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ABSTRACT We propose a CMOS image sensor with a dedicated low-power imaging mode and low-
power integrated transmitter. The proposed CMOS image sensor selectively operates in dual mode: a
high-quality mode with a 1.5 V supply voltage of readout circuits to achieve a high signal-to-noise ratio
(SNR), and a low-power mode with a 0.9 V supply voltage to support always-on imaging. To further
reduce the power consumption in the low-power mode, a single-slope analog to digital converter (ADC)
embeds a power cutoff scheme in the comparator and a two-step conversion with dual reference voltages.
To alleviate the SNR degradation in the low-power mode, which inherently occurs from voltage scaling,
a correlated multiple sampling technique that consumes negligible power overhead is implemented using
the proposed window-counting scheme. To reduce the significant power consumption that occurs during
image signal transmission, an integrated transmitter with four-stacked charge-recycling drivers is used so
that four symbols are simultaneously transmitted with a shared supply voltage. A prototype CMOS image
sensor with 680 x 520 pixels is fabricated using 110-nm CMOS image sensor technology. The fabricated
CMOS image sensor consumes only 301 uW (at 15 fps) in the sensor core and 2.03 mW including the
transmitter and phase locked loop (PLL) while generating low temporal random noise under 0.27 LSB with
correlated multiple sampling.

INDEX TERMS CMOS image sensor, correlated-multiple-sampling (CMS), dual-mode, low-power, power
reduction techniques.

I. INTRODUCTION
There has been a rapid increase in the demand for CMOS

authentication, and surveillance. The characteristics of CIS
are different from those of sensors used for conventional

image sensors (CISs), which enable the acquisition of visual
information in addition to capturing pictures. This increase
in demand is owing to the emergence of new applica-
tions such as augmented reality (AR), virtual reality (VR),
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photography. First, continuous image acquisition, that is,
always-on imaging, is necessary to track objects and extract
real-time information. Second, a relatively lower signal-
to-noise ratio (SNR), which is sufficient for image recogni-
tion, is allowed. Third, a relatively smaller number of pixels
under 640 x 480 (VGA) is acceptable, which is sufficient for
image recognition.
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Because mobile and wearable devices or detachable
surveillance cameras operate with limited energy sources
such as batteries, the power consumption of the CIS becomes
critical for long-term image acquisition [1], [2]. Although
most of the research on CIS has focused on high-resolution
and low-noise CIS, several studies have focused on opti-
mizing the power consumption of CIS while avoiding sig-
nificant degradation of the SNR from power reduction. The
first always-on CIS with a 640 x 480 (VGA) resolution
was reported in [1]. This CIS provides a separate low-power
always-on mode and consumes a power of 45.5 uW in the
sensor core by scaling the supply voltage (including the pixel
power supply) to 0.9 V. Although the most efficient method
for low power (LP) consumption is voltage scaling, if the
power supply voltage is reduced to 1 V or less, the available
signal range of the pixel and the analog circuit would be
reduced, which significantly suppresses the SNR. To alle-
viate the SNR degradation, certain LP CISs use an in-pixel
comparison method that compares the pixel output voltage
with an external reference voltage to generate a 1-b flag
instead of reading an analog voltage output through a source
follower (buffer) circuit in a pixel [2], [3]. Consequently,
the swing loss caused by the source follower is alleviated.
However, the use of additional pixel circuits for an in-pixel
comparison increases the pixel area. Therefore, the in-pixel
comparison method limits the spatial resolution to below
320 x 240 (QVGA) and suppresses the SNR and dynamic
range (DR) owing to the reduced fill factor.

More critically, the previous LP CISs did not consider the
power consumption from the interface. Although the power
consumed by the CIS core was reduced by voltage scaling or
in-pixel comparison schemes, most of the power consump-
tion in the CIS chip came from the interface. Further, the
large power consumption from the interface circuit, which is
inevitably located around a sensor core, causes local heating,
resulting in image degradation owing to the increased dark
current in the pixels.

For a system that transmits data in an existing multi-lane,
such as D-PHY [10] or C-PHY [11], multiple identical lanes
are used. Therefore, the power consumption increases in
proportion to the number of lanes used.

In this study, we present an LP CIS that has a dedicated
LP imaging mode for always-on imaging and a high-quality
(HQ) imaging mode. The LP mode offers significant power
reduction via voltage scaling to a supply voltage of 0.9 V.
In addition, the single-slope (SS) ADC, which is the dominant
power-consuming block in the CIS core, employs a power
cutoff (POFF) scheme in the comparator and two-step conver-
sion to realize further power savings. To compensate for the
SNR degradation in the LP mode, we employed a correlated
multiple sampling (CMS) with negligible power consumption
overhead using the proposed window-counting scheme in
the SS ADC. More critically, an integrated transmitter that
embeds a four-stacked charge-recycling driver enhanced the
energy efficiency.
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The remainder of this paper is organized as follows:
Section II presents the proposed CIS core with various power
reduction schemes. In Section III, an integrated transmitter
with four-stacked charge-recycling drivers is described. The
experimental results are presented in Section IV, followed by
the conclusions in Section V.
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FIGURE 1. Overall architecture of the proposed CIS with dual mode.

Il. SENSOR ARCHITECTURE AND POWER REDUCTION
SCHEMES

Fig. 1 depicts the overall architecture of the proposed CIS.
The CIS core includes a 680 x 520 pixel array with
4-transistor pixels, column-parallel 8-b/12-b SS ADCs with
comparators and counters, and a row driver. The proposed
CIS supports dual-mode imaging. In the HQ mode, the sensor
has the same architecture as that of the conventional CIS,
which has 12-b column-parallel ADCs that operate with a
supply voltage of 1.5 V. An analog output from the pixel
source follower that operates with a 3.3 V pixel supply volt-
age provides a signal swing of 1 V, and the 12-b SS ADC with
a supply voltage of 1.5 V performs the conversion without any
loss of signal range.

In the LP mode, the SS ADC operates at 0.9 V for
power reduction, whereas the pixel is still driven at 3.3 V
to guarantee the operation of the pinned photodiode (PPD).
Although voltage scaling of the pixel circuits decreases the
power consumption, a low pixel supply voltage prevents
the use of PPDs that transfer an integrated charge into the
high-potential node for the readout [1]. Accordingly, only the
power supply voltage of the ADC and the digital circuit was
scaled to 0.9 V, whereas the pixel power supply voltage was
maintained at 3.3 V.

In the SS ADC, several power reduction schemes were
implemented to attain low power consumption in the LP
mode. This section provides details of the power reduction
schemes.

A. TWO-STEP SINGLE-SLOPE ADF WITH POWER CUTOFF
SCHEME AND DUAL REFERENCES

Fig. 2(a) depicts a schematic of the SS ADC, highlighting
the locations at which power reduction techniques have been
applied. Typically, a static comparator is used for the SS ADC

VOLUME 10, 2022



S.-H. Kim et al.: 2.03-mW CMOS Image Sensor With an Integrated Four-Stacked Charge-Recycling Driver

IEEE Access

rather than a dynamic comparator to prevent any significant
IR drop in the power supply line, power consumption in the
clock distribution, and kickback effects. The POFF technique
was applied to the static bias current of the comparator, and
the dual-reference voltage (DREF) technique was applied
to reduce the static current of the comparator and dynamic
current of the digital counter.

In an SS ADC, when the digital counter stops counting
after completing the operation according to the comparator
output, the dynamic power is no longer consumed. However,
in the comparator, even after completing the counting, there
is a constant static current. The POFF technique was utilized
to eliminate this wasted current. Fig. 2(b) depicts the detailed
schematic of the comparator. The comparator has a general
5-transistor amplifier structure. In addition, several switches
were added to apply the POFF scheme, as depicted in Fig. 3.
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FIGURE 2. SS ADC circuits: (a) ADC circuit diagram highlighting the power
reduction techniques; (b) Comparator circuit.

(b)

Fig. 3(a) depicts the SS ADC circuit using the POFF
technique. The blue line represents the circuit added as a
part of the POFF technique. A switch, Sopr, which was
controlled according to the comparator output, was added
to block the static current. The comparator begins operation
when the signal voltage, Vip, ramps up from a voltage
lower than the reference voltage, Vrgrc. After beginning the
operation, the output of the comparator goes ‘high.” When
Vwmip exceeds VREFc, the output of the comparator changes to
‘low.” At the same time, Vcp and Sofr are changed to ‘high’
and ‘low,” respectively. Thereafter, the switch signal Sof,
which is the output of the NOR gate, is changed to ‘low.’
Consequently, the static current of the comparator no longer
flows. Fig. 3(b) depicts the current consumption. Without
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FIGURE 3. Operation of the POFF scheme: (a) Block diagram of
comparator with POFF logic; (b) Timing diagram.

the POFF, a constant current (Ivpp,wo_porr) flows when the
comparator operates. However, with the POFF, the output
of the comparator through the NOR gate, OUTcp, becomes
‘low,” and the current (Ivpp,w_porr) is cut off. Because the
comparator does not use the static current after the output
of the comparator changes, the POFF scheme provides con-
siderable power savings in dark environments. With respect
to the area overhead, the POFF technique only requires six
transistors.

To achieve further power saving even under bright condi-
tions, the DREF technique, which enables two-step conver-
sion with a short A/D conversion time, was used. Fig. 4(a)
depicts a circuit using the DREF technique. One D flip-flop
(DFF), one level-up shifter, and three switches (for Vrgpa,
VRErM, and Vrggc) were also used.

The detailed operations are as follows: The A/D conversion
of the reset voltage proceeds using the reference voltage of the
comparator, VRgpc, in a regular manner. (1) Thereafter, the
Sprer1 signal was enabled to change the reference voltage
of the comparator to another reference voltage Vrgpwm that
was set to VRsT - AVsigmax/2 for the level decision, where
VRsr is the reset voltage from the pixel and AVgsigmax 1S
the maximum input swing. If the signal voltage Vsig from
the pixel is lower than Vrgpm, Vsig will be in the lower
half of the full signal range, AVsiGmax. This low Vgig (in
bright conditions) requires a longer ramp scanning to scan
the entire range of AVgsigmax. Therefore, we adjusted the
amount of level-down shifting using the second reference
VRrer2 When AVgig > AVsigmax/2. (2) If AVgjg is greater
than AVsiGmax/2, then the output of the comparator, OUTcp,
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FIGURE 4. Operation of the DREF scheme: (a) Block diagram of
comparator with DREF logic; (b) Timing diagram of ADC without and with
DREF operation in bright illuminance.

is setto ‘high.” The DFF stores this result of the level decision,
which is read out after the A/D conversion to calibrate the dig-
ital output. (3) Thereafter, the decision result selects VRgr2
and flips the switch Sprgp> to ‘high.” (4) High Sprgr, varies
the voltage of Vmip,c to Vrer2 from Vgrgri. This change
of the reference effectively increases the initial voltage of
Vwumip by ‘VrRer1-VRrer such that the power-consuming time
(when OUTCcp is high) is effectively reduced. Consequently,
the power-consuming time of the comparator and digital
counter was reduced, resulting in the further reduction of
static and dynamic currents.

Note that the output of the DFF was level-shifted to control
the thick-oxide transistors. Moreover, the existing comparator
for the SS ADC was used for the level decision of Vgjg that
had a high voltage from the pixel source follower (with 3.3 V
supply voltage). This is possible because the comparator
has low-Vtp thick-oxide transistors as the input transistors.
Although the input transistors in the first stage operate in the
triode region during the level decision owing to the high input
voltages and provide lower gain, the second-stage amplifier
in the comparator provides sufficient gain for the level deci-
sion. Because the DREF scheme uses only a single-ramp
signal rather than dual-ramp signals from two separate ramp
generators, nonlinearity from the mismatch of multiple ramp
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FIGURE 5. SS ADC architecture for dual mode: (a) Block diagram of the
dual-mode compatible ADC; Block diagram of ADC (b) in HQ mode;

(c) in LP mode; (d) in LP mode with CMS (LPCMS) operation.

B. DUAL-MODE COMPATIBLE UP-DOWN COUNTER

Fig. 5(a) depicts the block diagram of the SS ADC to ill
the dual-mode operation. The digital counter supports

ustrate
12-bit

and 8-bit operations in HQ and LP modes, respectively. The

digital counter consists of a 10-bit LSB counter and

a 2-bit

MSB counter. The LSB and MSB counters have similar
structures except that the 2-bit MSB counter has additional
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switches for operating as a 4-bit storage memory. This storage
is required for the CMS with window counting that will be
illustrated in Section II-C.

In the HQ mode, 12-bit digital counting was performed
using a 10-bit LSB counter and an additional 2-bit MSB
counter, as depicted in Fig. 5(b). In the LP mode, only the
10-bit LSB counter was used for an 8-bit operation without
the CMS operation, as depicted in Fig. 5(c). In the LP mode
with CMS (LP CMS), a 10-bit LSB counter was used to
support up to four CMS operations with 8-bit digital codes.
The remaining 2-bit MSB counters were used as 4-bit stor-
age to store the CMS state required for the CMS operation,
as depicted in Fig. 5(d). Only ten switches were added to the
counter for the dual-mode operation in a one-column circuit.

C. CORRELATED MULTIPLE SAMPLING WITH WINDOWED
COUNTING

Because an SS ADC involves 2" iterations of high-frequency
counting, the requirement for significant power consump-
tion is inevitable. Moreover, in the conventional CMS with
k-times sampling, the power consumption is increased k
times [12], [13]. To achieve power savings, we implemented
windowed counting that accumulates only the fine codes in
the target coarse window while deactivating the power outside
of the window. The first sampling out of the k-times CMS
detects an appropriate coarse level of analog input. In the
remaining k-1 times of CMS, we must only obtain the fine
codes. Therefore, we recorded the coarse level as a 4-bit state
in the first CMS. In the remaining CMS samples, a window
that enables fine counting only when the time coincides with
the stored state was generated. Consequently, for the k-1 sam-
ples, we performed only n-1 bit (including redundancy) fine
counting, which suppressed the power consumption twice.
When fast moving objects are captured, accumulating only
the fine codes may induce an error because coarse levels can
be changed. However, the sensor can support frame rates of
up to 30 fps such that errors from the dynamic scene are
eliminated.

For this LP CMS operation, the 2-bit MSB counter stores
the 4-bit state locally using a 4-bit global counter. The state
that is stored in each column was used to select the appropri-
ate window generated in the global window generator. The
selected window was used to perform an LP CMS operation.

To reuse the 2-bit MSB counter circuit as a 4-bit storage,
only five switches were placed in each DFF, as illustrated in
Fig. 5(d).

Fig. 6 depicts the CMS with conventional digital counting
and the proposed windowed counting method. As illustrated,
the proposed windowed counting method offers fewer counts.
Note that the counting for the reset sample and for the first
signal sample is the same as that of the conventional CMS
operation. While converting the first sample, an appropriate
state (S3) was stored (Spr) from the output of the global
counter (Spg). While converting the second sample, an active
window (P3) was generated by the global window generator
(P1-P4) according to the stored state S3. The input of the
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FIGURE 6. Operations of the SS ADC with two-times CMS with
(a) conventional counting; (b) proposed windowed counting.

counter (INcnT) Was activated by the active window and
deactivated by the comparator output, OUTcomp. Thus, the
dynamic power used in the digital counter was reduced.
It should be noted that the states for the CMS operation
(Spg) are represented as four states for a brief explanation
in Fig. 6(b). Eight states were used for the actual
implementation.

Ill. INTEGRATED TRANSMITTER WITH FOUR-STACKED
CHARGE-RECYCLIING DRIVERS

A CIS must transmit a large number of image signals via
a transmitter. In the CIS, neighboring pixels usually have
similar values. For neighboring pixels, there is a higher prob-
ability that the MSB sides have the same value as that of
the LSB side. For clock and data recovery on the receiver
side, the received data require a specific minimum transition
density. In our previous study [8], we separated the output
channel into two channels for energy efficiency. One channel
is responsible for transmitting MSBs with higher transition
densities (HTDs) and the other for LSBs with lower transition
densities (LTDs). On the transmitter side, no equalization is
required to reduce power consumption and design complex-
ity. On the receiver side, the clock and data recovery could be
performed only in the HTD channel without any line coding.
However, there is still a large power consumption in the driver
of the integrated transmitter.

The power used in the transmitter comprises the static
power used in the driver and the dynamic power used in
the pre-driver and data path. The dynamic power is propor-
tional to the operating frequency as CV>f. Static power con-
sumes constant power regardless of the operating frequency.
Therefore, it constitutes a significant portion of the total
power consumption at low speeds [9]. To reduce this dom-
inant static power, we applied the following two techniques:
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1) charge-recycling stacked driver, and 2) driver idle mode.
In the case of a system that transmits data in a multi-lane, such
as D-PHY/C-PHY [10], [11], as mentioned above, N drivers
that consume static current in proportion to the number of
drivers are required to transmit N separate sets of data. For LP
imaging, we previously used a two-stacked driver recycling
the static current consumed by the driver, thereby improving
the static current efficiency [8]. In this study, we further
improved the efficiency by implementing the four-stacked
driver circuit. Fig. 7 depicts the architecture of the proposed
transmitter. The outputs of the two pixels were reordered,
serialized, and transmitted through the drivers. The transmit-
ter had a four-stacked driver that could transmit the outputs
for two pixels simultaneously. By stacking four driver cir-
cuits (Drv) and sharing a static current, the dominant power
consumption on the transmitter side could be reduced sig-
nificantly. Compared with the previous study that employed
a two-stacked driver, the increase in the number of stacked
drivers offered twice the current efficiency at the driver stage.

Data re-ordering

TX PHY LD0I0)
LP w/o CMS LP w/ CMS
— )
. . o || o iali; Pre-drv; Drv
= ] ] 5 [ Rl
S S
, E- e
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FIGURE 7. Architecture of the proposed transmitter with four-stacked
charge-recycling drivers.

The transmitter receives the output of the digital counter
and uses it as an input. Because the operation of the digital
counter is not continuous, there is a time period within which
invalid data are output. The standard C-PHY interface has an
alternate LP (ALP) mode [11] to prevent additional power
consumption. In the ALP mode, there is no transmission of
data, and all signals in each lane are set to low in order
to minimize power consumption. Similarly, in this study,
simple logic gates in the pre-driver stage were used to prevent
unnecessary static current on the driver in an operation where
invalid data are transmitted. Each driver of the four-stacked
driver had a segmented structure, and impedance matching
was performed according to the number of turned-on drivers.
Because the output voltage level of the driver varies depend-
ing on the stacking position of the driver, the type of driver
varies for optimization, such as n-over-n and p-over-p. To turn
off the driver in the idle mode, the output of the pre-driver
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is set to high or low according to the driver type, thereby
blocking the static current path. When the driver switched
from idle to active mode, the startup time was set to 1 us
to ensure stable operation. This is sufficiently larger than the
minimum time from the ALP-pause-stop state of the C-PHY,
which is approximately 100 ns. Owing to the simple logic
gates that operate the static driver only when valid data are
transmitted, the active operation time of the static driver is
reduced to 20%.

Pixel array
(VGA)
(680 X 520)

5.24mm

FIGURE 8. Chip microphotograph.

0.6

Random Noise [DN]

0.1

0 T T
1 2 3 4

Multiple sampling number (M)

FIGURE 9. Measured dark random noise with various multiple sampling
numbers from 1 - 4.

Therefore, the transmitter only consumes approximately
20% of the power, reduced from 1.91 mW-0.423 mW, com-
pared with the power consumption when the driver is always
on. In the transmitter, PRBS7/PRBS13 generators were also
integrated to verify the data path and transmitter.

In the case of conventional interfaces in the image sensors
[14], [15], [16], the multi-lane architecture is usually adopted
because the amount of data to be transmitted is large owing
to the large pixel array. The current used in the output driver
increases N times according to the number of multi-lanes
when using a conventional driver, as mentioned in Section III.
For example, a 4-lane SLVS of 300 mVpp gitf uses 6 mA
(= 1.5 mA*4) from four drivers. On the other hand, if the
four-stacked driver which has the same swing as the SLVS
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0.9V, 2.03mW
1.07[mV]

(a)

0.9V, 2.23mW
0.86[mV]

0.9V, 2.54mW
0.63[mV]

1.5V, 2.85mW
0.49[mV]

(d)

FIGURE 10. Sample images obtained from the fabricated sensor:

(a) LP mode without CMS; (b) LP mode with 2-times CMS; (c) LP mode
with 4-times CMS; (d) HQ mode. Power supply voltage, power
consumption, and dark random noise in each mode were indicated.

is utilized, the required current consumption is only 1.5 mA.
Therefore, large current consumption in the output driver due
to the use of multi-lane architecture can be reduced.
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(c) (d)

FIGURE 11. Measured eye diagrams for differential outputs: (a) G_LTD;
(b) G_HTD; (c) BR_LTD; (d) BR_HTD.

IV. EXPERIMENTAL RESULTS

The proposed CIS was fabricated using a 110-nm front-side
illumination CIS process. Fig. 8 depicts a die microphoto-
graph of the fabricated sensor chip. The total chip size of the
CIS was 5.9 mm x 5.24 mm. The areas of the transmitter
and PLL were 1.2 mm x 0.5 mm and 5 mm x 2.5 mm,
respectively. The sensor had 680 x 520 pixels, including the
dummy pixels. The pixel pitch was 3.2 um, and the length of
the column circuits was 2 mm.

The CIS core uses a power supply of 3.3 V for pixels,
0.9/1.5 V for the SS ADCs, and 0.9 V for the digital readout
circuits. Because of the low supply voltage and LP ADCs, the
sensor core, which includes pixels, ADCs, row and column
scanners, and digital readout circuits consumes only 301 uW
in the LP mode and 932 uW in the HQ mode, excluding the
PLL and integrated transmitter.

Fig. 9 depicts the measured dark random noise according
to the number of samplings (1-4) of the CMS. The measured
random noises without CMS and with 4-times CMS opera-
tions were 0.47 LSB (1.07 mV) and 0.27 LSB (0.63 mV),
respectively.

Fig. 10 depicts the sample images of the different modes
obtained with the implemented image sensor. In the LP
modes, power consumption can be optimized to 2.03 mW
without CMS, while random noise can be optimized to
0.63 mV with 4-times CMS. Even though the HQ mode
provides a lower temporal noise, the LP mode offers a 29%
power savings, which is suitable for always-on imaging with
moderate random noise that is sufficient for object recogni-
tion [1]. Fig. 10(a) depicts an image of the 8-bit LP mode
without CMS operation, and Figs. 10(b) and 10(c) depict the
images of the 8-bit LP CMS mode with two and four sampling
numbers, respectively. Fig. 10(d) depicts the imalge of the
12-bit HQ mode. All images were captured in an indoor
environment.
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TABLE 1. Chip characteristics and performance comparison.

Reference O} 41 131 151 61 m This work
Process 110nm CIS ::"":((_'\‘jos 180nm CIS [ 180nm CMOS | 65nm CMOS 5‘352::“‘]5 110nm CIS
Pixel array 340%260 | 32962512 | 336x256 | 300200 | 128x128 | 800x600 680 % 520 (VGA)
Pixel size [um’] 50%50 Lix1l 56%56 7.6%76 40 %40 1616 32%32
Frame rate [fps] 15 72 15 40 32 50 15
Photodiode pn - pn pn pn NPD Pinned
3.3 (Pixel)
Supply [V] 09 12128433 08 04 05 0901 '5‘135;3‘[;;3‘1)”/”07
1.2 (TX driver)
Core power [uW] 455 - 199 157 88 193k q")’z’ ;;";:
Core power FoM 343 - 154 654 16.78 8.04k 56.8 (LP)
[pJipixel]
Total Power consumption . . . i . . 2030 (LP)
w PLL & TX [mW] 2.848 (HQ)
Random noise [LSB] 0.58 73 [uV] 095 396 832 112 [uV] 002477((:‘;?:;55";"'_‘;;
oMs - 0 - - - o o
ADC 8-bit 11-bit 8-bit 12-bit 10-bit 15-bit 8- 10-/12-bit
CFPN (%] 0.89 - 1.35 0.069 - 0.009 0.1
Integrated TX X X X X X X o

The measured differential eye diagrams of the four-stacked
driver outputs are depicted in Fig. 11. The output impedance
was matched by adjusting the number of drivers to turn on
because the output driver of the transmitter was implemented
as a segmented type, as mentioned in the previous section.
The designed transmitter had an area of 1.02 mm?. The
power supply voltage was 1.5 V in the PLL, 0.9 V in the
data path, and 1.2 V in the driver stage. The transmitter
transmitted the image signals at a rate of 400 Mbps using four
channels. Because the sensor core provides image signals
of 640 x 480 x 12 bits at 15 fps, the image signals were
transmitted for only 16% of the total operating time. When no
image signals were transmitted, all of the transmitter circuits,
including the static driver circuit, were deactivated to reduce
power consumption. Consequently, the transmitter consumed
only 0.423 mW when transmitting 12-bit image signals owing
to the stacking driver and driver idle mode. Including the
power consumption from the sensor core, TX, and PLL, the
total chip power consumption was 2.03 mW in the LP mode
and 2.848 mW in the HQ mode.

Table 1 lists the chip characteristics and performance com-
parison with previous studies. All characteristics were mea-
sured at 15 fps. Power consumption was compared using
the figure-of-merit (FoM), which was defined by the energy
consumed by each pixel. Thus, the FoM of the proposed
prototype sensor exhibited 56.8 plJ/pixel at LP mode. The
FoM of the proposed CMOS imager was slightly higher than
that reported in some previous studies because of the high
supply voltage (3.3 V) for the pixel array that was used to
support the operation of the PPDs. Because the proposed
sensor employs a PPD with an nMOS source follower as is the
case with a contemporary CIS, a small pixel pitch is achiev-
able. Accordingly, the proposed architecture is applicable to
high-resolution CISs. However, some previous LP sensors
employed pMOS transistors and additional in-pixel circuits
that are compatible with low supply voltage [4], [5], [6]. Even
though the power consumption of the sensor core is slightly
higher, the total chip power consumption was optimized
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by employing the four-stacked charge recycling drivers in
the transmitter because dominant power consumption of
the CIS comes from the interface circuits, which involves
high-frequency switching with significant loads. In addition,
only the proposed sensor employs an integrated transmitter to
reduce the power consumption from the interface.

V. CONCLUSION

We implemented a dual-mode CMOS image sensor system
with an integrated transmitter. Power reduction was achieved
by employing a low-supply voltage of 0.9 V, LP SS ADCs
with power-cutoff and dual references, and LP CMS schemes.
In addition, an integrated transmitter with a four-stacked
charge-recycling driver reduced the interface power. A pro-
totype CIS with 680 x 520 pixels was fabricated using the
110-nm CIS process for verification. The sensor consumes
less power (<301 uW at 15 fps) with a supply voltage of
0.9 V in the LP mode while providing low noise under
0.27 LSBs. An integrated transmitter that supports up to
400 Mbps consumes only 0.423 mW. The proposed CIS
has the potential for use in low-power imaging applications,
such as mobile AR and image recognition-based security
solutions.
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