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Analysis of Gated CMOS Image Sensor
for Spatial Filtering

Arthur Spivak, Alexander Belenky, Alexander Fish, Member, IEEE, and Orly Yadid-Pecht, Fellow, IEEE

Abstract—Pulsed gated vision systems are essential tools in
obtaining images in obscure environmental conditions. Contrary
to the existing gated systems, which use intensifiers and other
external equipment, we present a design of gated sensor, which is
implemented in a CMOS process. The proposed sensor is capable
to filter out the objects according to their distance to the camera.
This ability enables to remove the undesired reflections and to see
more clearly the target. Such gated vision principle is implemented
using a unique multishuttering regime. Various properties of this
regime such as charge-transfer mechanisms, frequency of switch-
ing, pulsewidth, slew rate, etc., are described and thoroughly ana-
lyzed. Upon the performed analysis, we optimize the shape of the
shutter pulses and substantially reduce the charge-transfer time. A
128 × 256 CMOS gated image sensor was fabricated in 0.18-μm
process and successfully tested. The included experimental results
fully corroborate with the theory, showing the sensor functionality
and proving the feasibility of the proposed design.

Index Terms—Active-pixel sensor, charge transfer, CMOS
image sensors, gating, global shutter, sensor.

I. INTRODUCTION

V ISION SYSTEMS are typically classified as either pas-
sive or active. Passive systems detect ambient light, which

is emitted from objects within a particular environment. On the
other hand, active systems use an external light source besides
the sensor. This source emits light towards the imaged objects,
and the sensor captures the reflected illumination.

Particularly interesting are pulsed active systems, where the
external source emits pulses of light in synchronization with
the activation of the camera. Such synchronization permits to
image the objects according to their distance to the camera.
One of the examples of pulsed vision systems is the time of
flight (ToF) imager [1]. These systems are designed for 3-D
imaging and depth perception. The control over a ToF sensor
is relatively complicated, since acquiring an object distance
necessitates measuring either the phase or the signal difference
between two or more pulses. For example, in [2], two pulses
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are generated for each range of distances; the first is completely
integrated, while the second is integrated with a certain delay.
The difference in the resulting signals represents the captured
object distance, and the delay between these two pulses defines
the maximum distance that can be determined.

Gated sensors, on the other hand, present a simplified way
of distinguishing between differently distanced objects. These
sensors filter out the objects which are found beyond a certain
predetermined range of interest (ROI). Thus, such sensors do
not need to perform any distance measurements, and there is no
need to integrate light pulses with a variable delay. The spatial
filtering can be accomplished using only one train of pulses, the
frequency and the width of which are optimized for a predeter-
mined range of distances. Previous gated sensors were imple-
mented using charge-coupled-device technology [3]. Most of
these sensors incorporate light intensifiers; therefore, they are
bulky and hard to use in applications which require miniature
vision systems.

Implementing the gated sensor in a CMOS process presents
a challenge aimed at achieving a higher degree of integration,
increasing the gating frequency, and implementing various
smart functions on the same die. Successful implementation of
such CMOS gated sensors will lead to a significant advance
in various industry areas where human eye vision auxiliary
systems are essential. For example, such a system can be very
helpful to a driver in obscure weather conditions when some
distant object reflection shields the image of a person standing
close to the car. The gated sensor will filter out the undesired
blinding reflection, thus “revealing” the closer object, which
must be spotted to prevent an accident. However, the area of
CMOS gated sensors is still poorly researched. Various aspects
of gated vision, particularly in the design of effective shuttering
regimes, have not yet been addressed.

We present a novel theoretical analysis of various design
aspects that are associated with gated imaging, such as the
dimensions of the photodiode and the frequency, swing, shape,
and slew rate of the gating signals. The influence of each
parameter is explained in the following sections. Moreover, we
thoroughly describe the design of a miniature CMOS gated
sensor for spatial filtering. This discussion includes all major
design steps, from schematic to layout. In order to prove the
proposed vision concept or to validate the shuttering regime, the
authors propose an analysis of a fully operational CMOS gated
imager. The results of the measurements, attained in the testing
process of the fabricated imager, are presented and compared to
theoretical assessments.

The rest of this paper is organized as follows: Section II
presents the shuttering regime, Section III presents the design

0018-9383/$31.00 © 2012 IEEE
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Fig. 1. Schematic diagram of the in-pixel spatial filtering.

Fig. 2. Basic timing diagram of the spatial filtering.

and implementation of the gated CMOS sensor, Section IV
presents the results of the measurements and the discussion, and
Section V summarizes the study.

II. ASPECTS OF GATED IMAGING

A. Concept of Spatial Filtering

A spatial filtering in CMOS is basically implemented by
a synchronous bidirectional charge flow (Fig. 1). The pro-
posed scheme consists of a pinned photodiode (PPD) and an
integration capacitor Cint connected through a shutter switch
(Shutter). The Shutter can be arbitrarily opened, providing
the complete charge transfer from the PPD to Cint. It always
operates globally within the pixel array. The Shutter is operated
synchronously with the external pulsed light source [4].

When the reflected light pulse falls onto the PPD, it generates
a certain amount of charge. There are two gating signals:
Shutter and PPD_R (Fig. 1). If the incoming light pulse comes
from the ROI (Fig. 2), the photogenerated charge is transferred
from the PPD to Cint by pulsing high the Shutter. On the other
hand, if the photogenerated charge is induced by the reflection
out of ROI, it is transferred from the PPD to a high potential
V ph by means of the second globally activated gating signal
PPD_R. Consequently, the charge associated with the requested
range of distances is transferred from the PPD to Cint by
discrete packets, whereas the undesired charge is dumped to
V ph. It is obvious that the signals Shutter and PPD_R must not
overlap each other.

Since the gated imaging implies a global shutter operation
mode, an additional capacitance Cst is utilized for storing
the pixel mantissa from the previous frame (Fig. 1). During
the first half of the frame, the Storage is turned off, and Cst

is disconnected from Cint. At this time, the analog-to-digital
(A/D) conversion takes place. After the whole pixel array is
scanned, the Storage is turned on until the end of the frame;
thus, Cst is connected to Cint, forming one capacitance Cint−st.

Fig. 3. Two general configurations of the activation of the Shutter signal: In
configuration (a), the active interval equals the tCT; in configuration (b), the
active interval equals ton_pulse + tCT.

The light source that is utilized in the gated imager has to be
synchronized with the sensor in order to filter out the undesired
reflections. Accordingly, the external light source has to be
switched with a certain frequency. The optimal frequency of
the light pulses and the gating signal is

fopt =
c

2Rmax
(1)

where c represents the speed of light and Rmax represents
the maximal possible distance range. The typical switching
frequency range is 105–107 Hz. The width of the light pulse can
vary according to the desired range of distances (Fig. 2). The
width of the light pulse ton_pulse decreases with the distance to
the target

ton_pulse − td − tCT =
2ROI
c

(2)

where tCT is the charge-transfer time and td is the delay
between the activation of the Shutter and the pulse generation.
Note that (2) defines the maximal width of the light pulse. In
most cases, it is desirable to light the scene with maximal power
in order to increase the image signal-to-noise ratio (SNR).

The duration of the active Shutter ton_Shutter, which defines
the shape of this signal, is bounded by the charge-transfer time
tCT and 1/fopt

tCT ≤ ton_Sh_Sw ≤ ton_pulse + tCT ≤ 1/fopt. (3)

Therefore, there are two general shapes of the Shutter and
PPD_R signals, as shown in Fig. 3.

According to configuration (a) of the Shutter, the charge
is being integrated within the PPD for ton_pulse and is being
transferred to Cint after the end of the charge integration inter-
val. In this case, the transfer time tCT equals ton_Sh_Sw. The
activation of PPD_R signal occurs right before the next pulse
of light is emitted. The duration of PPD_R in configuration
(a) equals tCT, similar to that of Shutter. On the other hand,
in configuration (b), the charge transfer occurs at the same
time the integration takes place. In such a case, the charge-
transfer time is defined as the duration of the active Shutter
signal beyond the ton_pulse. The generation and integration of
Pulse〈i〉 occur at the same time. It is important to note that
the activation of the Shutter signal after the end of the light
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pulse is aimed at integrating the light pulse in its entirety, thus
obtaining an image with the maximal possible SNR for the
certain light intensity. The PPD_R and the Shutter active phases
never overlap. We can conclude that the final amount of charge
that is transferred to the integration capacitance is equal in both
configurations. However, the temporal concentration of charge
within the PPD throughout the transfer process is different for
each configuration.

B. Charge-Transfer Considerations

Implementation of the gated imager in CMOS implies bidi-
rectional charge transfer (Fig. 1). In one direction, the charge
is dumped; in the opposite direction, it is integrated. In both
cases, it is essential that the transfer operation will be effective,
i.e., there will be no charge left behind in the PPD after the
transfer is complete. Thus, it is worthwhile to consider the
charge-transfer mechanisms existing within the PPD.

Generally, there are three charge-transfer mechanisms: ther-
mal diffusion (TD), self-induced drift (SID), and lateral drift
transport (LDT). In order to analyze the transfer charge mecha-
nisms, we use the charge-transfer efficiency (CTE) and charge-
transfer inefficiency (CTI) terms [5]. CTE measures the portion
of charge, which is transferred from the PPD to the data
capacitor Cint, by means of a transfer gate Shutter. CTE is
defined as the ratio of charge transferred to the integration
capacitor Cint or Cint−st to the initial generated charge within
the PPD. CTI, on the other hand, measures the ratio between
the charge left behind within the PPD and the initial generated
charge. Consequently, CTI is given by

CTI = 1 − CTE. (4)

The TD arises from the gradient in charge concentrations
between the PPD and the integration capacitor. The CTI asso-
ciated with the TD transfer mechanism is given by

CTITD = e
− t

τTD (5)

where τTD represents the diffusion time constant, given by

τTD =
L2
ph

Dn
(6)

where Lph represents the length that the charges have to pass
before they reach the integration capacitor and Dn is the
diffusion constant.

The SID is caused by the gradient in the charge concentra-
tion, which is built up by the charges of the same type. This
gradient repels the charges to reorder them so the gradient will
become zero. The CTI for the SID is expressed as

CTISID =

(
1 +

t

τSID

)−1

(7)

where τSID represents the SID time constant, which can be
approximated given by

τSID =
L2
ph

2μnqN0
(8)

where μn is the electron mobility, q is the elementary electron
charge, and N0 is the initial number of electrons within the PPD
well per unit area.

The third charge-transfer mechanism, named LDT, is caused
by the potential gradient, i.e., the electric field. The CTI of the
LDT (9) is exponential, similar to the one of the TD

CTILDT = e
− t

τLDT (9)

where τLDT represents the field time constant given by

τLDT(x) =
Lph

μeELDT(x)
. (10)

ELDT represents the electric field within the PPD and the trans-
fer gate. In case this field is uniform, it can be approximated as

ELDT =
ΔV ε0εsi
L2
phCeff

. (11)

ΔV represents the potential difference between the photo-
sensing element and the target capacitor. ε0εox denotes the
dielectric constant of vacuum and relative dielectric constant
of the silicon.

Although there are three charge-transfer mechanisms, their
relative influence on the transient charge-transfer process is
different. Since the frequency of the gating signals fopt is high,
the amount of transferred charge during each shuttering event
is small. Therefore, we anticipate, according to (7) and (8), that
τSID is the longest of the three time constants, related to the
three transfer mechanisms. Moreover, we anticipate that TD
and LDT will govern the charge motion in different areas of
the photodiode. The influence of the lateral drift is pronounced
only under the transfer gates, Shutter or PPD_R in our case.
Thus, the influence of the lateral drift within the intrinsic part
of the diode can be neglected [6]. Therefore, we conclude that
the charge is transported most of its way by the TD, whereas
the lateral drift drives them through the transfer gates.

The performed qualitative analysis of the charge motion
within the PPD allows effective assessing of the optimal shape
of the Shutter and PPD_R signals. Such signal shape opti-
mization, as will be demonstrated further, decreases the overall
transfer time tCT, thus leveling up the CTE.

C. Pixel Noise, Image Lag, and Charge Injection
Considerations

Gated pixels are characterized by frequent switching. Within
the frame time Tframe, the pulses are being generated with fopt
frequency (1). Therefore, the overall number of the integrated
pulses Npulses is

Npulses = Tframefopt =
Tframec

2Rmax
. (12)

As shown in (12), the pulse intensity is reciprocal to the
range. Therefore, in order to assess the minimum required num-
ber of pulses, let us assume that the range equals 1500 m. Even
for this considerably large distance, assuming that Tframe is
15 ms, the number of pulses equals 1500. For most applications,
the number of pulses will be even higher, since the required
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imaging range is much smaller. Such frequent charge-transfer
events can potentially cause an image lag if the charge transfer
is not complete. The elimination of this effect is performed by
activating the Shutter according to the assessed charge-transfer
time tCT and switching the Shutter with a precise slew rate
as explained in the following. These steps also eliminate the
kTC noise, since they completely deplete both the PPD and the
Shutter transistor channels [7].

Another factor that influences the noise performance and the
CTI of the transfer is charge fluctuation that is induced by
traps in the PPD and the Shutter transistors. In our design, the
existing traps are not expected to highly affect either CTI or
the noise performance. The primary reason for this is that the
photogenerated charge is “buried” in the intrinsic region under
the surface of PPD, where the number of traps is minimized.
Another reason is that, due to the high rate of charge-transfer
events, the influence of the active traps found in the PPD and
Shutter transistor channels decreases even further. This is due to
the fact that the probability to capture or emit an electron during
a single transfer event is inversely proportional to the operating
frequency [8]. Consequently, it is anticipated that, when the
pulse rate (or, in other words, fopt) rises, the noise induced
by traps decreases [8]. Nevertheless, the efficiency of such
an improvement is questionable due to its significant power
penalty. Frequent switching of the Shutter switch also causes
undesired charge injections to integration and storage capac-
itances. The Shutter switch is implemented with an NMOS
transistor. As such, its gate is coupled to the drain capacitance
Cint, through an overlap drain capacitance Cgdo, through an
overlap source capacitance Cgso, and to the PPD. Every time
the Shutter rises or falls, a certain portion of charge is injected
through the capacitances Cgso and Cgdo, respectively. In order
to minimize the charge injections, the overlap capacitances
should be minimized.

It is also very important to keep the channel of the Shutter
transistor empty from the photogenerated charge during the fall
of the Shutter signal. Therefore, the slew rate of the Shutter
signal should be bounded, so the charges remaining within the
transistor channel will be spilled to Cint; otherwise, part of the
charges, found within the channel, will be injected back to PPD,
causing the charge backup effect [5]. The charge backup effect
is shown in Fig. 4(a)–(d). The photogenerated charge, bounded
by the PPD potential well [Fig. 4(a)], is waiting to be transferred
to Cint, and the Shutter signal is low. As the Shutter signal goes
high, the potential under its gate drops, allowing most of the
charge to flow to Cint; however, a certain portion of the charge
stays within the channel [Fig. 4(b)]. If the Shutter signal drops
too fast, i.e., the slew rate is too high [Fig. 4(c)], part of the
charges remaining within the Shutter channel will return to the
PPD well. On the other hand, if the slew rate of the Shutter
signal is lower [Fig. 4(d)], the charges remaining within the
Shutter channel will flow into Cint, while the Shutter goes low
and its channel disappears.

The Shutter slew rate SRShutter, which will prevent the
charge backup, can be calculated as

SRSh_Sw =
VSh_Sw

tCT_Sh_Sw
(13)

Fig. 4. Potential diagram of the PPD, Shutter, and Cint during the switch-
ing of the Shutter signal. (a) Initial photogenerated charge within the PPD.
(b) Shutter is high, and the charge is transferred to Cint. (c) Shutter goes low
too fast, and some charges go back to PPD. (d) Shutter goes low slowly, and the
charges are spilled to Cint.

where VShutter represents the maximal voltage value of the
Shutter signal and tCT_Shutter represents the charge-transfer
time from the channel of the Shutter to Cint or to Cint−st. Note
that the value of VShutter should be above the PPD pinning
voltage in order to allow a complete charge transfer. If the slew
rate meets the requirement of (13), the charge injected during
the rising edge of the Shutter should be drained during the
falling edge of the last.

The transfer mechanism that governs the charge flow under
the Shutter gate is LDT. It is obvious that decreasing the
length of the transfer gate will increase the electric field and
thus decrease the transfer time tCT_Shutter. However, such a
length decrease may cause the value of Cint to drop, which is
undesired for image quality. To compensate this adverse effect,
the Shutter switch width should be increased.

The requirements for the slew rate of the PPD_R switch are
eased relative to the ones of the Shutter, since the capacitance of
the well, associated with the reset potential V ph, is much higher
than the channel capacitance of PPD_R switch. Therefore,
according to a charge sharing principle, the amount of charges
left within the PPD_R channel when the former is activated
is very low. Thus, the slew rate for the second gating signal
PPD_R can be made substantially higher than (13).

III. IMPLEMENTATION OF GATED PIXEL

A. Pixel Functionality

In this section, the functional layout and timing considera-
tions of the CMOS gated pixel are discussed.

Fig. 5 shows the schematic diagram of the gated pixel.
This diagram is the electrical implementation of the spatial
filtering concept shown in Fig. 1. The notations of the charge-
transfer switches Shutter and Storage have remained without
change. The flow of the photogenerated charge from the PPD is
bidirectional, according to the concept of gated imaging shown
in Fig. 1. The charge, which is generated by an undesired
reflection, is dumped to V ph potential by pulsing high the
PPD_R signal. On the other hand, the charge reflected from
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Fig. 5. Schematic diagram of the proposed pixel.

the imaged object is transferred to parasitic capacitance Cint by
pulsing high the Shutter signal. The parasitic capacitances Cint

and Cst can be reset by R_Rst and FD_R signals, respectively.
Note that R_Rst signal is applied globally on all the rows in

order to reset the Cint before the new frame, whereas FD_R is
activated in a row-by-row manner only, in order not to cause
an undesired loss of mantissa from the previous frame. The
pixel readout is performed by pulsing high the R_Sel signal
and activation of columnwise current source.

B. PPD Layout Considerations

The pixel dimensions are 13.75 μm by 13.75 μm (Fig. 6). All
the switches have been implemented as NMOS transistors in
order to reduce the space that the pixel circuitry occupies. The
parasitic capacitances Cint and Cst that are formed out of the
appropriate transistors nodes are related to the pixel circuitry
area. The length of the Shutter gate has been minimized in
order to allow more efficient charge transport, to minimize
the image lag, and to reduce the kTC noise. The width of
the Shutter gate has been adapted to decrease the capacitive
load of the line that delivers the Shutter signal while keeping
the magnitude of Cint within desired range. The desired size
of Cst has been achieved by increasing the gate capacitance
of the source follower. The values of both capacitances Cint

and Cst have been verified using the Cadence layout design
kit. According to our assessments, the Cint capacitance equals
12.5 fF, while Cst equals 2.5 fF. To improve the pixel perfor-
mance in poorly lighted scenes, we maximized the pixel fill
factor. Thereby, the PPD occupies the entire space left by the in-
pixel transistors (Fig. 6). After completing the layout, we had
to evaluate the expected transfer time, according to the pixel
Lph, in order to verify that the pixel performance meets the
preliminary requirements.

C. Pixel Timing Considerations

We have used the relevant CMOS process parameters to
determine the dominant charge-transfer mechanism and to eval-
uate the expected transfer time. In these calculations, we have
assumed that the pixel PPD is exposed to the maximal light
intensity under which the sensor should still be able to operate
without losing information due to saturation.

The sensor is required to image objects distanced in range
between 1.5 m and 1.5 km. Consequently, the frequency of the

Fig. 6. Layout of the gated pixel in 0.18-μm CMOS technology.

light pulses and the gating signal is 100 kHz; as a result, the
pulse cycle time is 10 μs. The widths of the laser pulse and of
the integration time interval are set to 9.75 μs. Note that the
remaining 250 ns is allocated for the charge transfer according
to Fig. 3.

There are two general configurations of the Shutter signal
(Fig. 3). For each configuration, the amount of charge found
within the PPD is different at the given time point. Time
constants of the SID (8) and LDT (10) are charge dependent;
consequently, the time constants are different for each config-
uration. On the other hand, the TD time constant is the same
for the two configurations. From the numerical assessments of
the three time constants, we concluded that the TD possesses
the minimal time constant; thus, it is the dominant charge-
transfer mechanism. The LDT is second in its influence on the
charge transfer, and the SID is the slowest factor in the charge-
transfer process. In fact, our numerical assessments match those
previously presented in Section II analysis of the charge transfer
within a PPD.

Fig. 7 shows the charge transfer. In configuration (a) of the
Shutter, the charge is accumulated for 9.8 μs [Fig. 7(a)]. After
that, the charge is transferred to Cint. In configuration (b), the
charge is transferred throughout the whole integration interval;
therefore, the maximal amount of charge within the PPD is
much smaller than that in configuration (a) [Fig. 7(b)]. After
the pulse ceases, the charge transfer in configuration (b) be-
comes exponential, similar to that in configuration (a). We have
defined the target CTI of 0.01% of the charge to be transferred
from the PPD to Cint. The amount of charge to be transferred
is 8000 electrons; therefore, the amount of charge at the end
of the transfer equals 0.8 e−. According to our assessments,
the charge-transfer times are 210 and 90 ns for configurations
(a) and (b), respectively. Consequently, configuration (b) of
the Shutter is preferable than configuration (a). The analysis
performed in this subsection can also be applied to the PPD_R
signal (Fig. 5). Therefore, the preferred configuration of the
PPD_R switching is (b).

The slew rate of the Shutter was calculated, assuming that
the LDT governs the charge motion under the transfer gates.
Substituting appropriate parameters into (10), we obtained that
the expected transfer time for reaching CTI of 0.01% equals
10 ns. Since the amplitude of the Shutter was set to 3.3 V, the
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Fig. 7. Charge transfer for configurations (a) and (b).

required slew rate (13) is 330 V/μs. In order to simplify the
design of the chip pads, we used a digital input with built-in
buffer to feed the Shutter signal from the field-programmable
gate array (FPGA) to the chip. Inside the chip, the Shutter was
raised by a level shifter to the required voltage. The slew rate of
the used digital pad was modified to meet the requirements that
were derived in (13). The slew rate for the PPD_R signal was
increased beyond the 330 V/μs, since the amount of charges,
which have to be drained out of that channel, was lower than
that in Shutter. The presented analysis is not intended to derive
the exact transfer times but, rather, to assess it and, then, to set
the optimal shape of the shuttering signals in each particular
case.

IV. MEASURED RESULTS AND DISCUSSION

The presented 128 × 256 gated sensor was successfully
implemented in 0.18-μm CMOS process. The fabricated chip
was mounted on a test board, which powered the chip supplies
and controlled the logic functions. The analog output was fed to
the onboard pipelined A/D converter. PC software was used to
image the captured scene. Various experiments were conducted
to test a single pixel and the whole system performance. The
final goal of the experiments was to verify the sensor functional-
ity and its ability to filter out the undesired reflections. Obtained
during the measurements, results were in full agreement with
the theoretical assessments; hence, they proved the feasibility
of the proposed design.

First, we had to find the level of the Shutter signal that
would allow the full charge transfer from the PPD. Initially,
the maximal level of the Shutter signal was 3.6 V, since this
voltage, according to our assessments, was enough to allow the
full charge transfer.

We illuminated the scene with nonsaturating light intensity
and performed the same procedure but with lower maximal
level of the Shutter. In an ideal case when the full charge
transfer occurs, the output is independent of the level of the
gating signal. Consequently, the boundary value of the Shutter
can be indicated by the saturation in the pixel output. Fig. 8

Fig. 8. Normalized pixel output versus the Shutter voltage.

Fig. 9. Intrinsic pixel response to illumination.

Fig. 10. Measured charge-transfer time for configurations (a) and (b) of the
Shutter.

shows the normalized pixel value versus the maximal level
of the Shutter. We can see that the pixel normalized output
saturates at the range of 2.8–3 V. Therefore, we have determined
that the level of the Shutter should exceed 2.9 V.

In order to measure the charge-transfer time tCT for both
configurations, we measured the pixel response to the illumi-
nation and found the maximal light intensity under which the
pixel saturates (Fig. 9).

Then, we performed several exposures under previously de-
termined maximal light intensity. Each exposure had the same
integration interval of 10 μs; however, the duration of the active
Shutter was increased gradually in each successive exposure.
The charge-transfer time is denoted by the saturation of the
pixel normalized output (Fig. 10).

Table I compares the theoretically assessed transfer time
values to the measured ones for both configurations. It can
be seen that the theoretical assessments mostly agree with
the measured results. The differences between the predicted
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TABLE I
ASSESSED AND MEASURED VALUES OF THE CHARGE-TRANSFER TIMES

FOR CONFIGURATIONS (A) AND (B) OF THE Shutter

values and the measured values can be explained by the dif-
ferences between the real process parameters and those on
which the theoretical assessment of the charge-transfer time had
been made.

Future designs of the gated pixel will follow intensive re-
search aimed at minimizing the transfer times. From the pre-
sented theoretical analysis (5)–(11), it follows that the charge
transfer can be accelerated by decreasing Lph, i.e. by minimiz-
ing the distance that the charge has to traverse. Very promising
pixel structures have been proposed in [9], where various
layouts of the PPDs and transfer gates are presented. Based
on our simulations, by reducing the Lph by a factor of 2.5,
we can obtain transfer times lower than 10 ns. An alternative
approach is to modify the doping profile within the PPD itself
[10]. This can create a horizontal concentration gradient, which
results in a gradual variation of the electrostatic potential along
the length of the PPD, resulting in a lateral drift field. This step
can reduce the transfer times to nanoseconds at the expense of
a more expensive production process.

In order to validate that the pulse rate of the Shutter is
sufficient to minimize the trap activity, we had to find some
light intensity for which the noise is independent of the signal.
When the noise is not a function of incoming light, the SNR
in that region increases at the rate of 20 dB/dec (Fig. 11). We
concluded that light intensities lower than 10 mW/m2 are suit-
able for this test. Based on these measurements, we found that,
even though the SNR increases with the pulse rate, changing
the number of pulses set by (12) is not worthwhile because
it is not efficient. The improvement in SNR was 1%, while
the power consumption of the Shutter increased by a factor
of two or three. To measure the charge injection’s influence
on the output pixel signal, we carried out 16 exposures with
variable ton_Shutter and with a variable number of the Shutter
pulses. In each test, we increased the number of pulses by
100. The duration of ton_Shutter was adjusted experimentally
in order to assure the full charge transfer. The frame time and
illumination were kept constant, and no charge was lost in any
exposure; thus, pixel output was expected to remain constant
regardless of the number of the switching events of the Shutter.
The measured maximal deviation caused by the charge injection
was 50 mV, which is 5% of the overall pixel swing. We can
thereby conclude that the charge injections are imposed by the
Shutter feed-through and that the amount of charge injected to
Cint and PPD during the rise time is mostly drained out during
the fall time. The influence of the slew rate on the quality of
the final image was also in accordance with the expectations.
We performed several exposures of the same scene, when the
slew rate was changed from 2000 to 330 V/μs. The measured
differences in the integrated charge throughout the tested range
were up to 25% of the full-well capacity. Thus, it is worthwhile

Fig. 11. Measured SNR of the intrinsic dynamic range of the pixel.
(Number of pulses = 1500).

TABLE II
MEASURED FIGURES-OF-MERIT OF THE TEST CHIP

to moderate the slew rate of the Shutter in order to maximize
the final signal. Other measured chip parameters are denoted
in Table II.

The final goal of our experiments was to verify the proposed
gated vision concept. For our convenience, we also wanted to
perform all the measurements inside our laboratory. Therefore,
we conceived an experiment which could be performed inside
the building and could test the spatial filtering ability of the
designed sensor. We used ML520G54 Laser Diode, integrated
with TE-Cooled Laser Mount TCLDM9 manufactured by
Thorlabs, to emit the laser pulses (Fig. 12). In order to obtain
ideal pulses of light, the diode should be repeatedly switched on
and off. Since we could not completely switch off the diode due
to its limitations, we had to generate the pulses by modulating
the laser output power.

The diode was biased to some predetermined dc operating
point, around which it could be modulated by shifting up and
down the forward current flowing through it. The conjunc-
tion between the dc biasing and the modulation currents was
achieved by bias-T connection, found inside the TCLDM9. One
of the bias-T branches conducted the dc component, whereas
the other conducted the modulation current, which was gener-
ated by the Modulation signal. This signal was generated by
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Fig. 12. Experimental setup for gated vision test.

Fig. 13. Controllable delay between the Shutter and Light Pulses.

the Function Generator as square voltage pulses. As the input
at Bias T, these pulses were converted by the internal resistor
into a current. This way, the diode was supplied to the bias and
the modulation currents.

The obtained laser pulses were directed at the Cup and the
Mirror (Fig. 12). Part of the rays, like Ray 1, impinged the Cup
and returned back to the gated CMOS sensor, while another
part, like Ray 2, fell on the Mirror and traveled a longer distance
to the camera. Since the Mirror is located outside the ROI,
it should be filtered out. To allow the spatial filtering, we
had to synchronize between the laser pulses and the camera
Shutter signal, which controlled the desired charge integration.
Therefore, a special trigger signal was generated inside the
FPGA and fed to the Function Generator. By means of this
signal, we could control the delay time td between the Shutter
and the Light Pulses (Fig. 13).

Fig. 14(a) shows the image of the Cup obtained without using
the pulsed laser source. To obtain images with pulsed source,
we set the pulse frequency fopt to 100 kHz, and ton_Shutter
was set to 2 μs. In this experiment, the ROI was controlled by
the delay time td. Initially, the td was set to zero, consequently
taking into account the measured transfer time, and the ROI (2)
was 287 m [Fig. 14(b)]. It can be observed that the image of
the Cup is shielded by the massive reflection from the Mirror,
which was distanced 1.8 m away from the imager. In order
to filter the blinding reflection, we set the delay to be 1.9 μs.
In this way, the ROI was reduced, and the reflection of the

Fig. 14. Captured images: (a) Regular, (b) before filtering, and (c) after
filtering.

Mirror was remarkably filtered out [Fig. 14(c)]. It was not
removed completely due to a dc component existing in Laser
Diode operation and due to imperfect charge transfer, probably
caused by the second-order effects of PPD, which should be
investigated in future work. Nevertheless, the spatial filtering
ability was clearly demonstrated.

V. SUMMARY AND CONCLUSION

This paper has presented a study of the gated CMOS image
sensor. Various aspects of the gating signal, such as voltage
level, active duration, shape, number of pulses, noise, and slew
rate, have been considered. It can be concluded that, for gated
systems with a large number of pulses, the dominant charge-
transfer mechanism is the TD; however, the LDT cannot be
neglected due to its influence while turning off the Shutter. A
gated sensor implementing the theoretical assessments was fab-
ricated and tested. The measurements were in good agreement
with those in theory. A special experiment for validation of
gated vision concept was performed. It proved that it is possible
to design a miniature CMOS sensor which can clear out the
undesired objects from the scene according to their distance to
the camera.
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