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Abstract

In order to avoid image degradation caused by rolling shutter distortion, CMOS imager sensors (CISs) with global shutter
(GS) function are required to capture a picture of the fast moving scene. However, due to parasitic signal generated at the
storage node of the GS CIS, the output of the sensor is degraded, which causes the sensor output varying hugely at the same
exposure time but different frame rate. Then, the exclusive relationship between radiation intensity and sensor output cannot
be obtained through radiometric calibration. The traditional approach is adding the light-shield structure for the storage node.
We present here a new variable operation mode of the GS CIS, which makes it possible to automatically adjust the sequence
of the sensor operating state on the basis of the relationship between exposure time and frame rate. This operation mode can
ensure that the integrity of the stored signal is not compromised during the memory period. The accuracy of detection can be
well improved. Furthermore, this new approach is proved valid by comparing the radiometric calibration results of traditional

and new operation modes.
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1 Introduction

CMOS image sensors (CISs) are nowadays widely used
thanks to their advantages, such as low power consumption,
low cost, improved noise and integrated readout circuit. The
CIS is usually sorted by the different architectures, including
rolling shutter (RS) pixel architecture and the global shut-
ter (GS) pixel architecture [1, 2]. Because the GS CIS has
the memory structure, additional MOS transistors and addi-
tional drive lines, GS CISs are generally inferior to RS ones
in performance. However, imaging of a fast moving target
cannot be done with the RS architecture. Especially for the
airborne imaging spectrometer, the RS mechanism leads to
severe motion distortion. Therefore, the GS pixel architec-
ture is required; typically each GS pixel has an in-pixel charge
storage node. After the integration time, the signal charge is
transferred to this node. The storage node is generally built as
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a diffused diode, thus being susceptible to parasitic charge
accumulation due to direct illumination by photons [3, 4].
In most case, there is a direct correlation between the para-
sitic charge number and the time signal charge stored on the
storage node [5]. Light-shield structure for storage node is
the most common approach currently. In this paper, a new
variable operation mode is presented to prevent from light
leakage of storage node. In Sect. 2, the mechanism of how
light leakage generation occurs is summarized. In Sect. 3, the
influence of light leakage on CISs for different frame rates
is shown. In Sect. 4, the new operation mode is described in
detail and the effects of different modes are compared.

Up to now, a variety of approaches have been developed
to prevent the parasitic response on the storage node. For
instance, a light-shield structure was placed upon the mem-
ory and an optimized shape light guide structure was placed
upon the photodiode area, as it was reported by Kobayashi
et al. [6, 7]. Tungsten buried light-shield (WBLS) process
flow was introduced in CMOS storage gate, for wrapping
around the storage gate (SG) to shield the storage node from
incident light, as it was reported by Velichko et al. [3, 8].
Some similar approaches were introduced from the related
patents by Gu [9]. These existing studies commonly focused
on improvement of the sensor structure. However, the voltage
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of the storage node is a dynamic signal during normal oper-
ation; a tiny gap between the shield and storage area, caused
by the untight connection between the light-shield board and
storage node, will make it hard to eliminate the impact of
parasitic charge on storage node wholly. Moreover, not all
the sensors have the similar light blocking structure and the
internal structures of the sensors from different manufactur-
ers are often not in the control of the designer. In this paper,
we solve the problem of parasitic charge accumulation on the
storage node with sensor operation mode (time dimension),
instead of sensor structure (spatial dimension).

2 Mechanism of the light leakage in CMOS
sensor

The unit pixel of the CIS is the core device for imaging. The
photodiode, the transfer gate, reset gate, the storage node
and the light-shield structure are the standard components of
a pixel. Photo-generated charge is acquired in the photodi-
ode as the photosensitive element. At the end of the exposure
period, the in-pixel storage is reset and the signal charge in
the photodiode is transferred to the storage node. Owing to
the increased MOS transistor count and additional storage
node, the optical responsivity of GS pixel is reduced by the
limited fill factor [10]. The integrity of the stored signal is
an important contributing factor to limit the sensor’s perfor-
mance.

Asshownin Fig. 1, the storage node in the pixel is the junc-
tion capacitance which is formed in the substrate between the
transfer gate and the reset gate [9, 11]. Similar to the signal
charge collected by photodiode, the parasitic charge is accu-
mulated in the memory. Particularly, the storage node still
accumulate parasitic charge after integration period. The sig-
nal charge that stays in the memory for a longer time will lead
to more parasitic charge number created. In order to protect
the stored signal from degradation, a light-shield structure is
usually placed upon the storage area [12, 13].
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Fig. 1 The schematic diagram of a global pixel structure
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Fig.2 The cross-sectional view of Fig. 1 along the A-B direction for
global pixels structure

Further, Fig. 2 is the cross-sectional view of Fig. 1 along
the A—B direction for global pixels structure [9]. There is a
light-shield structure among the inter-level dielectric, usually
fabricated by the metal materials such as tungsten, aluminum
and copper, metals, as well as some metallic compound such
as tantalum nitride. The light shield covers transfer gate, reset
gate and storage node over large areas. However, the voltage
of the memory is a dynamic signal during normal operation.
Therefore, the contact hole of the storage node is not able
to contact with the metal light shielding completely. A light-
leakage gap is generated upon the storage node where there
is no light shield or contact hole covered. The incident light
could penetrate through the gap and generate parasitic charge
on the storage node, leading to signal distortion and image
quality decline [14].

3 Application of CMOS sensor on airborne
spectrometer

For most imaging systems, the exposure time is approx-
imately equal to frame period in order to maximize the
radiance incident onto the sensor. When the scene is bright
enough and the sensor output is saturated, exposure time
would be shortened by increasing the frame rate. There is a
close linkage relationship between exposure time and frame
rate [15].

For the airborne imaging spectrometer, the frame rate of
the sensor is determined by the flight speed of the airplane
when the spatial resolution along the direction of flight is
fixed. For example, the spatial resolution along the direction
of flight is 1 m, the flight speed of the airplane is 100 m/s,
and the frame rate is fixed to be 100 fps. The flight speed is
usually fixed, and it does not change timely with the bright-
ness variations, while exposure time needs to be adjusted at
any time when the frame rate is fixed. In summary, the fixed
flight speed and spatial resolution determine the frame rate,
while the charging scenery causes different exposure time.
According to the conventional operation mode, the signal
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Fig.3 The conventional
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charge is transferred to the storage node after charge collec-
tion and wait to readout until current frame ends. Based on
the preceding section, the longer time signal charge waits
in the memory, the more parasitic charge accumulates. This
problem will lead to sensor output distortion and decline the
calibration precision. Further, the corresponding relationship
cannot be acquired accurately between radiation intensity
and sensor output. In other words, for different frame rates,
even in the same exposure time, the sensor output varies
widely [16, 17].

In general, CMOS sensor has two operation modes: Inte-
gration Then Read (ITR) and Integration While Read (IWR).
For the airborne imaging spectrometer, high frame rate is
required, usually hundreds of frames per second, and the
readout time is about several milliseconds. If ITR mode is
selected, adjustable range of exposure time would be too
small to adapt to scene brightness variations [18]. So here
we just discuss how the operation mode of IWR influences
the spurious response of the CMOS sensor.

For IWR mode, the conventional operation mode of the
GS CMOS sensor is shown in Fig. 3.

SE(N) is the starting of exposure time for frame N; and
EE(N) is the ending of the exposure time. The exposure time
is the period from SE to EE, and the signal charge is trans-
ferred to storage node after EE. RD(NV — 1) is the readout
procedure of frame N — 1; BLANK is used to supplement
exposure time to make it achieve the setting value. Similarly,
IDLE is used to supplement the frame period to make it match
the flight speed.

The backside illuminated CIS GSENSE2020BSI from the
Gpixel Inc. is selected as a sample to test. Table 1 lists the
key specifications of this CIS.

Under the conventional operation mode, the radiometric
calibration of this CIS is performed to obtain the relationship
between the sensor output and the exposure time at different
frame rates [19, 20].

The radiometric calibration scheme is shown in Fig. 4,
consisting of an integrating sphere, a transfer radiometer, a
CMOS camera and a quick-look system. The radiance of
the integrating sphere is 0.1896 W/m?/st/nm to ensure the
sensor works in the linear region with different exposure time.
As radiometric standard, the radiometer FieldSpec 4 from

Pixel readout
Frame N-1

Frame period

Exposure time filling End exposure Idle & Waiting
Frame N Frame N N N

Table 1 Summarized specifications of GSENSE2020BSI

Parameter Value

Pixel size 6.5 pm x 6.5 um
Pixel array 2048 x 2048
Shutter type Global shutter
Max frame rate 43 fps

Data rate 4.8 Gbps

Full well capacity 54 ke-

Dynamic range 90 dB
Quantization bits 12 bit

cMOs /"
camera

Quick-look
System

Radiometer

Fig.4 The radiometric calibration scheme

Analytical Spectral Devices (ASD) Inc. is selected to monitor
the output of the integral sphere. The quick-look system is
used to store the image data of the camera. With the frame
rates of 0.5 fps, 1 fps and 2 fps separately, 12 exposure times
are adopted in the range of 0-20 ms, 100 frames of image
data for each exposure time are averaged to reduce random
error. As shown in Fig. 5, we can find the lower the frame rate
(the longer the frame period) is corresponding to the larger
the sensor output for the same exposure time.

This is because, for the same exposure time, longer frame
period corresponds to longer the state of IDLE lasts. In other
words, after the signal charge is transferred to storage node,
more time is needed to wait to readout for longer frame
period. Further, the sensor output difference between the
frame rate of 0.5 fps and 1 fps is twice as big as that between
the 1 and 2 fps. That is because the time difference of IDLE
state has the same proportion approximately. In addition,
the output difference between various frame rates decreases
as the exposure time increases. The reason is that the pro-
portion of the exposure time in the frame period increases
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Fig.5 The relationship between the sensor output and the exposure
time for different frame rates with the conventional operation mode. In
order to show the light leakage phenomenon obviously, the frame rate
is reduced to increase the frame period

and the proportion of IDLE state decreases accordingly. So
the light leakage phenomenon becomes weaker. The above
results reflect the significant effect of parasitic charge collec-
tion during the memory period on the sensor output.

In order to reduce the spurious response of the storage
node to light, a light-shield structure is usually placed to cover
the memory. However, this method is unable to completely
solve the light leakage as mentioned in Sect. 2.

4 New variable operation mode
In order to suppress spurious response when the signal charge
is stored in memory, one variable operation mode of the GS

CIS is proposed in this paper. Firstly, the frame rate is deter-
mined in accordance with flight speed. Then, the exposure

Fig.6 The variable operation

time can be adjusted as the scene brightness changes, and the
exposure time is divided into two ranges: 0 — (T — Trp) and
(T — Trp) — T, where T is frame period and TRD is readout
time of one frame data.

Rangel: 0 — (T — Typ)

The CIS works according to the following state order:
“SE(N)-BLANK(N)-EE(N)-RD(N)-IDLE(N)...” as
shown in Fig. 6a. The state of BLANK(N) is used to fill the
exposure time. The signal charge is readout immediately
after charge integration.

Range2: (T — Tjp) — T

The CIS works according to the following state order:
“SE(N)-RD2(N — 1)-BLANK(N)-EE(N)-RD1(N)-SE(NV
+ 1)-RD2(N)-BLANK(N + 1)-EE(N + 1)...... ” as shown
in Fig. 6b. The readout time of one frame image is divided
into two parts: RD1 and RD2, which are placed on the cur-
rent and next frame period, respectively. Their proportions
in the entire readout time can be adjusted flexibly based on
the different relationship between the exposure time and the
frame period.

The following example is given to illustrate and verify the
new operation mode:

The frame rate is set to 50fps, the readout time of one
frame image is 3 ms, and the detailed operation mode is
implemented by the following sequence of steps:

e The frame period is 1/50 fps = 20 ms; the exposure time
is divided into two ranges: 0—17 ms and 17-20 ms.

o If the exposure time is set to 8 ms (in the first range), the
Blank state between SE and EE is 8 ms, the readout time

Exposure time

mode of the GS CIS. a The
operation mode of the GS CIS
for the exposure time with range
of 0 — (T — Trp); b the
operation mode of the GS CIS

IDLE

for the exposure time with range
of (T —Trp) —T

Start exposure
FrameN

Pixel readout
FrameN-1

Exposure time

Frame period

Exposure time filling End exposure
FrameN FrameN
(@)
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Frame period
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Fig.7 One example to illustrate
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of one frame image is fixed to 3 ms, and the IDLE state of
9 ms is used to fill the frame period, as shown in Fig. 7a.

o If the exposure time is set to 18 ms (in the second range),
the time of RDI1 is equal to frame period minus exposure
time (20 ms — 18 ms = 2 ms), so the time of RD2 is 1 ms.
The remaining exposure time is filled by the Blank state
(17 ms), as shown in Fig. 7b.

The general idea of the new operation mode is that one
frame data are readout immediately after charge integration
and does not wait on the storage node at all. This approach
can prevent the signal output of the GS CIS from being con-
taminated by parasitic charge collection in the memory.

Based on the new operation mode, the radiometric cal-
ibration of the camera is performed once more. As shown
in Fig. 8, the outputs of the sensor are almost identi-
cal for different frame rates. It should be noted that the
sensor output reduces obviously without parasitic charge.
Hence, the radiance of the integrating sphere is increased
to 0.4929 W/m?/st/nm for covering the entire sensor output
range. Moreover, the sensor output is close to 0 when the
exposure time is 0. By comparison, the DN value of the out-
put is 337, 695 and 1524 for different frame rates with the
conventional operation mode when the exposure time is O.
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Fig. 8 The relationship between the sensor output and the exposure time
at different frame rates by using the new variable operation mode

Compared with the conventional operation mode, the read-
out time of one frame image is divided into two parts for the
new operation mode. The instruction of starting integration
for the next frame is inserted between the two parts. The-
oretically, the signal charge of the second part waits more
time in the memory, resulting in nonuniformity of one frame
image. However, there is no similar phenomenon observed
in the experiment. This is because the instruction of starting
integration is too short to effect the sensor output (less than
1 ws). The above experimental result verifies the feasibility
of this new operation mode.
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5 Conclusion

In this paper, a new approach is presented to avoid parasitic
light for the memory in the GS pixel. The GS pixel struc-
ture and the traditional solution (with a light shielding) are
illustrated. Combined with the characteristic of the airborne
imaging spectrometer, the conventional operation mode of
the GS CIS is described and the radiometric calibration is per-
formed with different frame rates. The repercussions of the
light leakage on the sensor output are reflected intuitively. In
order to prevent the GS pixel from being susceptible to para-
sitic charge accumulation on storage node, a new operational
mode of the sensor is introduced. The results of radiomet-
ric calibration with traditional and new operation modes are
compared to verify the feasibility of the new approach.
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