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Abstract—This brief presents a novel concept for a global
multishuttering CMOS image sensor with linear wide-dynamic-
range (WDR) implementation for night vision systems. The pro-
posed imager is synchronized with an external active pulsed light
source and is suitable for surveillance, automotive, and military
applications. The proposed imager provides a linear WDR by
applying adaptive exposure time to each pixel according to the
local intensity level of illumination. Each pixel has a size of
13.75 μm × 13.75 μm, consists of only eight transistors, dissi-
pates 100 nW, and provides dynamic range expansion of up to
98 dB. System architecture and algorithm are described. Pixel
structure and design are analyzed according to charge injec-
tion considerations and signal-to-noise ratio requirements. Sensor
principle of operation is presented, and simulation and experimen-
tal results for the proof of the concept are shown.

Index Terms—CMOS image sensors, gated vision, global shut-
ter, night vision, wide dynamic range.

I. INTRODUCTION

NOWADAYS, various military, surveillance, and automo-
tive applications require cost-effective and low-power

night vision systems. CMOS image sensors are considered to be
attractive candidates for use in these systems due to integrated
near-infrared (IR) capability and low-power dissipation. The
near-IR capability allows CMOS imagers to operate in dual
mode, i.e., to be functional in both day and night vision appli-
cations, and thus eliminates the need for two separate solutions.
This capability simplifies system design and reduces the overall
vision system cost.

Vision systems are typically classified as either passive or ac-
tive vision systems [1]. Passive systems detect ambient IR light
emitted from the objects within a particular environment [2].
Active systems consist of a light source and an imager, such as a
charged-coupled device or a CMOS camera, which operate out-
side the human visible spectral range [3]. However, transmitting
a light pulse in obscure weather conditions can be inefficient
since part of the pulse can return to the camera before it reaches
the target, causing the camera to be blinded. The effect of light
reflection from the media between the camera and the target
is called backscatter. Generally, backscatter can be reduced
by gating the camera, i.e., synchronizing its operation with
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light pulses emitted from an external light source. Examples
of gated vision systems, which are aimed at reducing the
backscatter effect, can be found in [4] and [5]. These systems
are not implemented in a CMOS process. They also incorporate
range finders, intensifiers, and massive digital storage units.
Therefore, these vision systems are costly, bulky, and incapable
of real-time imaging.

A CMOS-gated imager, as reported in [6], operates in rolling
shutter mode, and the dynamic range (DR) extension is per-
formed by fusion of multiple captures into a final image. Such
a WDR technique requires allocating memory slots for each
digitized pixel value after every exposure.

This brief presents a novel concept for a global multishut-
tering gated CMOS image sensor with linear wide-dynamic-
range (WDR) implementation, which is synchronized with an
external active pulsed light source, that is intended for a low-
light high-responsivity night vision system. The system works
as follows: A unit sends out a short laser pulse that illuminates
the scene while a camera records the reflected light. The re-
flected light is sensed by a CMOS imager with a short electronic
shutter operated synchronously with the pulsed laser. Since the
reflected laser pulse arrives at all pixels simultaneously, the pix-
els are also exposed at the same time. It means that the imager
should operate in a global shutter (snapshot) readout mode,
which is contradictory to traditional CMOS image sensors that
typically employ a rolling shutter mode of operation. Note that
unlike time-of-flight (TOF) sensors, the proposed imager only
requires very simple control over integration of the laser pulses
[8]. Implementation of the TOF concept requires illuminating
the scene with a series of laser pulse trains. Each of the pulse
trains is integrated at a certain delay relative to another. The
delay between two successive integration windows sets the
range of distances that can be determined. In our case, we are
interested in removing the backscatter effect only from a prede-
termined range; thus, we do not need to perform any distance
measurements. There is no need to integrate light pulses with a
variable delay. We use only one train of pulses, the frequency
and the width of which are optimized for a predetermined range
of distances [3]. Therefore, our system enables the removal
of the backscatter effect while keeping a high frame rate and
consuming less computational resources than a TOF sensor.

The amount of reflected laser light that falls into the time
window of the shutter is small compared with that in contin-
uous exposure systems. To obtain a feasible output signal, the
integration of reflection from multiple laser pulses is required.
We present a unique imager topology that allows multiple in-
tegration periods for each frame. This provides signal-to-noise
ratio (SNR) improvement as background noise is not integrated
between the exposures. Even with this improvement, there
are some circumstances, such as oncoming lights, that could

1549-7747/$26.00 © 2011 IEEE



86 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 58, NO. 2, FEBRUARY 2011

possibly saturate the imager due to direct illumination. This
problem can be overcome by means of sensor DR enhancement.

The WDR algorithm of the proposed imager is based on our
previous solution [9], where the sensor operated in the rolling
shutter operation mode. In [10], the algorithm was adapted for
global shutter operation. In this proposal, the algorithm has
been adapted to enable gated imaging, as will be explained.
Thus, the imager reported in this brief can be related to as
a WDR-gated system. The imager provides a linear WDR at
least up to 96 dB by applying adaptive exposure time to each
pixel according to the local intensity level of illumination. The
overall pixel size is 13.75 μm × 13.75 μm, whereas the size
of the photosensing area itself is 8 μm × 8.5 μm. The pixel
functionality is implemented using only eight transistors.

Section II briefly describes the architecture of the proposed
imager. The pixel’s description and operation are presented
in Section III. Section IV shows simulation and experimental
results. Section V concludes this brief.

II. IMAGER ARCHITECTURE

The image sensor, as presented in this brief, measures the
returned light from short light pulses. The electronic shutter is
operated synchronously with a pulsed light source in order to
expose the photosensor to light reflected from a selected dis-
tance range. As previously mentioned, the amount of reflected
light that falls into a single shutter time window is small com-
pared with that in continuous exposure systems. In order to in-
crease the pixel output signal, multiple exposures are performed
during a single frame, and the photosensor output is integrated
over these multiple exposures. Sensor output integration is pre-
vented between the exposure intervals in order to avoid integrat-
ing background and other noise between the exposures. In order
to prevent pixel saturation during stronger lighting, the pixel
output level is checked at intermediate times during the frame,
and the pixel is reset if it is going to saturate before the end
of the frame. The time intervals between the pixel saturation
checks are ordered in a progressive geometric sequence, i.e.,

TINT/X1, TINT/X2, . . . , TINT/XW (1)

where X is a chosen constant (X > 1), TINT represents the full
integration time, and W represents the last DR extension bit.

During each saturation check, a nondestructive readout of the
in-pixel integration capacitor value is performed, and the read-
out level of each pixel is compared with a respective threshold.

Based on the comparison result, it is determined if the
pixel will saturate before the end of the frame or not. If it is
determined that the pixel will saturate, it is reset; otherwise, it
will not be reset until the next frame.

The digital memory block of the chip records and stores the
number of resets performed on each pixel during the frame.
According to the recorded number of resets, we derive a scaling
factor in order to adjust the pixel readout signal [10]. Fig. 1
shows the general architecture of the proposed system. The
imager consists of a pixel array, a single row (vertical) decoder,
an operation driver, a pair of column (horizontal) decoders,
column readout circuits, processing circuits, and a digital
memory block.

III. PIXEL DESCRIPTION AND OPERATION

This section describes the proposed pixel and explains its
principle of operation. Fig. 2 shows the general structure of

Fig. 1. General architecture of the proposed imager.

Fig. 2. Simplified schematic of the proposed pixel with external processing
circuitry and external digital memory.

a single pixel, its corresponding processing circuitry, and the
digital memory. Both the processing circuitry and the digital
memory are located in the array periphery. The proposed pixel
consists of a Photosensing Element and an Integration Capac-
itor CINT connected through a Shutter Switch. The Shutter
Switch can be arbitrary opened, providing complete charge
transfer from the Photosensing Element to the Integration Ca-
pacitor, and it always operates globally within the pixel array.
The Shutter Switch is operated synchronously with the pulsed
laser; in other words, the back-reflected light is integrated only
when it comes from the imaged distance interval. CINT is a
parasitic capacitance consisting of the node capacitances of
the Shutter, the Reset Integration capacitance, and the Storage
Switches.

During the laser-off period, the Photosensing Element is
reset through the Photosensing Element Reset Switch. This
allows SNR improvement due to nonintegration of background
and other noise between the exposures. The Integration
Capacitor can be reset through the Integration Capacitor
Reset Switch controlled by the AND gate output. An additional
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Storage Capacitor CST is incorporated within the pixel in
order to enable signal readout during the integration period
by disconnecting the Storage Switch. Capacitance CST is a
parasitic capacitance consisting of the node capacitances of the
Storage Switch, the Storage Capacitance Reset Switch, and the
Source Follower gate.

The Storage Capacitor Reset Switch facilitates reset of CST.
The pixel amplifier is used for analog signal readout, and the
Row Select Switch enables selection of the specific row. The
Row Select Switch is operated separately for each row. The Row
Reset signal that resets the integration capacitor can be applied
either simultaneously to all rows or separately to each row.
The processing circuits consist of an AND and two OR logical
elements. In addition, an analog comparator is used to compare
the pixel output to a predefined threshold voltage. The detailed
pixel operation is described in the following sections.

A. Reset Phase

At the beginning of the frame, the Integration Capaci-
tor CINT is reset to a voltage VRST by globally applying
“Row Reset” = ‘1’ and “Global Reset” = ‘1’ simultaneously
to all the pixels in the array. The Storage Switch is off during
the reset period. The Reset Phase is stopped by applying
“Row Reset” = ‘0’, and the Integration Phase starts.

B. Integration Phase

The Photosensing Element starts producing charge carriers
according to the intensity of the back-reflected laser pulse when
it arrives from the predetermined distance. When the back-
reflected laser pulse ceases, the Shutter Switch is momentarily
closed, and the accumulated charge is fully transferred to CINT.
When the Shutter Switch is off, the Photosensing Element
is completely disconnected from the integration capacitance.
Thus, the charge that is being accumulated from that moment
on and that could be caused by an undesired reflection will
not interfere with the charge previously transferred to CINT. A
photogenerated charge from an undesired reflection is scooped
out of the Photosensing Element by activating the Photosensing
Element Reset Switch. This operation is repeated continuously.
During this period, “Global Reset” = ‘0’. Before reaching the
comparison time (T1 = TINT − (TINT/X1)), the CST capac-
itor is reset to VRST by closing the Storage Capacitor Reset
Switch. Once the CST reset is completed, the Storage Switch is
turned on, allowing charge sharing between CINT and CST. The
integration and storage capacitances remain connected from
that moment until the end of the current frame. The voltage
on the integration capacitor at the end of this charge sharing
is similar to the voltage that would be achieved by charging
the integration and storage capacitances if they were connected
together from the beginning of the integration time, since these
two capacitances are reset to the same voltage.

C. Decision Phase

At the first time point T1 = TINT − (TINT/X1), the Photo-
sensing Element is disconnected from CINT and CST, which
now act as a single capacitance CINT−ST, by turning off the
Shutter Switch within every pixel of the array. Hence, the
voltage on CINT−ST, i.e., VINT−ST, represents the signal that
was integrated until time T1. At this point, pixels in a certain
row of the array are scanned nondestructively and compared

Fig. 3. Equivalent circuit for switching during the charge transfer.

with an appropriate threshold voltage Vth. The comparison
result is transmitted directly to the input of the in-pixel AND

gate and to the external digital memory that is associated with
the pixel (“First bit” = ‘1’ is applied). In addition, the “Row
Reset” signal is activated specifically for the current row. If
VINT_ST < Vth, meaning that the pixel will saturate at the end
of the integration period, the digital memory is loaded with
“1,” and CINT−ST is reset to Vrst. Otherwise, (VINT_ST >
Vth, meaning that the pixel will not saturate at the end of
the integration time), “0” is loaded into the memory, and the
pixel is not reset. The described process is then sequentially
repeated for each row. The same procedure is repeated at every
TN = TINT − (TINT/XN ) time point (N is the index of the
Decision Phase), in order to detect pixels that will saturate by
the end of the frame. After the first decision phase, the “First
bit” signal goes low until the next frame.

D. Readout Phase

At the end of the full integration time TINT, the capacitor
CST is disconnected from CINT by turning off the Storage
Switch. Once this disconnection has been completed, the Pho-
tosensing Element is able to begin a new frame exposure (i.e.,
reset phase and integration phase), and the charge on CST is
held there until it is read out at its assigned time in a row-by-row
readout sequence through the output chain. The analog value of
the readout signal is retrieved from the sample-and-hold (S&H)
block (see Fig. 1). At this time, the exponent value is retrieved
from the digital part of a chip.

E. Charge Injection Considerations

The multishuttering mode of operation, as explained above,
requires frequent charge transfer from the Photosensing Ele-
ment to the capacitances CINT and CST. The charge transfer
occurs every time the Shutter Switch is turned on. The switch
is implemented with an NMOS transistor. As such, its gate is
coupled to the drain capacitance CINT through an overlap drain
capacitance Cgdo and through an overlap source capacitance
Cgso to the Photosensing Element. The equivalent circuit for
the switching during charge transfer is depicted in Fig. 3.

Our charge injection considerations are based on the models
derived in [11] and [12].

There are two possible sources of charge injection. The first
one is the channel of the Shutter Switch. The charge injection
from the channel into CINT and into the Photosensing Element
can occur if a certain amount of the photogenerated charge
is left within the channel. Consequently, our goal is to assure
full charge transfer from the Photosensing Element to the
CINT capacitance. Note that as the charge transfer is going on,
the CINT capacitance starts to discharge, decreasing the field
within the Shutter Switch channel. Such a decrease in the field
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slows down the charge transfer. Moreover, as the charge leaves
the Photosensing Element, the source voltage of the Shutter
Switch rises, increasing its bulk–source voltage, resulting in an
increase in the threshold voltage. The increase in the threshold
voltage of the Shutter Switch further slows the charge transfer
process. Therefore, we made the Shutter Switch active time
long enough to ensure that no charge will be left within the
Shutter Switch channel.

The second source of charge injection is the shutter signal
feedthrough that exists on the gate-to-drain and gate-to source
overlapping capacitances of the Shutter Switch. It is easy to
show that the variation on the Vyi junction in Fig. 3 due to
turning on the Shutter Switch is

Vyi(t = ∞) − Vyi(t = 0) =
CgdoVs

CINT + Cgdo
(2)

where Vs is the final voltage on the gate of the switch.
As the Shutter Switch is turned off, the change in Vyi is of ex-

actly the same magnitude, but with an opposite sign. Thus, the
charge that was injected when turning on the switch is drained
out when turning the switch off. Although it is anticipated that
the charge injected at the charge-up cycle will be drained out
during the discharge, we designed the pixel in order to minimize
the term in (2) by making Cgdo much smaller than CINT.

The influence of the gate-to-source capacitance Cgso of the
Shutter Switch is similar to the influence of Cgso, but with re-
spect to the Photosensing Element capacitance. Similar analysis
can be performed to the charge injections existing due to the
Storage Switch. However, the active pulse of the Storage Switch
is half a frame and is sufficient to fully equalize the voltage on
CINT and CST. Extended attention should be paid when turning
off the Storage Switch. The rate of closing this switch should al-
low all the channel charges to be drained out while the channel
slowly disappears [11]. In such a case, the charge injections are
reduced to contributions of the overlap capacitance, similar to
the case analyzed with regard to the Shutter Switch.

F. Minimal and Maximal SNR Considerations

Using equations and conclusions presented in [13] and [14],
we assessed that the dominant noise source in poorly illumi-
nated scenes is the kTC noise caused by the reset operation.
The kTC noise caused by the multishuttering operation is aver-
aged, and its contribution converges to its mean value, which is
zero. Therefore, this component of kTC noise is neglected. The
kTC noise on CINT, which has to be taken into consideration,
is due to the reset operation and turning on the Storage Switch.
These two events contribute the following charge deviation:

〈eCINT〉
1
q
(
√

2kTCINT) (3)

where k is the Boltzmann’s constant, and T is the temperature
of the pixel. q denotes the elementary electron charge. The kTC
noise on CST is caused by the two uncorrelated reset operations
and turning on the Storage Switch. This noise is given by

〈eCST〉 =
1
q
(
√

3kTCST). (4)

When the Storage Switch is turned on, CINT and CST are
connected together. The kTC noise electrons on CINT and CST

are distributed between the two capacitances according to the
capacitance ratio.

Fig. 4. Calculated SNR as function of CINT and CST capacitances.

After the frame is over, the Storage Switch is turned off. The
maximum possible noise voltage signal on CST is given by

Vnoise_st =
q

CST

CST

CST + CINT

(√
〈eCINT〉2 + 〈eCST〉2

)
=

1
CST + CINT

(√
2kTCINT + 3kTCST

)
. (5)

The signal accumulated during the frame is given by

Vsig =
iphnpulsestpulse

CST + CINT
(6)

where npulses and tpulse are the number of integrated light
pulses and the duration of each pulse, respectively. iph denotes
the photocurrent induced by a certain light intensity that falls
onto the pixel. The SNR for low illumination intensities is
given by

SNR =
Vsig

Vnoise_st
=

iphnpulsestpulse
CINT+CST

1
CST+CINT

√
2kTCINT + 3kTCST

=
iphnpulsestpulse√

2kTCINT + 3kTCST

. (7)

Fig. 4 presents the SNR as function of CINT and CST when
iph during the laser pulse is equal to approximately 2 fA.
The figure was derived using MATLAB. For this current, the
minimal expected SNR is 3 dB. Lowering the in-pixel capac-
itance increases the conversion gain and improves the SNR in
low light intensities. On the other hand, a pixel exposed to high
incoming light intensities reaches the full-well capacity and, as
such, reaches the maximal SNR. In high light intensities, the
dominant source of noise will be the shot noise. Thus, we can
express the maximal SNR by

SNR =
Vsig

Vnoise_st
=

√
Vmax(CST + CINT)

q
(8)

where Vmax denotes the maximal voltage on CINT and CST. We
have designed several variations of pixels with different values
of ratio between the aforementioned capacitances.

We have set CINT to be approximately 10 fF and imple-
mented CST with variable capacitances, within a range of
several femtofarads. The photodiode capacitance is expected
to be 15 fF; thus, it is approximately equal to the sum of
CINT and CST capacitances. The minimal SNR in such a case
is anticipated to be 7 dB, whereas the maximal SNR should
exceed 50 dB.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed pixel was designed in 0.18-μm CMOS technol-
ogy. The Photosensing Element was implemented as a pinned
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Fig. 5. Single-pixel simulation example.

Fig. 6. (a) Capture with an active light source (Shutter Switch active).
(b) Capture with an active light source (Shutter Switch deactivated).

Fig. 7. (a) Saturated capture. (b) WDR capture.

photodiode (PPD). The pixel was operated using 3.3-V (analog)
and 1.8-V (digital) voltages. The laser pulse was simulated
with a square-wave current source iph that discharges the
capacitance of the PPD. The charge transfer was simulated
using a voltage-controlled current source. It is easy to show
that the charge profile during the transfer process is a decaying
exponential function [15].

Fig. 5 depicts the voltages of CINT, CST, Storage Switch,
and Row Reset. The integration starts at region A. At region B,
Storage Switch goes high, and CINT is shorted to CST. Since the
voltages on both capacitances are below Vth, the capacitances
are reset the moment Row Reset goes high. Points C and D
represent the production of the second and third WDR bits,
respectively. Region E includes the production of the fourth
WDR bit, i.e., the fifth and sixth bits, respectively. At the 15-ms
time point, Storage Switch goes low, disconnecting CINT from
CST and storing the mantissa on CST, whereas CINT is reset
and continues to integrate through the next frame. The ratio
of the sixth integration slot to the frame time is 64. The
intrinsic DR is anticipated to be 60 dB. Consequently, the
extended DR will be no less than 96 dB. The captured images in
Fig. 6(a) and (b) prove the sensor functionality and its gating
ability. Fig. 6(a) proves that the sensor is functional. Fig. 6(b)
proves that the charge can be filtered out by deactivating the
Shutter Switch and by pulsing the Photosensing Element Reset
Switch high. Thus, the gating concept is validated. Fig. 7(a)
presents a saturated capture, where part of the imaged word
cannot be distinguished. Fig. 7(b) presents a WDR capture,
where the whole word is visible. Table I presents the measured
test chip figures of merit.

V. CONCLUSION AND FUTURE WORK

A novel gated global multishuttering CMOS image sensor
with linear WDR implementation for night vision systems has
been presented. Imager architecture and operation have been
described in detail. Various simulations using a CMOS image
sensor 0.18-μm CMOS technology design kit were carried
out to ensure proper functionality of the designed pixel. The

TABLE I
MEASURED FIGURES OF MERIT

fabricated imager has proved its functionality. Its gating and
WDR ability have been verified experimentally as well. Process
variations and uncalibrated readout chain can affect the pixel
response and lower the average SNR relatively to the maximal
one. The issue of fine-tuning and optimization of the pixel re-
sponse and improvement of the average SNR will be performed
by careful calibration procedures in future work.
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