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Abstract— A novel Wide Dynamic Range (DR) snapshot 

Active Pixel Sensor (APS) for ultra-low power applications is 
presented. The proposed imager allows capturing of fast moving 
objects in the field of view and provides wide DR by applying 
adaptive exposure time to each pixel, according to the local 
illumination intensity level. Driven by low-power dissipation 
requirements, the proposed pixel is operated by dual low voltage 
supplies (1.2V and 1.8V) and utilizes an advanced low-power 
sensor design methodology. A test chip of a 32*32 array has 
been implemented in a standard 0.35µm CMOS technology. A 
single pixel occupies 18*18µm area and is expected to dissipate 
18.5nW at video rate.  System architecture and operation are 
discussed and simulations results are presented.  
 

Index Terms—Active Pixel Sensor (APS), Wide Dynamic 
Range sensor, snapshot CMOS imager, low-power sensor. 
 

I. INTRODUCTION 
The growth in the market of portable battery-operated 

multimedia devices has generated an increasing demand for 
high-density ultra low-power image sensors [1]-[2]. For 
example, cellular videophones that emerge on the market 
utilize state-of-the-art CMOS image sensors consuming only 
5-30mW of power. But the requirements of next generation of 
portable devices to components are expected to be more 
stringent in terms of power dissipation, consuming less than 
1mW [2]. Usually, this target is achieved by technology 
scaling and aggressive supply voltage reduction [3], 
significantly reducing output swing of the sensor and thus 
producing a serious impact on the dynamic range (DR) of the 
APS [1],[3-5]. A narrow DR of image sensors entails 
saturation of a pixel with high sensitivity, in a case of high 
illumination levels, and part of the information can be lost. 
DR insufficiency of conventional video cameras is a serious 
problem in realizing a robust vision system for taking images 
consisting of wide illumination conditions in the same scene. 
The conclusion is that power reduction in image sensors can 
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be effective only in case when it appears in conjunction with 
some technique for widening dynamic range.  

Different solutions for widening the DR in CMOS image 
sensors have been presented in recent years [6-12]. A 
summary of existing solutions and their comparisons have 
been presented in [13]. Generally, these solutions can be 
divided into four groups: (a) Companding sensors, such as 
logarithmic, compressed response photodetectors; (b) Multi-
mode sensors, that have been implemented in CMOS where 
operation modes were changed; (c) Frequency based sensors, 
where the sensor output is converted to pulse frequency; (d) 
External control over integration time, which can be further 
sub-divided to global control, where the whole sensor can 
have a different integration time, or local control, where 
different areas within the sensor can have different exposure 
times; and finally (e) Autonomous control over integration 
time, in which the sensor itself provides the means of 
different integration times. 

Most commonly used CMOS image sensors utilize a 
rolling shutter mode as the readout method. According to this 
approach all pixels in one row of the imager collect light 
during exactly the same period of time, but the time light 
collection starts and ends is slightly different for each row. 
The top row of the imager is the first one to start collecting 
the light and is the first one to finish. The start and the end of 
the light collection for each following row are slightly 
delayed, which leads to image deformation in times when 
there is relative motion between the imager and the scene. 
Therefore the ideal solution for capturing high speed motion 
objects is an imager employing the electronic global shutter 
(snapshot) method. This technique utilizes a memory element 
inside each pixel and provides capabilities similar to a 
mechanical shutter, allowing simultaneous integration of the 
entire pixel array, and then preventing exposure while image 
data is read out. 

This paper presents an approach that can deal with all 
above mentioned challenges of CMOS image sensors. The 
proposed imager allows capturing of fast moving objects in 
the field of view and provides wide DR by applying adaptive 
exposure time to each pixel, according to the local 
illumination intensity level. The algorithm for DR expansion, 
used in the proposed sensor, is based on the algorithm 
recently implemented in a rolling shutter APS, but here is 
firstly applied to snapshot APS. Driven by low-power 
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dissipation requirements, the proposed pixel is operated by 
dual low voltage supplies (1.2V and 1.8V) and utilizes an 
advanced low-power sensor design methodology. This 
methodology includes implementation of a low-power and 
area efficient components, like comparator and multiplexer, 
as well as different techniques for power reduction, like the 
stacked scheme and others, as described below.  

Section II describes the system architecture, building 
blocks and operation principle. Section III depicts the pixel 
structure implementation and general principle of operation, 
the low-power design concept and design consideration. 
Section IV discusses simulation results. Conclusion and 
future research are outlined in Section V. 

II. SYSTEM ARCHITECTURE AND WDR ALGORITHM 
DESCRIPTION 

The general architecture of the proposed sensor is 
presented in Figure 1. The sensor consists of a pixel array, 
one row decoder, two column decoders, sample & hold (S/H) 
circuits and digital memory. As mentioned above, the 
proposed snapshot imager is based on the algorithm recently 
implemented in a rolling shutter APS. A more detailed 
description of the algorithm can be found in [13]. Herein only 
a brief description is provided.  

 

 
 

Fig. 1.  General architecture of the proposed wide DR global shutter APS 
 

According to this algorithm, the required expansion of the 
DR is determined by a series of  W-bits.  The total integration 
time is subdivided into several integration times, which are 
progressively shorter, according to the down-going series:  

 
1 2, , ..., (1)W

INT INT INTT X T X T X  
 

where X>1 and TINT represents the full integration time. 

At the beginning of the frame, all pixels in the imager are 
reset. Then the photodiode output of each pixel is compared 
with an appropriate threshold, at certain time points given by: 

 
1 2( ), ( ),..., ( ) (2)W

INT INT INT INT INT INTT T X T T X T T X− − −  
 

The comparison is performed by enabling the in-pixel 
comparator, while the appropriate threshold voltage is 
determined by: 

 

( )_
11 (3)th pixel DRV V X≥ ⋅ −

                 
 

where Vth is the threshold value and Vpixel_DR is maximal 
voltage swing on the photodiode (the reset voltage).   

This operation is applied simultaneously to all pixels in the 
array to ensure snap-shot operation of the imager. If any of 
the checks determines that the pixel will saturate at the end of 
the current integration time, then the pixel is reset again and 
is allowed to start integrate light again, but for a shorter 
period of time. The binary information concerning having the 
reset applied or not is saved locally in the pixel memory, 
associated with the parasitic capacitance at the output chain 
input (described in Section III), and is transmitted during the 
next integration sub-period to the external digital storage in 
the upper part of the sensor, associated with each pixel. This 
reading enables proper scaling of the value being read out and 
enables the pixel value to be described in a floating-point 
representation. In this representation, the exponent will 
describe the scaling factor for the actual integration time, 
while the mantissa will be the regular pixel value at TINT. 
This way, the actual pixel value would be: 

 

(4)EXPINT

INT
EXP

TValue Man Man XT
X

 
 = ⋅ = ⋅ 
 
                   

 
where VALUE is the actual pixel value, MAN (Mantissa) 

is the analog or digitized output value that has been read out 
at the time point TINT, X is a chosen constant (X>1), for 
example 2, EXP is the exponent value, describing the scaling 
factor, i.e. which part of the integration time is actually 
effective.  

After a full integration time, the charge accumulated in the 
photodiode capacitor during the just-completed exposure is 
transferred to a storage capacitor. Once this transfer of charge 
has been completed, the photodiode is able to begin a new 
frame exposure, and the charge newly transferred to the in-
pixel memory is held there until it is read out at its assigned 
time in a row-by-row readout sequence through the regular 
output chain at the lower part. Two horizontal decoders for 
the pixel array and the memory array are used to retrieve the 
mantissa and exponent, correspondingly. The vertical decoder 
is used to select the rows. 
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III. PIXEL DESCRIPTION AND OPERATION  

A. Circuit Description 
This sub-section describes the scheme of the proposed 

pixel and explains general principles of its operation. Figure 
2 shows the proposed implementation of a single pixel of the 
proposed global shutter APS.  

 

 
 
Fig. 2. Implementation of a single pixel of the proposed global shutter APS. 

 
The proposed pixel consists of a: 
Photodiode (Pd), (2) Low-power comparator, implemented 

by a simple digital inverter (transistors M1, M2, M3, M4), (3) 
Digital low-power multiplexer (transistors M9, M10, M11, M12, 
M13), (4) Regular analog output chain, implemented by a 
source follower amplifier (transistors M16, M17), (5) Reset 
transistor (M8), (6) Control of comparator input (transistors 
M5, M6, M7), (7) Shutter switch (transistor M14), (8) Reset of 
the analog/digital storage (transistor M15), (9) Switch for the 
digital signal readout (transistor M18), (10) Dual supplies:  
VDD = 1.2V and VDDh = 1.8V, (11) External digital control 
inputs – "Global Reset", "Cond Reset", "Comp out pre-
charge", "Storage Reset", "Shutter", "Read Digital", "Row 
Select", "Sleep" and "not(Sleep)" and internal signals (for 
operation description only) – "Reset", "Comp in", "Comp out" 
and "Storage", (12) Analog/Digital output – "Col Bus", (13) 
Cpd – this capacitor is associated with the photodiode 
capacitance, parasitic capacitance of the M8 transistor source 
and parasitic capacitances of the M6 and M14 diffusion nodes, 
(14) Ccomp – this capacitor is associated with parasitic 
capacitances of the M4 and M1 transistors gates, with parasitic 

capacitance of the M5 transistor source and parasitic 
capacitance of the M6 diffusion node, (15) Cs – this capacitor 
is associated with parasitic capacitances of the M16 transistor 
gate (source follower input), with parasitic capacitance of the 
M15 transistor drain and parasitic capacitance of the M14 and 
M18 diffusion nodes. 

B. Circuit Operation 
The presented circuit operates as follows: At the beginning 

of the frame the pixel is reset by applying "Global Reset" = '0' 
and "Cond Reset" = '0'. This way the internal line "Reset" is 
equal to '1h' (1.8V) independently on the internal line "Comp 
out" value, charging the photodiode (Cpd) and internal line 
"Comp_in" (Ccomp) to Vreset=VDDh-VthN~VDD. (Note, that there 
is difference between '1' that equals to VDD=1.2V and '1h' that 
equals to VDDh=1.8V). At the same time the internal line 
"Comp out" is pre-charged to '1h' by negative pulse of "Comp 
out pre-charge" = '0'. The reset phase is stopped by applying 
"Global Reset" = '1' and "Cond Reset" = '1' and photodiode 
starts discharging, according to the energy of incident light. 
At this stage, the total capacitance connected to the 
photodiode is given by C’pd=Cpd+Ccomp. At the first time 
point T1=TINT-TINT/X1 (see equation 2) the output of the 
photodiode (voltage on C’pd) is compared with an appropriate 
threshold, associated with the switching threshold voltage of 
the inverter. This comparison is performed by enabling the 
inverter operation ("Sleep"='1h' and "not(Sleep)"='0'). 

 If "Pd out" < threshold, meaning that the pixel will 
saturate at the end of the integration time, then "Comp 
out"='1h' (determined by the inverter). At the same time, 
"Cond Reset" falls to '0' by applying short negative pulse, 
causing the M9 and M10 to operate as a standard inverter and 
enabling operation of the inverter, consisting of M11, M12 and 
M13. As a result (for "Comp out"='1h') the photodiode is reset 
again. The binary information concerning having the reset 
applied or not is saved locally in storage capacitor (Cs) by 
"Read digital"='0' at the time when "Cond Reset"='0' and is 
transmitted during the next sub-integration period to the 
external digital storage in the upper part of the sensor array, 
associated with the certain pixel, to enable proper scaling of 
the value read. The readout of this digital signal is performed 
through the regular output chain, used for analog signal 
readout, by allowing "Row Select"='1'.  

If "Pd out" > threshold, i.e. meaning that the pixel will not 
saturate at the end of the integration time, then "Comp 
out"='0' (determined by the inverter). In this case the 
photodiode is not reset ("Cond Reset"='0', "Comp out"='0' => 
"Reset"='0') and transistor M6 is turn off, separating the Cpd 

and Ccomp. Once the comparison is stopped by returning the 
inverter to the "sleep" mode and applying "Global Reset" = '1' 
and "Cond Reset" = '1', the photodiode continues discharging, 
according to the energy of incident light. This time, the total 
capacitance connected to the photodiode is given only by Cpd. 
At the following time points when comparison is performed, 
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the Cpd is already disconnected from the Ccomp, causing the 
voltage saved on Ccomp (> threshold) to be compared to the 
threshold produced by the inverter. Thus, no resets are 
applied until the full integration time is finished. 

At the end of the full integration time TINT, the capacitor 
Cpd is connected to the capacitor Ccomp by applying "Comp out 
pre-charge"='0' and the final photodiode voltage on the 
capacitor C’pd=Cpd+Ccomp is determined by the charge 
transfer between Cpd and Ccomp. This way this final voltage is 
independent of whether M6 transistor was closed or open 
during the last integration period.  Note, that in the case, 
when "Comp out" was equal to '1h' (reset was performed at 
the last time point), the capacitor Cpd was already connected 
to the capacitor Ccomp. 

The next stage is transfer of the charge accumulated in the 
photodiode capacitor C’pd to a storage capacitor Cs, by 
applying "Shutter"='1h'. Before this charge transfer, the 
storage capacitor Cs is reset to VDDh by applying "Storage 
Reset"='0'.  Once this charge transfer has been completed, the 
photodiode is able to begin a new frame exposure, and the 
charge newly transferred to the in-pixel memory is held there 
until it is read out at its assigned time in a row-by-row 
readout sequence through the output chain. 

One of the challenges in the design of this circuit was to 
ensure the proper operation of the circuit in case where the 
"Comp in" is in the forbidden region of the inverter during 
the comparison. To solve this problem two design 
considerations were performed:  

(a) The binary information concerning having the reset 
applied or not is taken directly from the "Reset" signal. Thus, 
even if "Comp out" has a non legal digital value (i.e. it is not 
clear if it is "1" or "0"), this will not influence the final result. 

(b) A relatively low (non legal) value of "Comp out" can 
cause pixel reset. Generally, in this case the capacitor Cpd 

should be connected to the capacitor Ccomp, but a low voltage 
at the M6 gate causes these capacitors to be disconnected. To 
ensure that the voltage on Cpd is equal to voltage on Ccomp at 
the time of pixel reset, Ccomp is pre-charged to Vreset=VDDh-
VthN~VDD by M5.    

An additional problem is small Cs capacitor value (relative 
to C’pd). In order to solve this problem, the Cs value was 
manually increased in the layout.  In addition, it should be 
noted that the comparator (inverter) role is to avoid pixel 
saturation. Thus the matching between comparators in 
different pixels doesn't influence the final results precision.  

C. Low-power design consideration 
Low supply voltage is a main key for power consumption 

reduction. On the other hand, as was already mentioned, 
power voltage reduction impacts the sensor output swing. In 
this design, a dual power supply voltage technique was used 
in order to reduce power dissipation, while achieving an 
acceptable output swing of the output chain. In addition, 
several techniques for power reduction were used in this 

proposed snapshot APS: (1) Leakage current control using the 
stacked scheme design (applied in the comparator), (2) 
Insertion of the circuits to "sleep" mode when not operating 
(applied on the Mux, inverter and comparator), (3) Usage of a 
simple digital inverter as an analog comparator, (4) Usage of 
a non-standard low-power Mux. Usually, the usage of this 
circuit is avoided because it has several non-legal states [14]. 
In case of this proposed snapshot pixel, only three Mux states 
are used and all of them are legal. In addition, a regular state 
of this circuit is "Global Reset" = '1' and "Cond Reset" = '1' 
and if "Comp out"='1' leakage does not exist, (5) Using the 
same output chain for analog and digital signals. 

IV. SIMULATION RESULTS 
A test chip of a 32*32 array has been implemented in a 

standard TSMC 0.35µm CMOS technology available through 
MOSIS. Figure 3 shows the layout of the chip area occupied 
by 4 neighboring pixels. Each pixel has a size of 
18µm*18µm, a fill factor of 15% and dissipates 18.5nW at 
video rate. 

 
 

Fig. 3. Layout of the chip area occupied by 4 neighboring pixels. 
 

Fig. 4 presents the example of single pixel simulation. The 
simulation has been carried for TINT = 30msec for different 
illumination levels.  

 

 
 

 

Fig. 4. Single pixel simulation example for different illumination levels. 
 
The figure shows the "Comp in", the Com out", the 

"Reset", the "Pd out" and the "Storage" signals for three 
sequential frames. The illumination level has been increased 
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at each following frame. The in-pixel comparison was 
performed once at each frame at TINT/2 (for example see T2 
and T4 in the Fig. 4). It can be seen, that for the first and the 
second frames, the "Pd out" didn't pass the threshold (see sub-
section 3.2), meaning that the pixel will not saturate at the 
end of the integration time. For these frames the "Comp out" 
node had a low value (see the "Comp out" value between T0 
and T1 or between T2 and T3), causing transistor M6 to turn 
off and thus separating the Cpd and Ccomp (it can be seen that 
the "Comp in" value is constant for these periods and is not 
influences by the "Ph out"). As a result the reset was not 
performed by the pixel. Note, that different "Pd out" slopes 
before and after T2 are caused by different capacitances Cpd 
and C’pd (see sub-section 3.2), but the read out signal is 
independed on changes of this capacitor values (see dashed 
line in Fig. 4). At the end of each integration time the charge 
accumulated in the photodiode capacitor C’pd is transferred 
to a storage capacitor Cs (see the "Signal value" of the 
"Storage" signal in Fig. 4) and then read out using a source 
follower amplifier. As was mentioned, the same output chain 
is used for analog and digital signals, so indication if the reset 
was applied or not is saved on the same Cs capacitor (see the 
"Reset indication" of the "Storage" signal in Fig. 4) and then 
is read out using the same source follower.   

V. CONCLUSIONS AND FURTHER RESEARCH 
We have presented a low power global shutter CMOS 

Active Pixel Sensor (APS) with ultra-high dynamic range and 
described its operation. A prototype chip of a 32*32 array has 
been implemented in a standard 0.35µm CMOS technology. 
The proposed imager performs snapshot image acquisition for 
high-speed imaging applications and offers a customized, 
linear, large increase in the dynamic range by implementing 
smart, low-power circuits for in-pixel autoexposure.  Driven 
by low-power dissipation requirements, the proposed pixel is 
operated by dual low voltage supplies (1.2V and 1.8V) and 
utilizes an advanced low-power sensor design methodology.  

Note, that there is no on-chip A/D converter and digital 
memory in the present design. A/D conversion and memory 
on-chip implementation are subjects for further research as 
well as implementation of the proposed design in more 
advanced technologies. 
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