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In-Pixel Autoexposure CMOS APS
Orly Yadid-Pecht and Alexander Belenky

Abstract—A CMOS active pixel sensor (APS) with in-pixel auto- and a larger pixel area. In addition, three recent works pro-
exposure and a wide dynamic-range linear output is described. The posed Working a|0ng the frequency modulation approach'
chip features a unique architecture enabling a customized number implemented in the pixel [7]-[9]. The first used the address

of additional bits per pixel per readout, with minimal effect on the ¢ h while th d utili in-oixel si delt
sensor spatial or temporal resolution. By utilizing multiple read- €VENt approach while the second utilizes In-pixel sigma-aefta

outs via real-time feedback, each pixel in the field of view can au- ADC, both of which require a high payment in fill factor. The
tomatically set an independent exposure time, according to its illu- third enables reset of a pixel, if a threshold is exceeded, to

mination. A customized, large increase in the dynamic range can eliminate motion blur or saturation. Currently, the “frequency”
be achieved and a scene containing both bright and dark regions  |imited and normalization occurs outside the chip, but it has

can be captured. A prototype of 64X 64 pixels has been fabri- . . .
cated using 1-poly 3-metal CMOS 0.5:m n-well process available the potential of detecting very small changes accumulating

through MOSIS. Power dissipation is 3.7 mW atVpp = 5 V. long enough to pass a threshold. Pixel size is still problematic
The special functions have been verified experimentally, and an in- in these solutions.

crease of 2 bits over the inherent dynamic range captured is shown.  The basic idea of this brief was presented in the ISSCC 01

Index Terms—Active pixel sensor (APS), CMOS imagers, conference [10]; a more detailed explanation is given here. We

column parallel architecture, dynamic range, image sensor, reportan APS with in-pixel autoexposure and a wide dynamic-

integration time, VLSI. range linear output where minimum area above the basic APS

transistors is required in the pixel, and with minimal effect on
I. INTRODUCTION temporal resolution, yet achieving this additional dynamic range

) ] ] _enhancement.
CENES imaged with electronic cameras can have a wide

ange o_f iIIl_Jmination depending on Iigh_ting gopditions. Il. CHIP ARCHITECTURE

Scene illuminations range from 18 lux for night vision to . . o
10° lux for bright sunlight, and higher levels for direct viewing The architecture of our proposed approach is shown in Fig. 1.
of other light sources such as oncoming headlights. HoweverAS in a traditional rolling shutter APS, our imager is con-
typical charge-coupled devices (CCDs) and CMOS active pixgfucted of a two-dimensional (2-D) pixel array, here of 64
sensors (APSs) have a dynamic range of 65-75 dB. Previou@iumns and 64 rows, with random pixel ability, fabricated on
suggested solutions for widening the dynamic range in chbs_emmonductor sub;tratg. Each |nd|V|.duaI pixel contains an
and APS sensors have been suggested. An extensive revie@RSfcal sensor to receive light, a reset input and an electrical
previous solutions can be found in [1]. output representing the illumination received thereon. The pixel

Since this reported review, recent works continue researt§ US€ here_ is not a _c_Iassm plxe_l since it enables individual
different ways of control of integration time for achieving a wid@x€l reset via an additional transistor [12]. The outputs of a
dynamic range. Both in CMD and CMOS, it has already beé&glected row are read_ 'Fhrough the regular output chain at the
shown that an ultra wide dynamic range using two samples p@{er part, and in addition, are compared with an appropriate
frame could be achieved [2][4]. However, this will work welthréshold, at certain time points in the upper part. If a pixel
if the illumination levels are suited to one of the two integratiodalué exceeds the threshold, a reset is given at that time point
times. If the illumination ranges somewhere in between, an 4€- that pixel. The binary information concerning having the
curate reading will not result. Multiple outputs could be read fdgSet applied or not is saved in a digital storage, to enable
different integration times. Yet, an additional frame memory fdtfoPer scaling of the value read. This enables the pixel value
each extra reading is required, and also some synchronizafi@nbe described as a floating-point representation. In this
process needs to be done since the readings will be set apafEpfesentation, the exponent will describe the scaling factor
their starting point. for the actual integration time, while the mantissa will be the

A different architecture, achieving a wide dynamic range viggular A/D output. This way, the actual pixel value would be:

more than two sam_ples was Iately_ suggested [5]. It requires, VALUE — MAN = (T/(T/XEXP)) _ MAN s YEXP
however, a large pixel area and in that proposal, the extra
circuitry was divided between four neighboring pixels. Anothefnere VAL UE is the actual pixel valu)IAN (Mantissa) is
sensor achieving a wide dynamic range was also proposgd analog or digitized output value that has been read out at the
lately [6]. It requires, though, nonstandard CMOS technologjne pointT, X is a chosen constafX > 1), for example, 2,
EXP is the exponent value, describing the scaling factor, i.e.,
Manuscript received January 29, 2002; revised January 25, 2003. This wavkiich part of the integration time is actually effective. This dig-

was supported by the Israeli Ministry of Science. _ __jtal value is read out at the upper part of the chip. For each pixel,
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Beer-Sheva 84105, Israel (e-mail: oyp@ee.bgu.ac.il; belenky@ee.bgu.ac.il)&nly the |aSt_ readouts for a certain numb?r of rows are kept, to
Digital Object Identifier 10.1109/JSSC.2003.811984 enable the right output of the exponent bits.
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Fig. 1. In-pixel autoexposure CMOS APS—general architecture description. IIl. DESIGN AND IMPLEMENTATION

A block diagram of the proposed design is shown in Fig. 3.

The idea of having a floating-point presentation per pixel In order to share the processing circuits among the pixels in a
via real-time feedback from the pixel has been proposed B&lumn, the design makes use of a column parallel architecture.
fore [11]. However, it required an amount of area in the pixé this architecture, the pixel array, the memory array, and the
in a way, which substantially affected the fill factor, and it waBrocessing elements are separated.
proposed that the control would be designed as shared for affach pixel contains an additional transistor, in series with the
area of pixels. In the currently proposed solution, the addition®W reset transistor, activated by a vertical column reset signal
hardware required will be placed in the periphery, and the ithat allows the possibility of independent reset of the pixel. With
formation could be output with minimal effect on spatial ofhis, the adjustability of integration time can be performed for
temporal resolution. The spatial resolution would be slight§ach pixel, and nondestructive readout of the pixel can be per-
modified since the desired ability to independently reset eatfimed at any time during the integration period, by activating
pixel requires an additional transistor per pixel as describedtfte row select transistor and reading the voltage on the column
[12]. Concerning the temporal resolution—for a certain pixdius.
we should check at different time points to get the exponential The processing element contains the saturation detection and
(scaling) term. Equivalently, we could look at the pixels of difthe decision logic circuit; it is shared by all pixels in a column.
ferent rows to get the same information. We could look at ro®ecause of this column parallel architecture, the pixel array con-
n attime= 0 to get the mantissa (i.e., either through an on-chfgins a minimum amount of additional circuitry and there is little
or through an off-chip A/D output, the later done at this stag&pcrifice in fill factor.
for row n, while we could look at the pixels in row — N/2 The memory array contains the SRAMs and latches.
(whereN is the total number of rows that set the frame time) Two horizontal decoders for the pixel array and the memory
to get the first exponent bit{'1), as a result of the logic circuit array work in parallel and are used to retrieve the mantissa and
decision for that row. We could also look at rew~ N/4 to get exponent, correspondingly. The vertical decoder is used to select
the second bitl{’2) for that row, at» — N/8 to get the third bit, the rows in order.
etc. Thus, at the cost of a customized number of comparisonsAn electrical scheme of each column for implementing the
we could automatically get the required information, and scaechitecture is described in Fig. 4.
the mantissa accordingly. The operation of this circuit is described herein. The pixel

Fig. 2 describes the proposed approach via a combined tinogtput signal is evaluated at the comparator, where it is com-
space diagram, where the axes represent the row and time pared with an appropriate threshold.
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Fig. 3. Block diagram of the proposed design.
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The pixel is detected as saturated, if its value does not exceea
a pre-determined threshold. Using this information and the Qll .4, One column—electrical description.
nary information concerning the pixel, stored at the memory, a?
the different parts of the integration, a decision whether to reset
the pixel is taken. If the decision is positive, the column reset
(CRST) and row reset (RRST) lines must both be precharged
at a logical high voltage to activate the reset transistor, and the

TABLE |
CHIP ATTRIBUTES

photodiode restarts integration. When the decision is negati
the reset is not active and the pixel continues to integrate. T
binary information whether the reset was applied or not is sav
in the SRAM memory storage and output to the latches in di
time. Once the row is read through the regular output chain, \
retrieve this additional information from the memory throug!
the latches. Comparator mismatch and offset will affect the ci
culation of the exponent term of the final value. There are di
ferent ways to eliminate these problems. In this brief, we aimi
to describe the proof of the proposed concept and have not ¢
centrated on comparator offset and mismatch problem deta
However, since the comparator resides in the periphery, we ¢
use later an optimum comparator in terms of offset cancellati
and mismatch.

IV. EXPERIMENTAL RESULTS

Chip format:
Chip Technology:

Chip size:

Pixel size

Pixel Type

Pixel fill factor (%)
Conversion gain
FPN

64 x 64

HP 0.5um

1.878 mm x 2.9073mm
14.4um x 14.4um
Photodiode

37%

12 uV/e

0.15%

Dark Current (room temp)
Power

Inherent Dynamic Range
Extended Dynamic Range

35 mV/sec (0.61 nA/em?)
3.71mW (5Mhz)

71.4dB (~11bit)

2 additional bits

Saturation level

133V

QE

20%

A 64 x 64 chip was successfully fabricated using regular HP The conversion gain was in general agreement with the design
0.5-um n-well process available through MOSIS. estimate of photodiode capacitance. The saturation level was

The sensor was quantitatively tested for relative responsivigpproximately 1.33 V. FPN was measured to be approximately
conversion gain, saturation level, noise, dynamic range, d&rk5% saturation. Dark current were measured to be of the order
current, and fixed pattern noise (FPN). The results are presenté80-35 mV/s, output referred, i.e., 0.61 nAfriThe inherent
below in Table I. dynamic range was 71.4 dB, i.e., 11 bit. The extended dynamic
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V. CONCLUSION

A proof of concept for a real-time wide intrascene dynamic
range APS with customized linear output, which utilizes pixel
based control of integration time, adaptive to light, is described.
This APS implements a simple function for saturation detection,
and is able to control the integration time on a pixel-by-pixel
basis, resulting in no saturation. The circuit design of the proto-
type column based parallel architecture was presented and ex-
perimental results obtained with the prototype were described.
This in-pixel autoexposure CMOS APS approach releases the
limit usually set by the sensor for capturing images with wide
intrascene dynamic range.

ACKNOWLEDGMENT

The authors would like to thank M. Meshman and G. An-
tishlos for their help with the testing of this sensor, Prof. G.
Cauwenberghs for fruitful discussions, and the reviewers for
their comments, which improved this brief.

REFERENCES

[1] O. Yadid-Pecht, “Wide dynamic range senso®gt. Eng, vol. 38, no.
10, pp. 1650-1660, Oct. 1999.

[2] O. Yadid-Pecht and E. Fossum, “Image sensor with ultra-high-linear-
dynamic range utilizing dual output CMOS active pixel sensdBEE
Trans. Electron Devicesol. 44, pp. 1721-1724, Oct. 1997.

[3] T. Nakamura and K. Saitoh, “Recent progress of CMD imaging,” in
Proc. IEEE Workshop Charge-Coupled Devices and Advanced Image
SensorsBruges, Belgium, June 1997.

Fig. 5. (a) Scene observed with a traditional CMOS APS sensor. (b) Scene[4] Y. Wang, S. Barna, S. Campbell, and E. R. Fossum, “A high dynamic

observed with our in-pixel autoexposure CMOS APS sensor.

range consists of two additional bits to this inherent dynamic 5]
range. No smear or blooming were observed due to the lateral

overflow drain inherent in the APS design.
The chip was also functionally tested.

range CMOS APS image sensor,” IBEE Workshop CCD and Ad-

vanced Image Sensgisake Tahoe, NV, June 2001.

D. X. D. Yang, A. El Gamal, B. Fowler, and H. Tian, “A 64512

CMOS image sensor with ultra wide dynamic range floating-point pixel

level ADC,” in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers

1999, WA 17.5, pp. 308-309.

[6] T. Lule, M. Wagner, M. Verhoven, H. Keller, and M. Bohm, “10 000-
pixel 120-dB imager in TFA technologylEEE J. Solid-State Circuits

In the first picture in Fig. 5, a scene is observed, where a
strong light (here a laser beam) is pointing to the object and[7]
hence part of the pixels are saturated. On the bottom of the pic-
ture, you may observe the sensor capability of viewing the de-[8]
tails of the illuminated area in real time. Since the display device
is limited to eight bits, only the most relevant 8-bit part from
each pixel is displayed here, i.e., the mantissa. The exponer{?]
value, which is different for different areas, is not displayed.

This concept in its present form suits rolling shutter sensord10l
It will have problems when motion exists, if speed is higher then
frame change. Color reconstruction might also be problematigt1]
if individual pixel reset is used. The color version might require[12]
limitation of different exposure times per block. In this brief, we
demonstrate the concept.

vol. 35, pp. 732-739, May 2000.

E. Culurciello, R. Etienne-Cummings, and K. Boahen, “Arbitrated ad-
dress event representation digital image sensolZHE Int. Solid-State
Circuits Conf. Dig. Tech. Paper2001, pp. 92-93.

L. G. Mcllrath, “A low-power low-noise ultrawide-dynamic-range
CMOS imager with pixel-parallel A/D conversionEEE J. Solid-State
Circuits, vol. 36, pp. 846—853, May 2001.

T.Hamamoto and K. Aizawa, “A computational image sensor with adap-
tive pixelbased integration timelEEE J. Solid-State Circuitsrol. 36,

pp. 580-585, Apr. 2001.

0. Yadid-Pecht and A. Belenky, “Autoscaling CMOS APS with cus-
tomized increase of dynamic range,” lBEE Int. Solid-State Circuits
Conf. Dig. Tech. Paperd-eb. 2001, pp. 100-101.

0. Yadid-Pecht, “The automatic wide dynamic range sensog1nint.
Symp, Seattle, WA, May 1993, pp. 495-498.

O. Yadid-Pecht, B. Pain, C. Staller, C. Clark, and E. Fossum, “CMOS
active pixel sensor star tracker with regional electronic shutteEE J.
Solid-State Circuitsvol. 32, pp. 285-288, Feb. 1997.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


