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We present a pixel-level color image sensor wifficeent am-
bient light suppression using a modulated RGB flashlight to
support a recognition system. Bidirectional photo integrators
realize in-pixel demodulation of a projected flashlight with sup-
pressing an ambient light at short intervals during exposure
time to avoid saturation from ambientillumination. Every pixel
has a capability of depth and color capture. A prototype chip ,
has been designed using 0% CMOS process and success- LTOR-depth-key. . ] )
fully tested. denthatle color ormation
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Fig. 1 Application Requirements of Recognition System.

background illumination Ebg

Introduction

In recent years a monitorifrgcognition system becomes im-
portant for a security system, an intelligent transportation sy:
tem (ITS), factory automation, robotics and so on. Object ex
traction from a captured scene is important for such a recog-
nition system. Color information is also useful to identify a

target object. However object extraction requires huge compumr;“é’?fgfsaﬁﬁgm
tational efort in general, and color information changes with

ambient illumination. In this paper, we propose a CMOS im-

age sensor supporting image processings of object extraction Fig. 2 System Configuration Using Modulated Flashlight.
and color capture for a recognition system as shown in Fig.1.
Target objects are desired to be extracted by flashlight decay Q,’

time-of-flight (TOF) range finding, which is called a depth-keyP!ty 0f TOF range finding as presented in [5, 6] to achieve
technique[1]. Moreover ambient light suppression is importaifiore éficient object extraction.

since a recognition system requires color information of a tar-
get object itself. System Configuration and Sensing Scheme

Some image sensors with demodulation have been presenigd > shows a system configuration using a modulated RGB
for signal detection suppressing a constant light [2]-[4]. Thgaghlight. The flashlight is modulated in RGB respectively by
conventional techniques [2, 3] have two photo integrators. O@, #c and ¢g, and projected on a target scene together. A

accumulates a signal light and an ambient light together, a oto detector receives the modulated lights Eg and Eg

the other accumulates only an ambient light. - Therefore itgjth an ambient lighEy,. A photo current  is generated in
dyna_mlc range is limited _b_y the ambient light intensity. Thebroportion to the incident intensifoa as follows:
logarithmic-response position sensor [4] expands the dynamic

range due to adaptive background suppression. The signal gain, . _

hovx?ever, changeps with thegincident I?gpht intensity, so ?t is r?ot Er + Eng ?f t=nT ~nT+AT,

suitable for capturing a scene image. lpa o Eora = Ec+Ep I t=nT +AT ~nT +2AT, 1)
The present photo detector has bidirectional photo integra- Eg+Epg if t=nT+2AT ~nT +3AT,

tors for in-pixel demodulation, which accumulate a signal light Eng otherwise,

with an ambient light and then subtract the ambient light from

the total level at short intervals during demodulation. It conwhereT is cycle time of modulationAT is a pulse width of
tributes to avoid saturation from ambient illumination for theeach flashlight, and is the number of cycles in exposure time.
applicability to non-ideal illumination conditions. Every pixel |4 is accumulated in each integrator synchronized withpc
provides color information without false color and intensityand¢g respectively. Then all integrators subtrégf from the
loss of color filters by using a modulated RGB flashlight. Theotal level in a modulation cycl@. The short-interval sub-
flashlight imaging also supports object extraction using flashraction contributes to suppress background illumination with
light decay. Moreover the demodulation function has a posdkeeping the dynamic range.
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In the conventional demodulation sensor [2, 3], the sign
level Vgq is calculated from the accumulation resulgy. ng
andVyg after an exposure period.

Ig.(l:;l.lloutput of 33 EB

_”__1 VB =1.277

/@
conventional sensing
(reference)

i'iﬁéﬁulation cycTe T8
—— !
iAT AT AT AT
[ S X &

I
N

simulation condition

Output Voltage %*-Integrators: Zi (V)
[

Vsg = Vs -V 2 L10 [Evg: 1og = 200 nA & 9o gb goy conventional
sig sig+bg bg ( ) ER9: IRQ: P RA accumulation §r 9g @b (reference)
n (lg‘g + Ibg) AT n |bg AT 1.0 EG : |Gf 80 NA subtr: ction s;lﬁ?glbgd
= Z - Z (3 0.9 Es: b= 120nA (&)} verng =0.808
- Cpd L4 Cpq 9| | lcpa=731F e
B B 0 2.0 4.0 6.0 8.0 10.0
' ha———
Time: t (ms) exposure time nT

whereCyq is a parasitic capacitance of a photo diotlg, and
Ing are photo currents generated by a modulated flashlight and  rig. 5 Simulation Waveforms of In-Pixel Demodulation.
an ambient light respectively. Therefore the dynamic range of
[2, 3] is limited by a saturation lev&ly as follows:

Va <V ) process. Fig.4 shows a timing diagram of the pixel circuit. In

sigtbg = Vsat- the reset period, all integrators are initializeddyy, and also
shat @ photo diode is reset lyq. In the firstAT, the photo
tector accumulates=s with Epg in X1 since a projected flash-

ight has a red lighEgr. Then the photo detector accumulates
Ec and Eg with Epg in X, andXs; in the second and thirdT

On the other hand, the present image sensor suppressesV
ambient light at short intervals during an exposure period. T
signal leveVggq is provided directly from a pixel output as fol-

lows: . A .
respectively afte¥,q has been reset again. Finally, is accu-
L ((lsig+ lng) - AT lpg- AT mulated inZ4 and subtracted from all integrators in the fourth
Vsg = Z( Cpa - Ca ) (5)  AT. The modulation cycld is iterated in exposure time.
=0 Fig.5 shows simulation waveforms of the in-pixel demodula-
Thus the dynamic range is given by tion. In the simulation condition, a photo currépj generated
by an ambient lighEyg is set to 200 nA. Photo currentg, I
Vsg < Va. (6) andlg generated by a modulated RGB flashlight are set to 40

. . . nA, 80 nA, and 120 nA respectively. A parasitic capacitance

In the present sensing scheme, a short interval time of dem - of a photo diode is 73 fF. A sampling capacitaiés 12
ulation makes the dynamic range higher. The fourth integratge 5, integration capacitand® is 17 fF. AT is set to 0.1 ms.
providesVo as the @set level to cancel asymmetry of bidi- A modulation cycler of 0.4 ms is iterated 25 times in exposure
rectional integration. The color sensing has no intensity 10§56 of 10 ms. The photo currents by a modulated flashlight are
caused by color filters. Furthermore a reconstructed image has.,mulated a¥r—Vol, Ve — Vol and|Vg — Vo| with suppress-
no false color because of pixel-level color imaging. ing an ambient lighEp, as shown by (a)—(c) in Fig.5, whev

Pixel Circuit Configuration represent&pg — Epg as an @iset level of bidirectional integra-

. . o ) ) ) tion. Therefore the present sensing scheme can avoid satura-
Fig.3 shows a pixel circuit configuration and layoutin 086 ion from ambient light intensitfp, as shown in eqn.(5). In
process. It consists of a photo diode (PD), a fullifatential e conventional sensing as shown by (e) in Fig.5, the signal
amplifier with gain= 1, four integrators¥;) with a demodula- |eye| can be saturated since the integrator accumuBgemd
tion function, and four source follower circuits. The pixel Sizeg,  together without suppressir, in an exposure period as
is 33.0um x 33.0um with 12.4% fill factor in 0.3%um CMOS sh%wn in eqn.(3). 9
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Table 1 Specifications of the Designed Sensqr. go03p Eog = 200 pWicr?
Process 0.3am CMOS 3-metal 2-poly-Si 5
Die size 4.9 mmx 4.9 mm g02r
# of pixels 64x 64 pixels o 01l saturation (conventional)
Pixel size 33.um x 33.0um >
Pixel config. 1 PD, 57 FETs and 5 capacitors 0 : : : S0 - 500 vlem
h 9. ' p 0 100 200 300 400 500 600 700
Fill factor 124% Modulated Light Intensity: ER (uw/cm?)

Fig. 10 (?#thut \oltage versus rI:/I120dulated Light Inten:?y (@) Eng

: : = OuW/cn¥, (b) Epy = 20QuW/cn?, (€) Epy = 50QuW/cn¥, (d) con-
Chip Implementation ven/:ioéal der(n())dlj)lgation v(\}ilth(;uﬂ?eciér?t ar%bient%lgh{ supp(re)ssion.
We have designed and fabricated a>644 image sensor us-
ing the present sensing scheme and circuits in QBEMOS  The modulated light has a modulation cydleof 0.2 ms and
process. Fig.6 and Fig.7 show the chip microphotograph an@ pulse widthAT of 0.05 ms. The exposure time is 10 ms.
its components. The sensor consists of a@@4 pixel array, The noise level of the present sensor is 3.4 mVrms, which is
a row select decoder, control signal drivers, a correlation dotRreasured byVro — Vool under a constant light. As shown by
ble sampling (CDS) circuit, anfiset canceller, an 8-bit ADC, (a)—(c) in Fig.10, the present sensing scheme has high linearity
and a sensor controller. Specifications of the designed sengegardless of an ambient lightq. Moreover it can avoid satu-
are shown in Table 1. A CDS circuit suppresses a fixed pattefation from an ambient lightf&ciently in comparison with the
noise from the output voltagéss,, Veo, Ve andVo, respec-  conventional demodulation sensing scheme (d) in Fig.10.
tively. And then the @set canceller, which is shown in Fig.8, Fig.11 shows a saturation level of modulated light inten-
subtracts a demodulatiorfeet leveNo, from the other output Sity Er versus ambient light intensitif,g. The conventional
voltages. The fabricated chip also has a charge-distributed 8sheme is not suitable for various conditions since the satura-
bit ADC as shown in Fig.9. All components are operated by afion level is limited by the total level oEr and Epg as shown

on-chip sensor controller. by (b) in Fig.11. On the other hand, the saturation level of the
present scheme is not limited by the total intensity as shown
M easurement Results in Fig.11 though it is slightly fiected by an fiset levelVg

caused by asymmetry of bidirectional integration. Therefore
the present sensor keeps high SNR and has a capability of var-
ious measurement situations.

A. Efficient Ambient Light Suppression

Fig.10 shows measurement results offéedential output volt-

age|Vro — Vool as a function of modulated light intensiBk.

Red LEDs of 630 nm wavelength project a modulated light anB.  Pixel-Level Color Imaging

a constant light simultaneously on the sensor plane directiye have demonstrated color imaging using the present image
1The sensor in this study has been fabricated through VLSI Design ar}sgensor and a modulated RGB flash light as shown in Fig.12.

Education Center (VDEC), University of Tokyo in collaboration with Rohm” Pprototype flashlight has 8 red LEDs, 8 green LEDs and 16
Corp. and Toppan Printing Corp. blue LEDs, whose wavelengths are 630 nm, 520 nm and 470
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Fig. 14 Measured Range Accuracy of Time-of-Flight Range Finding.

Fig. 12 Measurement Results of Color Imaging with Ambient Light
Suppression. Conclusions

(e) captured green image (f) captured blue image

o ) A pixel-level color image sensor withffecient ambient light
nm. Total power consumption is 474 mW. The flashlight andyppression has been presented. Bidirectional photo integra-
an ambient light of a fluorescent lamp provide around 500 Igrs realize in-pixel demodulation of a modulated RGB flash-
and 120 lux on a target scene at a distance of 30 cm from thght with suppressing an ambient light at short intervals dur-
sensor. Color image reconstruction requires each modulatg) exposure time. Therefore it avoids saturation from ambient
light intensity, each distribution on a target scene, and spectrglumination to realize the applicability to non-ideal illumina-
response characteristics of the sensor. In this measuremepin conditions. Every pixel provides color information with-
we acquired sensitivity of all pixels for the prototype flashlighyt false color and intensity loss of color filters. The flash-
projector using a white board. It can provide calibration paramiyht imaging also supports object extraction based on flash-
eters for non-uniformity of a modulated light, spectral-responsgynt decay. We have demonstrated tifecent ambient light
characteristics and sensitivity fluctuation caused by each intggppression and the pixel-level color imaging using a4
gration capacitanc€;. Fig.12(c) is a color image of a target prototype sensor in 0.38m CMOS process. Moreover TOF
scene (b) reconstructed from the sensor outputs (d)—(f). It hagnge finding with=15 cm range accuracy has been performed
color information corresponding to 64 64 x 3 pixels of a tg achieve moreféicient object extraction. The present image
standard color imager since every pixel provides RGB colorssensor supports object extraction and identifiable color caputre
C. Time-of-Flight Range Finding for a recognition system in various measurement situations.

Fig.13 shows a timing diagram and an expected output voltage
of TOF range finding. A pulsed light is reflected from a target ) o
object with a delay timer. The deIade resulting from a [1] M. Kawakita et al., "HDTV Axi-vision Camera,in Proc. of Interna-

. 7 tional Broadcasting Convention (1BC) pp.397-404, Sep. 2002.
target distance.o Changes demodulation Outpus and V. [2] A. Kimachi et al., “Time-Domain Correlation Image Sensor: First
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