-bit quanta
image sensor (QIS). Five well-known analog-to-digital converter
(ADC) approaches [flash, pipeline, successive approximation
register (SAR), cyclic, and single-slope (SS)] are studied, and
two types of ADCs, namely, SAR ADCs and SS ADCs, are
implemented in the sensor. The ADC power dissipations are
compared under the condition of constant imaging throughput
in counting photoelectrons. In QIS devices, one LSB corresponds
to one photoelectron. Measurement results show that the power
consumption of SAR ADC is better than that of the SS ADC
and decreases by a factor of 17 when the resolution is changed
from 1 b to 6 bits. By contrast, the power consumption of the
SS ADCs decreases by a factor of 2.5. Thus, SAR ADCs seem
more suitable for use in low-power multi-bit QIS.

Index Terms— Analog-to-digital converter (ADC), column
ADC, low power, multi-bit quanta image sensor (QIS), readout
circuit.

I. INTRODUCTION

P IXEL shrinkage to subdiffraction limit (SDL) pitch brings
the potential benefit of lower costs for CMOS image sen-

sors (CIS) as the resolution increases. However, with reduced
photon flux on each pixel, the signal-to-noise ratio (SNR)
and the dynamic range is lower, resulting in reduced image
quality. Photon-counting quanta image sensors (QIS) have
been proposed to address this problem [1]. The QIS concept
features spatial and temporal oversampling that requires high
pixel count, very small pixels, and high frame-rate readout,
such as a billion 0.5-μm pixels readout at 1000 frames/s (fps).

The specialized small pixels in a QIS with deep SDL pitch,
small full-well capacity (FWC), deep subelectron read noise
(e.g., < 0.6-μm, 100 e-, and < 0.3 e-r.m.s., respectively) and
binary output upon readout are called jots. For QIS operation,
the single bit [or least significant bit (LSB)] normally corre-
sponds to a single photoelectron. Much effort has been put into
the exploration of such jot devices focused on high conversion
gain (CG) of 300–500 μV/e-. A pump-gate (PG) jot [2],
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a tapered reset PG jot [3], and a JFET jot with punch-through
reset [4] have been explored. When the shared readout (SRO)
technique is applied in a QIS [5], the fill factor of a pixel
can be further improved or pixel size is decreased, both at
the expense of CG reduction. The parasitic capacitance on a
column bus can also be reduced to improve readout speed.

A prior exploration of readout circuits for the future real-
ization of lower-power gigapixel QIS has been demonstrated
by designing a 1-Mpixel single-bit image sensor with a con-
ventional 3T pixel operating at 1000 frames/s. The single-bit
column-parallel analog-to-digital converters (ADCs) were
implemented based on charge-transfer amplifiers (CTAs) [6].
The power consumption of the whole chip was only 20 mW
including pads. However, the CG in that implementation was
too low and read noise too high to permit single photoelectron
detection, and the emphasis was on low power, high frame rate
demonstration of the readout signal chain.

A 1-Mjot photon-counting QIS using a 3D-stacked structure
and a new cluster-parallel architecture was introduced [7]. This
allows the column bus to be changed to a shorter cluster bus,
reducing the parasitic capacitance. The cluster-parallel archi-
tecture also eases the tall-thin layout requirements of column-
parallel architectures, possibly giving more freedom in ADC
choices. The 1.1-μm SRO jot had a CG of 368 μV/e- with
an average read noise of 0.21 e-r.m.s. and well-defined pho-
toelectron quantization allowing photon-number resolution.

In scaling QIS to gigajot resolution, the cluster-parallel
readout architecture is easily repeated across the larger array.
However, power dissipation becomes important since the
20 mW demonstrated for the 1-Mjot sensor of [7] would
be amplified 1000-fold. Reduction in power can be achieved
through the use of more advanced technology nodes with lower
parasitic capacitance and reduced power supply voltages. For
example, we estimate that changing from a 65- to 45-nm
process for the readout circuits might result in 5 W readout
power dissipation for a gigajot array.

A multi-bit QIS has also been considered alongside
single-bit QIS [8]. In many ways, a multi-bit QIS with photon
number resolution, counting to perhaps less than 100 e- per
readout, is conceptually midway between single-bit QIS and
conventional CIS. Compared to single-bit QIS, a multi-bit
QIS with variable bit depth has several advantages [9], [10].
First, by selecting the bit depth of the digital signal of the
signal path, the linearity or compression between average input
photon flux and output signal can be adjusted. Second, increas-
ing the bit depth (counting more photoelectrons per each
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readout cycle) allows the field readout rate to be reduced while
maintaining constant photon imaging throughput. Photon flux
capacity (FC) is a measure of the photon-counting capability
of the QIS and is the product of the QIS pixel or jot FWC
(including readout signal chain limitations) and frame rate,
divided by quantum efficiency. The QIS output data rate (b/s)
can be effectively decreased by using ADCs with higher (albeit
still low) bit resolution. The required frame rate for constant
FC is reduced by factor 2n-1 for an n-bit QIS. For example,
when the bit depth of the readout ADC in a QIS is increased
from n = 1 b to n = 6 bits, the frame rate can be decreased by
a factor of 63. The photon FC of a 1000-fps single-bit QIS is
equal to that of a 1000-fps/(2n-1) n-bit QIS. Multi-bit readout
helps to address the issue of high output data rates in QIS [4].
It is meaningful to explore the design of a multi-bit QIS not
only by circuit simulation, but by reducing it to practice.

To lower the power consumption of the readout circuit in a
multi-bit QIS, it is necessary to choose relatively low-power
ADCs from among the various available types of ADCs.
Further, we are interested in algorithmic ADCs where the bit
depth is readily changeable during sensor operation, unlike,
say, a flash ADC. Layout area of the ADC is also highly
constrained in an image sensor, especially for column-parallel
or cluster-parallel architectures. Variable-bit-depth also dis-
favors pipeline ADC architectures for layout area reasons.
While a review letter has been published that compares various
topologies for tall, thin, column-parallel ADCs [11], there is
often a trade-off between power and layout area that has not
been well explored for low-bit-depth/variable-bit depth ADC
design.

In this exploratory work, we were also constrained by
sponsor interests and funding, and options for image sensor
fabrication. The sponsor desired a global shutter (GS) pixel,
and practical foundry choices limited us to TPSCo. This
resulted in a larger, conventional GS pixel with CG too
low, and read noise too high for photon counting, and a
column-parallel architecture rather than 3D-stacked with a
cluster-parallel option. Nevertheless, aside from some layout
differences, we believe the ADC implementations and their
performance results allow us to draw important conclusions
for future multi-bit QIS development activity.

In this article, not only are different types of ADCs com-
pared but also the relationship between power consumption
and bit depth is explored to determine whether any power ben-
efit can be obtained by increasing the bit depth at constant FC.
Compared to the preliminary multi-bit QIS ADC studied in [9]
and [10], in this article, the ADC design is improved and its bit
depth is increased. The resolution of the ADC is decreased to
500 μV to be consistent with anticipated future high-CG QIS
implementations. In the present device, 1 LSB corresponds
to 4.2 e-. An image sensor prototype is implemented with SS
ADCs. Ten tall, thin successive approximation register (SAR)
ADCs are also implemented in the test chip for the purpose of
comparing different ADCs. The SS ADC design is based on a
conventional architecture for the sake of reliability. The SAR
ADC design is based on a CTA. To verify whether the energy
consumption can be reduced at a constant FC for these ADCs,
a detailed analysis of power consumption and area occupancy

Fig. 1. Sensor architecture.

is performed to select the best type for the readout signal
path of a multi-bit QIS. SAR ADCs are found to have better
low-power characteristics. The experimental results also show
that excluding area requirements, SAR ADCs are superior to
SS ADCs and their power consumption greatly reduces with
increasing bit depth for constant flux capacity. The results
of this comparison can provide meaningful guidance for the
future design of low-power, multi-bit, gigajot QIS devices.

The rest of this article is organized as follows. The architec-
ture of the test chip is presented in Section II. The comparison
of various ADC architectures is also presented in Section II.
Section III explains the detailed design of each block in the
sensor. Section IV reports the experimental results. Section V
compares the power consumption of two kinds of ADCs.
Finally, the conclusion is given in Section VI.

II. SENSOR ARCHITECTURE

The floor plan of the sensor is depicted in Fig. 1. The
chip consists of a complete imager and several column-parallel
SAR ADCs. The size of the pixel array is 1024 columns ×
896 rows. Two-row logic blocks are placed on the left and
right sides of the pixel array for layout convenience. The
pixel output is connected to an analog column multiplexer
(MUX). The output of the MUX is fed to a programmable
gain amplifier (PGA), which drives the SS ADCs. There is a
6-bit register in each SS ADC to store the conversion results,
thus the previous digital codes can be read out through the
digital MUX during the conversion process. A global ramp
generator and a global counter for the SS ADCs are located
on the left side of the ADC array. In addition to these main
blocks, ten tall, thin column-parallel SAR ADCs are included
in the upper-left corner of the chip to enable the experimental
exploration of a second type of ADC without compromising
the image quality of the full array. The signals related to the
SAR ADCs are shared with the signals related to the imager
due to pad number limitations.
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Fig. 2. (a) Diagram of the analog signal chain. (b) Timing diagram of the PGA.

A. SS ADC Analog Signal Chain

Fig. 2 shows a diagram and the simplified timing of a col-
umn in the imager. Each pixel is a standard GS pixel produced
by TPSCo foundry; its specifications will be introduced in
the following section Ibias denotes the source-follower (SF)
load of the pixel. The pixel output is fed to the analog MUX,
which has three inputs, one output, and two select lines. The
other two input lines are connected to Vcali1 and Vcali2, which
are known signals from outside of the chip and facilitate the
calibration of the readout circuit. The output of the MUX is
connected to the PGA block. S1 is used for sampling the
pixel output. S2 is used for resetting the PGA. When the
pixel outputs the reset voltage, denoted by Vrst, S2 and S1 are
turned on simultaneously to reset the PGA and sample Vrst.
The comparator is also reset at the same time. In this way,
a cascaded noise cancellation process is applied to the signal
chain to remove the reset noise [12]. After the reset, S2 and
S1 are both turned off. When the pixel outputs the exposure
level, denoted by Vsig, S1 is turned on again. Then, the PGA
amplifies the difference of the two levels �V = Vrst–Vsig, and
Vout is the difference multiplied by the gain, where the gain
is determined by the ratio of CS and CH . In the meantime,
a correlated double sampling (CDS) operation is realized. The
gain is designed to be 4 or 5. CL is used to sample and hold
the PGA output. Vpcm is the reference voltage for the PGA.
Dummy transistors are added to switches S1 and S2 to reduce
charge injection and clock feedthrough [13]. The power supply
of the PGA is 3.3 V, while the power supply for the subsequent
blocks is 1.2 V to reduce power consumption. Therefore, two
ac coupling capacitors C1 and C2 are used. The comparator,
the ramp generator, and the global counter start working when
the PGA’s output stabilizes. The global counter signal is fed
to the column-parallel register. When the comparator output
toggles from “0” to “1,” the register stores the counter signal,
which is the ADC conversion result.

B. Comparison of ADCs

The most common types of ADCs are flash ADCs, pipeline
ADCs, SAR ADCs, cyclic ADCs, and SS ADCs. To choose

TABLE I

COMPARISON OF ADCS

the best option among these ADCs for QIS, only their tradi-
tional structures are considered [14]. Table I shows the number
of components and operations per sample for each unit resistor
(Ru) and capacitor (Cu), respectively, used in the ADCs.
The number of operations per sample reported in the table
is derived from the number of clock periods needed for full
conversion of the ADC × the total number of comparators and
amplifiers. Generally, the more comparisons that are needed
for the conversion, the more energy (or power) the ADC will
consume. The power consumption can be said to be linearly
proportional to the number of operations per sample. While
it is possible to design the comparator in an SS ADC as a
continuous-time amplifier with continuous power dissipation
traded for just a single comparison, in this article a D latch
is used as the comparator so the number of operations/sample
of the SS ADC is 2n. It is preferred to use the ADC that
requires the fewest operations per sample and consumes the
least power. The SAR ADC is the most desirable in this
respect, while the SS ADC is the least desirable.

However, one also needs to consider the areas of the
different ADC types. The layout of the column-parallel ADCs
in an image sensor is usually of great concern, as it is
for cluster-parallel readout. It is assumed that the area of a
comparator is equal to that of an amplifier and that the area
of Cu is the same as that of Ru , whereas the comparator area
is assumed to be 20 times larger than the Cu area. It is also
assumed that the Cu in pipeline and cyclic is 10× that of
the other ADCs. Additionally, it is assumed that the power
consumption of the amplifiers is 10× larger than that of the
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TABLE II

PRODUCT OF POWER AND AREA FOR VARIOUS RESOLUTIONS
IN DIFFERENT TYPES OF ADCS

Fig. 3. GS pixel used in the imager.

comparators. In Table II, the product of power and area is
shown for various resolutions of these ADCs. This product is
a guide to identify the most promising ADC choices, and an
ADC with a smaller power-area product may be more suitable
for use in an image sensor. As seen from Table II, when the bit
depth is small, the power-area products of the different ADCs
are similar to each other. The design of multi-bit QIS mainly
focuses on low-bit-depth ADCs [9], specifically those with
bit depths of 1 b to 6 bits. When the bit depth is in the range
of 1–6 bits, the SAR and SS ADCs have the lowest power-area
products. However, the power consumption of logic circuits
is not included in Table II. The digital power consumption
of SS ADCs is equal to its analog power consumption due
to the high-speed counter. The digital power consumption of
the other ADCs is only a small portion of analog power
consumption because they only have a few digital blocks.
Therefore, this would not change the conclusion that SAR
ADC and SS ADC have the better metric values and are the
preferred options for use in a multi-bit QIS. To verify and
explore their performance in silicon, a prototype with two of
these ADC types was designed based on the 65-nm TPSCo
process. ADCs with 6-bit nominal depth were designed so
that a variable bit depth could be chosen through timing and
control of the ADC.

III. SENSOR DESIGN

A. Pixel

Since this multi-bit QIS is both a test chip for the readout
circuits as well as intended for the sponsor’s research activities,
a foundry-provided 2.5-μm GS pixel from the 65-nm TPSCo
foundry [15], [16] was used. The schematic of a pixel is shown
in Fig. 3. The GRST signal is a global reset plus antiblooming

Fig. 4. Schematic of the amplifier used in the PGA.

gate, and TX1 can also be operated for all pixels to realize
the GS operation. The memory node (MN) in the pixel stores
the electrons transferred from the photodiode (PD). There is
no row select transistor in the pixel. The row select function
is moved from the pixel to the row driver to reduce pixel size.
When a row is selected to be read out, the VDDC related to
that row is activated, while the VDDCs of the rest of the rows
are grounded efficiently deselecting those rows. Vpixel is con-
nected to the column bus. The RS, SF, and FD are also shared
by two adjacent pixels to increase the fill factor of the pixels.

B. Design of the PGA

The PGA is used to reduce the input-referred noise intro-
duced by the readout circuit. Fig. 4 shows the schematic and
the specifications of the amplifier used in the PGA. Here, vb1,
vb2, and vb3 are three bias signals of the amplifier; vinp and
vinn are the positive and negative input nodes, respectively;
and vout is the output node. The PGA drives the SS ADC, and
the full scale of the PGA is only 31.5 mV. Therefore, a simple
cascode amplifier was used to realize a high open-loop gain
while sacrificing some of the output swing. The specifications
of the cascode amplifier are shown in Fig. 4. The closed-loop
gain of the PGA is determined by the ratio of CS and CH ,
and is set to be 4 or 5 because the equivalent LSB of the
analog signal chain can be less than 125 μV. Assuming a CG
of 350 μV/e- or more for a real jot [7], the equivalent LSB
would be less than 0.5 e- (although LSB = 1 e- is the target
for photon counting in a multi-bit QIS).

The input-referred noise contributed by the ADC and PGA,
V 2

n , is expressed as follows:

V 2
n = V 2

n_pga

gain
+ V 2

n_ss

gain2 (1)

where the gain is the PGA closed-loop gain, V 2
n_pga is the

noise contributed by the PGA itself, and V 2
n_ss is the noise

from the SS ADC. It is found through simulation that Vn is
approximately 116 μV when the gain is 5, corresponding to

Authorized licensed use limited to: Dartmouth College. Downloaded on February 25,2021 at 11:49:17 UTC from IEEE Xplore.  Restrictions apply. 



954 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 56, NO. 3, MARCH 2021

Fig. 5. Implementation of SS ADCs in a column-parallel array.

input-referred noise of 0.96 e-r.m.s. in this test device, and
0.33 e-r.m.s. if implemented with a demonstrated pump-gate
jot [4]. This PGA design provides the useful starting point for
the implementation of a future deep-sub-electron-read-noise
multi-bit QIS.

C. Design of the SS ADCs

The structure of the 6-bit SS ADC is quite traditional to
guarantee its reliability. The resolution of each SS ADC is
0.5 mV. Fig. 5 shows a diagram of the SS ADC. An SS ADC
consists of a two-stage preamplifier, a dynamic comparator,
two latches, a chip-level ramp generator, and a chip-level
Gray counter. Two 5-transistor (5T) amplifiers are used as
the preamp because of their robustness. Vout is the output
of the PGA and Vramp is the chip-level ramp signal. C1, C2,
C3, and C4 are all ac coupling capacitors and help cancel the
offset of the preamplifier during the reset operation as well
as the reset noise. TR1 and TR1d are the preamplifier reset
switches. The reset of the preamplifier is started by turning
on TR1d and TR1 simultaneously. The reset is completed
by turning off TR1 and TR1d consecutively. After preamp
reset, the ramp generator and the Gray counter start operating.
A sel_ramp control signal is designed to select between an
internal ramp signal and an external ramp input for ADC
calibration. As the ramp output ramps up, as soon as Vramp

exceeds Vout, the dynamic comparator output toggles from “0”
to “1.” At the same moment, the value of the Gray counter
is latched into the cell “latch1.” After the ADC conversion
is finished, clk_lat will be set to “1” for a short time to
transfer the saved Gray code from latch1 into latch2. Then,
latch2 outputs a 6-bit code, Di (i = 5, 4, 3, 2, 1, 0), to the
digital MUX.

A diagram of the ramp generator is shown in Fig. 6.
It is a current-steering digital-to-analog converter (DAC). The
ramp generator is controlled by an off-chip binary code input.
A two-step decoder converts the binary code into thermometer
code, which controls the unit current cells. RD and RDbar
denote the converted thermometer code from the decoder.
A cascode current source is used for increased accuracy, and
two bias voltages, vbr1 and vbr2, are needed. The unit current
cell has a differential architecture with two output nodes,
vp and vn. One of them connects to column ADCs. The
other connects to a dummy load which is equivalent to that

Fig. 6. Diagram of the ramp generator.

Fig. 7. Diagram of two adjacent SAR ADCs.

of the ADCs. One 6-bit column-parallel SS ADC occupies
660 × 2.5-μm2 of silicon area.

D. Design of the SAR ADCs

A 6-bit column-parallel SAR ADC design, with passive
CDS and shared architecture, is implemented on this integrated
circuit. The resolution of the SAR ADC, VLSB, is the same as
that of the SS ADC. A diagram of two adjacent SAR ADCs is
shown in Fig. 7. This structure consists of three main blocks:
two capacitive DACs, two comparators, and a shared logic
block. In Fig. 7, m denotes the column number. The CDS
operation is incorporated into the sampling operation of the
DAC array in the SAR ADC. The logic module is split into
two parts: a shift register and a code register. The shift register
is shared by two adjacent columns to minimize the power
consumption and layout area.

Diagrams of a DAC and the CDS operation are shown in
Fig. 8. Capacitive DACs, which are a very common type
of DAC, are used here. Vpixel_in is a synthetic pixel output
mimicked by an off-chip DAC and Vcm is the common-mode
voltage. VFS is the full scale of the ADC, which is 31.5 mV.
CU is the unit capacitor. The bi (i = 0, . . . , 5) represents the
binary code from the logic module. Vdac1 and Vdac2 represent
the output voltages of the top and bottom capacitor arrays,
respectively, in the DAC. To reduce the layout area needed
for the DAC in the column, four reference voltages are used.
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Fig. 8. Illustration of DAC operation. (a) Diagram of a DAC, (b) CDS operation timing, and (c) simplified diagram of the DAC during the CDS operation.

Fig. 8(c) shows a simplified diagram of the DAC during the
CDS operation. The DAC array is simplified as two capacitors
because the bottom plates of all unit capacitors in each array
are connected. Fig. 8(b) shows the timing for the CDS oper-
ation. The rse signal is turned off ahead of the rs signal, and
the same pattern is followed for the sse and ss signals. When
the rst signal is “1,” the input terminals of the rst switches are
connected to the in1 and in2 nodes. The CDS operation based
on the DAC array is divided into three phases: the reset (rs)
phase, the signal sampling (ss) phase, and the column (col)
phase. First, during the rs phase, the pixel reset level (Vrst)
is sampled to the bottom plate of the capacitor array (in the
green box), while its top plate is connected to Vcm. Second,
during the ss phase, the pixel exposure level (Vsig) is sampled
to the bottom plate of the capacitor array (in the red box),
while its top plate is connected to Vcm. Then, the two sampled
signals, the reset level and exposure level, are both sampled
to the DAC array. The difference between these two signals is
obtained to complete the CDS operation. Finally, during the
col phase, the two-capacitor array is cross-connected [17]. The
common-mode charge stored in the two arrays is neutralized,
and only the charge representing the difference between the
reset and exposure levels remains in the capacitor array. After
this, the bottom plates of all unit capacitors are connected
to Vcm. One obtains Vdac1 as Vcm + (Vrst − Vsig)/2 and Vdac2 as
Vcm − (Vrst − Vsig)/2. Aside from this, the switching scheme of
the DAC is the same as the conventional switching scheme.

The comparator in the SAR ADC is designed based on a
low-power differential CTA [18], and is almost the same as
the previous comparator design in [6] except for the more
advanced process. These characteristics can help decrease the
power consumption and reach state-of-the-art performance.

Fig. 9. Shared logic module. (a) Conventional logic module and (b) shared
logic architecture.

The offset of the comparator is designed to be less than
±VLSB/2, which is ± 0.25 mV.

A common logic module for an SAR ADC is shown in
Fig. 9(a). A D flip-flop (DFF) is used to implement the logic
module. The logic module is divided into two parts: a shift
register and a code register. The shift register, shown on the
top, generates a pulse that is shifted from left to right. The code
register saves codes from the shift register in accordance with
the comparator results, and these codes feedback to the ADC
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Fig. 10. Column MUX structure for the SAR ADCs and SS ADCs.

to control the switches in the DAC. Therefore, all of the shift
registers in the SAR ADCs generate the same output, while
the outputs of the code registers are unique. Consequently,
a shift register can be shared by multiple columns of SAR
ADCs to reduce both the layout area and power consumption
required. A diagram of a logic module implemented with
shared architecture is shown in Fig. 9(b). This logic module
is shared by two columns. Simulation results show that the
power consumption of a logic module with a 1-MHz clock and
a 1.2-V supply voltage is 212 nW without shared architecture
and 135 nW with shared architecture. Hence, the power
consumption is decreased by 36%. A conventional CMOS DFF
is used in this design to ensure its reliability. In the future,
dynamic DFFs will be used to reduce the power consumption
and layout area of the logic modules of the SAR ADCs.

For the SAR ADCs in this article, CDS operation is realized
during the sampling operation of the DAC array. A sharing
technique is applied to the logic module to save layout area and
power consumption. The layout area of one column-parallel
6-bit SAR ADC is 1980 × 2.5-μm2. The column size of SAR
ADC is 2.5-μm because the pixel pitch is 2.5-μm and a fair
comparison to the SS ADC was desired. If implemented in a
cluster-parallel architecture, the layout area for the SAR ADC
can be rectangular instead of a tall, thin stripe although the
area will not be significantly impacted.

E. Digital Blocks

Due to reliability considerations, standard cell logic is used
for row addressing circuits and the ADC’s digital outputs.
A 10-bit-to-896-row decoder is implemented in this test
imager to address the pixel array. In the digital output part
of the readout circuit, every 64 columns share one I/O pad.
Since these 64 columns have 384 (6 × 64) bits to be output,
a 9-to-384 decoder is required for serial data transfer. A Gray
code decoder is used because only one-bit flips for each
count, which can reduce the power consumption. However,
the decoder on the edge of the array needs to be designed
as a 9-to-394 decoder because there are 10 extra SAR ADC
outputs. Fig. 10 shows the column MUX structure for the SS
ADCs and SAR ADCs.

Fig. 11. Die micrograph of the test chip.

Fig. 12. Block diagram of the test setup for the multi-bit QIS test chip.

IV. EXPERIMENTAL RESULTS

The sensor was fabricated using the TPSCo 65 nm
1 P4 M process. A die microphotograph of the chip is
shown in Fig. 11. The size of the chip is 5 mm × 5 mm.
Fig. 12 shows a block diagram of the test setup. On-board
low-dropout regulators (LDOs) provide power for the sensor.
The 2-to-1 MUX defines which output (the digital output of
the device under test (DUT) or the on-board 18-bit ADC
output) should be connected to a data grabber [19]. A Genesys
FPGA development board [20] is used to provide synchronized
control signals for the sensor, on-board DAC, on-board ADC,
and data grabber. MATLAB running on a PC finally acquires
data from the data grabber for processing.

The pixels used in the chip are GS pixels from
TPSCo and the characterization results of pixels are already
reported [15], [16]. The characteristics of the pixels were inde-
pendently measured using conventional methods and found to
be in reasonable agreement with the referenced characteristics,
including CG of 120 μV/e-, and input-referred read noise
of 1.9 e-r.m.s. Since this article focuses on ADCs, the measure-
ment results of ADCs are primarily reported and discussed.

The performance of the SAR and SS ADCs was first
verified by measuring their linearity. A known ramp signal
was fed to the 50-kS/s 6-bit ADCs and used to calculate
their differential nonlinearity (DNL) and integral nonlinearity
(INL). The LSB of both the SAR ADC and SS ADC is 0.5 mV.
The experimental results are shown in Figs. 13 and 14. For the
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Fig. 13. DNL of the SS and SAR ADCs.

Fig. 14. DNL of the SS and SAR ADCs.

SS ADCs, the peak DNL error was +0.43/−0.7 LSB, and the
peak INL error was +0.2/−1.15 LSB. For the SAR ADCs,
the peak DNL error was +0.88/−0.84 LSB, and the peak INL
error was +1.3/−2.5 LSB.

Since there are many columns of SS ADCs in the imager,
the column fixed-pattern noise (FPN) was also measured,
as shown in Fig. 15. Ten images (896 × 960 pixels) were
acquired under uniform light using the SS ADCs operating at
6-bit resolution. Sixty-four of the 1024 columns were dark
pixels; therefore, only 960 columns were used here. The
column FPN is derived from the average code for each column
minus the mean value of the whole image. The measured
column FPN is the standard deviation of the average column
code divided by 63, which is 0.2384/63 = 0.34%. A sample
image, shown in Fig. 16, was also acquired to demonstrate
the performance of the imager. This image was obtained by

Fig. 15. Measured average column FPN for the column-parallel SS ADCs.

Fig. 16. Sample image acquired with 6-bit SS ADCs. Dark stripe on right
side is due to covered pixels for dark reference.

subtracting an image acquired under dark conditions to remove
the offset contributed by the readout circuit. One can observe
a dark stripe on the right side of the image that corresponds
to the dark pixels in the sensor.

V. DISCUSSION

The main goal of designing the multi-bit test chip was
to study the power consumption and layout area tradeoff
with two different ADC structures and different bit depths
(1 b to 6 bits) in the readout signal path under the condition
of constant FC. The focus was on low-bit-depth/variable-
bit-depth ADCs because the FWC of a QIS pixel or jot is
small. The resolution of the ADCs was the same for all bit
depths explored.

For the purpose of what one cares about for comparing
ADCs for QIS application, FOMQIS is defined as follows:

FOMQIS = ADC power

#of pixels × frames/s×N

[
J

b

]
(2)

where N is the number of comparator strobes per conver-
sion [6] and N = 1 for a single-bit QIS. A lower value of
FOM is desired. It is noted that this formula is different from
the conventional one [21]

FOMConv = ADC power

conversion rate × 2N

[
J

b

]
(3)

where the conversion rate is typically equivalent to # of
pixels × frames/s, but the power is divided by the total number
of possible codes.
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TABLE III

MEASURED POWER CONSUMPTION AND FOM FOR TWO TYPES OF ADCS

Fig. 17. ADC power for constant flux capacity (varying frames per sec) as
a function of ADC bit depth for SS-type and SAR-type ADCs.

Table III shows the measured power consumption and
FOMQIS of the ADCs for bit depths from 1 b to 6 bits under
constant FC. According to Table III, the power consumption of
the SAR ADCs is significantly reduced as the ADC bit depth is
increased (while the conversion rate is lowered consistent with
constant FC), whereas the power consumption of the SS ADCs
decreases less significantly, as also shown in Fig. 17. The
FOMQIS of the SAR ADCs generally decreases with increasing
bit depth, whereas the FOMQIS of the SS ADCs increases.
Hence, SAR ADCs appear more power efficient than SS ADCs
for multi-bit QIS.

Comparing the layout area between the column-parallel
SS ADCs and the column-parallel SAR ADCs, the column-
parallel SS ADCs occupying 660 × 2.5-μm2 are smaller than
the column-parallel SAR ADCs occupying 1980 × 2.5-μm2.
If the SAR ADCs and the SS ADCs are both implemented in
cluster-parallel style, the layout area of SS ADCs would still
be smaller than that of SAR ADCs.

The two factors, power consumption and layout area,
can also be taken into consideration by comparing the
power-area product of the SAR ADC and the SS ADC.
The power-area products of 6-bit SAR ADC and 6-bit SS
ADC are 2128-μW×μm2 and 5824-μW×μm2, respectively,
confirming an edge for SAR ADCs. However, it is noted that
the SS ADC has better INL and DNL than the SAR ADC.
It is expected that small INL and DNL may have a minor
impact on photon-counting accuracy but detailed analysis is
beyond the scope of this article. Calibration techniques might
be used to improve INL and DNL if they are found to be
important and could change the conclusion of this work if the

TABLE IV

COMPARISON OF ADCS IMPLEMENTED IN THIS

WORK WITH OTHER PUBLISHED WORKS

power and/or layout area is significantly impacted. FPN for
SAR ADCs may be higher than that of SS ADCs and further
investigation of FPN is warranted, as is the impact of FPN on
photon-counting accuracy.

If the image sensor resolution is scaled to one gigajot
at the same frame rate, the design of the column-parallel
SS ADC would be more challenging than that of the SAR
ADC because of the much higher clock speed the SS ADCs
would require. However, the architecture of the SS ADC
is simpler than the SAR ADC, because there is no large
capacitor array in the SS ADC. Yet, when the bit depth is
low, the size of the DAC array in the SAR ADC is small, still
making the SAR ADC a candidate for column-parallel ADCs.
In a cluster-parallel architecture, scaling to a gigajot primarily
impacts only off-chip data transmission.

If more advanced processes, such as 45 and 28 nm, are
used, the pixel (jot) pitch can be reduced. Additionally, the
layout area and power consumption of the ADCs can be
further reduced. Smaller unit capacitors can be used in the
DAC of SAR ADCs with more advanced processes due to
better matching. The layout area of SAR ADC can gain more
benefits from more advanced processes than that of SS ADCs.
The frame rate can also be increased at the same power
consumption.

This test chip was designed and implemented to explore the
relationship between power consumption and bit depth, which
is meaningful for multi-bit QIS readout circuits. Table IV
shows a power consumption comparison between the 6-bit
SAR ADCs and 6-bit SS ADCs considered here and the results
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of other published works. Our ADCs achieve state-of-the-
art performance. While the bit depth of the ADCs that were
explored in this work is lower compared to most of the ADCs
in Table IV, the FOMQIS normalizes for this difference.

VI. CONCLUSION

A variable bit ADC image-sensor test chip for exploring
design considerations for a future multi-bit QIS was designed
and tested. Five well-known ADC architectures (SAR, SS,
flash, pipeline, and cyclic) were studied in terms of power
consumption and occupied area. Theoretical calculations indi-
cate that SAR and SS ADCs are both good candidates to be
implemented in the readout signal path of a multi-bit QIS
imager. The bit-depth of ADC versus the power consumption
of the ADCs was measured for various ADC bit depths.
A constant flux capacity was maintained by setting the frame
rate to 1000/(2n−1) frames/s. When the bit depth of the ADCs
was increased from 1 b to 6 bits, the power consumption of
the two types of ADCs did not change in the same way. The
power consumption of the SAR ADCs decreased by a factor
of 17.2×, while the power consumption of the SS ADCs was
decreased by 2.5×. The power-area product of 6-bit SAR
ADCs is about 1/3 of that of 6-bit SS ADCs. Therefore,
SAR ADCs may be better candidates than SS ADCs for
implementation in the readout signal path of a multi-bit QIS,
for either column-parallel or cluster-parallel architectures.
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