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High-Performance Photo Detector for Correlative
Feeble Lighting Using Pixel-Parallel Sensing

Yusuke Oike Student Member, IEEBMakoto lkedaMember, IEEEand Kunihiro AsadaMember, IEEE

Abstract—\We have developed a high-performance photo on the sensors can suppress the background illumination and
detector, which can detect a feeble projected light with pulse realize high-sensitivity photo detection. Sunlight has, however,
modulation in strong ambient light from other light sources. It gistibyted wavelengths with strong intensity, so that the color
is useful to expand the application field of the three-dimensional . L . e
measurement system using a light-section method. A correlation f||ters_ are not eno_ugh for some_ gppllcatlons. A hlgh-sens_ltlwty
circuit and a current-mode suppression circuit of constant il- POsition sensor with the capability of electronic suppression of
lumination allow high sensitivity, high selectivity, and adaptive background illumination is required in such situations.
suppression of background illumination. A logarithmic-response A correlation technique, such as in [3] and [11], is a possible
circuit is employed to avoid saturation for wide dynamic ranges. gg|ution to the problems. The correlation sensor [11] can sup-
The photo detector can quickly detect the modulated light by . S S o
pixel-parallel sensing. It has advantages for some applications pres_s background |IIum_|ngt|0_n to obtain _h'gh se_n5|t|V|ty. It? dy_-
which require availability in various background illuminations ~ Namic range, however, is limited by the linear difference circuit
and safe light projection for human eyes. The photo detectors have due to voltage signal saturation. It is not applicable for a strong
belesn ggve!opeldtang SlliCCGSSLU||ytt§St(eS(1é;)f\¢ high lgen;itivity liﬂdercontrast image in outdoor environment. The range finder with
—18-05 signal-to-background ratio IS réalized over e 5n electronic shutter [2] can prevent the saturation problem of
47.2-dB dynamic range. The minimum SBR is-22.8 dB and the [11]. Its dynamic range is decided by the limit of the shutter in-

potential frame rate is 2000 fps. In addition, the photo detector X : .
shows high selectivity in a multiple-lighting system due to the terval and an extremely short shutter interval can achieve wide

suppression of orthogonally modulated light. dynamic range. It is, however, difficult to satisfy the bandwidth
Index Terms—High selectivity, high sensitivity, modulated '€duirementbecause of the laser diode cost and to adjust an op-
lighting, photo detector, wide dynamic range. timal shutter interval autonomously, especially in nonuniform

contrast scene.

In this paper, a new sensing scheme for high-sensitivity and
wide-dynamic-range photo detection is presented. For a wide

THREE-DIMENSIONAL (3-D) measurement systemdynamic range, a logarithmic-response circuit is employed to
using a triangulation-based light projection method igvercome the saturation problem of [2], [11]. A correlation cir-

generally more suitable for the application field, which requiresuit and a current-mode suppression circuit of constant illumi-
high-range accuracy, range scale of several meters and simp#on realize higher sensitivity than the conventional sensors
calculation, as opposed to other methods, such as a stdfEl, [12]. The photo detector can quickly detect the modulated
matching method, a time-of-flight method [1], [2], and an inlight by the pixel-parallel sensing. In addition, it also realizes
terferometric method [3]. Particularly some applications of 3-Digh selectivity due to the suppression of orthogonally modu-
measurement, such as a walking robot and a recognition systated light. The photo detectors have been developed and suc-
on vehicles, require both of availability in various backgroundessfully tested.
illumination and safe light projection for human eyes. Standard This paper is organized as follows. Section Il discusses the
imagers and most of the smart position sensors [4]—[10] det@cinciple of our sensing scheme for modulated lighting and its
the positions of peak intensity on the sensor plane to acquire tkeuit implementation. Section Il presents the array structure
position of the projected light in the 3-D measurement systeand the specifications of our designed and fabricated photo de-
Therefore, these sensors require strong light projection wheteators. In Section 1V, the measurement results of our photo de-
target object is placed in nonideal environment such as straiegtors are shown. Its sensitivity, dynamic range, selectivity, and
background illumination. A possible method to realize thisame rate are evaluated. Finally, conclusions are presented in
suppression of the background illumination is the interfrarmgection V.
difference method, where the difference signals between sub-
sequent two frames are used to detect the projected light. This [I. PHOTO DETECTORARCHITECTURE

method is, however, not suitable for quick detection because_l_h hitect fh d photo detector is d ibed
it takes at least a frame interval time. Color filters mounted ¢ architecture ot the proposed photo detector Is describe
in this section. The proposed sensing scheme, its circuit realiza-
tion, and the principle of its operation are shown.
Manuscript received October 18, 2002; revised May 21, 2003. The associate
editor coordinating the review of this paper and approving it for publication was .
Dr. Lina Sarro. A. New Sensing Scheme
The authors are with the Department of Electronic Engineering, University Fia. 1 ill h d . h for high
of Tokyo, Tokyo, Japan (e-mail: y-oike@silicon.u-tokyo.ac.jp). ~Fig. 1 illustrates the proposed sensing scheme for high-sen-
Digital Object Identifier 10.1109/JSEN.2003.817162 sitivity and wide-dynamic-range photo detection. In the range-
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Fig. 1. Proposed sensing scheme.

finding system, a laser beam modulated by a pulse generatc s correlator

DL .

is projected on a target object. The photo detector receives th ! ] Integrator ..
reflection of the projected laser beam and background illumina: |

tion together. The photo current generated by the incident ligh
is fed into a low-pass filter. The output current of the low-pass :
filter is subtracted from the original photo current. The subtrac- |
tion is realized using the current-mode circuit instead of the
voltage mode circuit [2], [11] to avoid saturation. The output |
current is alternating when the incident light includes a modu- |
lated light. A logarithmic-response circuit limits the amplitude
of current swing to avoid a saturation problem of a correlation |
circuit after constant current suppression. The limited current:
swing is divided into two integrators by the external correlation !
signal. The marked difference voltage between the outputs o
each integrator is acquired only when the incident light has the:
correlation frequency. The low-pass filter and the current-mode
subtraction circuit realize adaptive suppression of constant il-
lumination. The logarithmic-response circuit and the correla- Fig. 2. Schematic of the photo detector.
tion circuit are dedicated to wide-dynamic-range and high-sen-
sitivity photo detection.

| MPY+

Vout+

___only constant illumination __ with modulated lighting

incident A [

intensity

B. Pixel Circuit Realization

Fig. 2 shows a schematic of the photo detector. The photo
currentl,q is generated in proportion to the incident intensity.  vsig/vavg
The photo current is copied as the curredf,q, wherea is a

gain of the current copier circuit. Its average curreif,, is Vmod
generated by a low-pass filter and it is subtracted frefp,.
The low-pass filter consists of two biased transistdes @nd MPY4 ﬂ H I_I H |—| H

M) and two capacitord{y andC). The biased transistors are
used for a resistor of the low-pass filter as a simple version of

the HRES circuit [13]. The drain-source currént, of the tran- MPY= I—| l—] H ﬂ l—l |_L
sistor M, is controlled by the gate voltadé,,. The bias circuit
keeps the gate-source voltaggconstant in each pixel for con-
stant resistance. The saturation current of the biased transistor
M, is half the current of the bias currehtcontrolled byV,..

Fig. 3 shows a timing diagram of the sensing scheme. When
the incident light includes a modulated light, the photo currefihe constant currenky. is suppressed adaptively by the cur-
has a constant curretj. by background illumination and anrent-mode suppression circuit. The output curtgpty of the
alternating current,.. by a modulated light suppression circuit is given by

Vout+ — Vout-

Fig. 3. Timing diagram of the sensing scheme.

Ipd = Id(‘, + Ia(‘,- (1) Imod = (YIpd — OlIavg = (I(Iac — Tac) (3)

The low-pass filter generates the average cureht, as The currentl,,.q is converted to the voltagg,.q by a loga-
follows: rithmic-response circuit

O5Iavg = aIp_d = a(Idc + Tac) (2) Vmod = /BIOg(IO + Imod) (4)
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Fig. 5. Pixel layout.
Fig. 4. Microphotograph of the fabricated chip. TABLE |
SPECIFICATION OF THEPHOTO DETECTORS
whereg is a gain factor of the logarithmic-response circuit and ?}:’i;e;sze 2‘3 ’r‘nmmil\gs n?r}]mml 2-poly-Si
Iy is an offset current. The output is divided into two capacitors Num. of pixels 16 x 16 pixels
Cs andC3 by the external signalslPY + andMPY — synchro- Pixel size 60.0 um x 60.0 um
nized with the correlation frequency. The voltades,,+ and Fill-factor 135% ‘ .
Vmpy— atC, andCs are read out ALy andV,._ by asource # trans./pixel 43 trans. (including MOS capacitors)

follower circuit, respectively. 1616 pixel
X pixel array

When the incident light is only background illumination, the mEs
photo current is constant atgh.q is zero. In this case, the dif- HElsl BNl . 4| 4
ference voltage betweén, ., andV,,_ is zero and the pixel . I T
is decided not to be activated. On the other hand, the markec 3
. . . 3 -g 4? —ﬁ_ -45 —1? -
difference betweei,,:+ andV;,:_ is acquired only when the 3 R e e Broa
incident light has the frequency synchronized with the correla- g
tion frequency. The pixel is decided to be activated when the 3
difference voltage is above the reference voltagg, of the 3
comparator as follows: $ I
g = =
‘/out—i- - Vout— Z ‘/cmp- (5) _EV _‘g _‘S— _‘g ...... _{5_ -{EV
N . B I P Uy
Our circuit implementation using a cascode current mirror is —
redundant from the view point of the number of transistors in output source follower || source follower | ... source follower
pixel. A circuit design using a single current mirror operates | v buffer cireuit || buffer circuit buffer circuit
correctly; however, it is not able to achieve higher sensitivity | suacton — ! - ']
of correlation than that which uses a cascode current mirror in ’ Vout- column-select address decoder ]
our experiments, since our standard CMOS process has large au
Ieakage current at thc_e current mirror. Thereforg, we have chosgn Fig. 6. Array structure of the fabricated sensor.
the circuit design using a cascode current mirror as shown in
Fig. 2. A. Pixel Array Structure

Fig. 6 is an array structure of the fabricated sensor. It has
an array of the present photo detectors, a row-select address
The presented photo detectors have been designed and fatecoder, a column-parallel source follower buffer circuit, a
cated in 0.6em CMOS process. Figs. 4 and 5 show a microph@olumn-select address decoder, and a subtraction and com-
tograph of the fabricated photo detectors and a layout of tparator circuit. The row-select and column-select address

photo detector, respectively. The chip has 115 pixel array. decoders select one pixel. Both of the output voltabgs+
The pixel area occupies 6fn x 60 um with 13.5% fill factor. and V,,_ are read out to the subtraction and comparator
The photo diode consists of art -diffusion and ap-substrate. circuit by a column-parallel source follower buffer circuit. At
The pixel has 43 transistors, including 4 MOS capacitors. Thige comparator circuit, the difference voltage betwégp .
capacitance oy, C in Fig. 2 is 370 fF and that af’s, C3 is  andV,._ is compared with the reference voltalg,, and the
150 fF. Table | shows the specification of the fabricated chip.selected pixel is decided to be activated or not.

I1l. CHIP IMPLEMENTATION
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Fig. 7. Schematic of the subtraction and comparator circuit.

caset

Vout+ Vout+ — Vout- + Vo
V+,V-

Voute ~==-2 Vout+ — Vout- Vemp

case2 Vout+Vout—

V4, V- Vout+ — Vout-+ Vo

....................... Vemp Fig. 10. Photograph of the sensor on a test board.
the other hand, the difference voltage is zero or small, as shown
in case 2 of Fig. 8, when the incident light does not include the

Fig. 8. Timing diagram of the subtraction and comparator circuit. ~ Correlation frequency.

out

B. Subtraction and Comparator Circuit V. EXPERIMENTAL RESULTS

Fig. 7 shows a schematic of the subtraction and comparatoiFor performance evaluation, the measurement system of the
circuit and Fig. 8 shows its timing diagram. A pixel is selectefhbricated sensor has been constructed as shown in Fig. 9. It
by the column-select address decoder and its output voltagessists of the fabricated sensor with a lens mounted on a test
Vout+ andV,— are sampled at each node@f;s by ¢;. When board, a laser pointer (wavelength 635 nm), a pulse generator,
¢4 is thrown ON, the voltag®’, at the node of; is given by a light projector for background illumination, and a luxmeter.

V.=V Ve 4V ©) Fig. 10 _shows a photqgraph of the camera on a test board. '_rhe
+ 7 Toutd T Tout ° sensitivity, the dynamic range, the selectivity, and the potential
whereV/, is an offset voltage for adjusting to the input range dtame rate of the present sensor are evaluated by the measure-
the comparator. The reference voltdgg,;, of the comparator ment system. The range data of a target object can be acquired
is given by by triangulation when the projected laser beam is scanning on a
target scene and the sensor detects the position of the projected
Vemp = Viet + Vo. ™ laser beam on the sensor plane.

The comparator is realized by a latched sense amplifier. The o .

voltageV, is compared with.,, whengs is thrown ON. The A. Sensitivity and Dynamic Range

pixel is decided to be activated when the difference voltage be-Fig. 11 shows the relationship between the background inten-

tweenV, .4 andV,._ is over the threshold voltagé..; sity and the minimum projected light intensity to be detected. In

the measurement of the sensitivity and the dynamic range, the

Vourt = Vout— 2 Veer. ®)  modulation frequency is 1 kHz and the frame interval is 5 ms.

When the incident light of the selected pixel includes a modiio evaluate the sensitivity of the photo detection, the intensities

lated light synchronized with the correlation frequency, the dibf the projected light and the background illumination are mea-

ference voltage becomes large, as shown in case 1 of Fig. 8.4bned by the photo currefty generated by each incident light.
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Fig. 11. Sensitivity and dynamic range.
The illuminance corresponding to the background photo curre . °'° —
is shown in Fig. 11 (in the upper axis) for reference. L omp f=fo conelation reg. (10 THtiz
f=fo
The experimental results of the present sensor are showni 012t (detectable)
Fig. 11. The present sensor can suppress the backgroundillu & o.1}
nation. In other word, the projected light can be weaker thantt 5 g
background illumination. The minimum signal—to—backgroumg 006l
r_atio _(SBR), which stand§ for the sensitiy_it)_/ of the photo d(_ate( £ Lol (suppressed)
tion, is —22.8 dB. In addition, high-sensitivity photo detection 3 f=2f0 f=4fo f=6fo t=8fo
without saturation is possible over a wide range of backgrour & %% ; ; ' 5

illumination. The high sensitivity under18 dB is realized in
dynamic range of 47.2 dB in terms of background illumination
For example, the projected light intensity can be equivalent-
about 1.2¢<10? Ix in an outdoor environment, where the back 5 _ i ) ) ) ) ) ) ) )
ground intensity is about 1:410° Ix in the summer season. It O gy A % 4k ok 6k 7k Bk 9k 10k
can be equivalent to about 22 Ix in aroom, where the backgrou. ... Modulation frequency of the projected laser beam [Hz]
intensity is about 1.6 102 Ix in general. _ iy , . o .

. . ig. 12. Selectivity: the correlation outputs at various incident light

For comparison, the capabilities of our previous worl;equencies'

[12] and the conventional correlation sensor [11] are shown
in Fig. 11. The present sensor has advantages of both high

-0.02

ference volta

-0.04

sensitivity and wide dynamic range. S 14 ; T
5 & SBR=-10dB | |
> ~%- SBR = —13dB
; T ; : o o - SBR = ~16dB
B. Modulated Light Selectivity in Ambient Light From Other < | . —+ SBR=-2048 |
Light Sources % g
>° O 8 i G 1
Fig. 12 shows the difference voltage of the correlation ou g “‘
puts, which isVoutq — Vout—, at various incident light frequen- £ ost s, ' 1
cies. In this measurement, the correlation frequefadg 1 kHz s S o N
and the frame interval is 5 ms. The incident light without the& °4r e N T
correlation frequencyj is suppressed. Particularly, the suppres % ) e N detectable
sion ratios to even harmonics fif are less than 0.05. Therefore, § ozr — e S *ﬂ {} Vomp |
the incident light with each even-harmonics frequency cantg ) —
detected independently. The bandpass width is 40 Hz at 1 kI&  10? 10° 10* 10°

correlation frequency. The present sensing scheme has high Correlation frequency and incident light frequency [Hz]
lectivity for a multiple light projection system by using a set of
the frequencies such as 1, 2, 4, and 8 kHz. Fig. 13. Relationship between the correlation frequency and the sensitivity.
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C. Frame Rate [7] V. Brajovic and T. Kanade, “Computational sensor for visual tracking
. . . . with attention,”|[EEE J. Solid-State Circuitsvol. 33, pp. 1199-1207,
Fig. 13 shows the relationship between the correlation fre-  ayg. 1998.
guency and the sensitivit axis is a correlation frequency. The [8] T. Nezuka, M. Hoshino, M. Ikeda, and K. Asada, “A smart position

i ; ; sensor for 3-D measurement,” Rroc. Asia South-Pacific Design Au-
modulated lightfrequencyisthe same asthe correlationfrequency tomation Conf, 2001, pp. 21.22.

inthismeasuremery. axisisa diﬁerence voltage betV_VeEﬁt-i—_ [9] S.Yoshimura, T. Sugiyama, K. Yonemoto, and K. Ueda, “A 48k frame/s
andV,,¢—. In 22 kix background illuminance, the projected light CMOS image sensor for real-time 3-D sensing and motion detection,”
i it i ; i i ISSCC Dig. Techpp. 94-95, 2001.

intensity is varied in order to measure the difference voltage gf ,, 57> G | Viori and N. Jankovic, “100 frames/s CMOS range
VaI’IOU.S sensitivities, SU.Ch aslo, —13, —.16, and—20 dB SBR image sensor,ISSCC Dig. Techpp. 256-257, 2001.

The higher the correlation frequency is, the smaller the gain ofL1] A. Kimachiand S. Ando, “Time-domain correlation image sensor: First

correlation is due to the parasitic capacitance of the photo diodﬁ.Z] $"é')cl’kse ﬁ”fkaetg%” gﬂg E‘ﬂgﬂgﬂ 1:;,'\1; (?gii?/l;;?'r:?(:l?:r?ég%h%?g_dge?éétor

The maximum correlation frequency is 10 kHz-al6 dB SBR for smart position sensor using log-response and correlation circuit,”
and the correlation interval is 0.5 ms in this situation, that is, the  in Ext. Abst. Int. Conf. Solid State Devices and Materi@B01, pp.
i i 282-283.
potennal framerateis 2000fp&a16dBSBR. [13] C. Mead,Analog VLSI and Neural SystemReading, MA: Addison-
Wesley, 1989.

V. CONCLUSION

A new sensing scheme for high-sensitivity and wide-dy-
namic-range photo detection has been proposed. A correlat'~=
circuit and a current-mode suppression circuit of constant ill
mination .realize high SenSitiVity.' high Se.IeCtiVity' anq adaptiv Tokyo, in 2000 and 2002, respectively. He is currently
suppression of a background illumination. A logarithmic-re 7 pursuing the Ph.D. degree at the Department of Elec-
sponse circuit is employed to avoid saturation for wide dynam © s [ tronic Engineering, University of Tokyo.
range. The photo detector can quickly detect the modulated li¢ = His current research interests include architecture
by the pixel-parallel sensing. The present photo detectors h: <o iﬂﬁsdiﬂgr}ﬂ;ﬁﬁg.'L?Z%%ﬁ‘égm’ mixed-signal cir-
been developed and successfully tested. Measurement re‘ Mr. Oike is a student member of the Institute of
show the high sensitivity under18 dB SBR is realized in dy- Electronics, Information, and Communication Engi-
namic range of over 47.2 dBinterms of background illuminatioreers of Japan (IEICEJ). He received the Best Design award from IEEE Inter-
The minimum SBR is-22.8 dB and the potential frame rate jg"2tional Conference on VLS| Design and ASP-DAC.

2000 fps at-16 dB SBR. In addition, the photo detector realizes

highly selective photo detection for a multiple-lighting system

due to the suppression of orthogonally modulated light. T} Makoto Ikeda (M'99) received the B.S., M.S., and
present sensor has advantages to applications which require | Ph.D. degrees in electronics engineering from the
of availability in various background illumination and safe ligh gﬁé"igg’ ?;SL%'%‘\’;eE’kyo' Japan, in 1991, 1993,
projection forhuman eyes. Our future work is the development ’ '

! ! He joined Electronic Engineering Department of
arange finder with the present photo detector array for advanc the University of Tokyo as a faculty member in 1996,
3-D measurementapplications.
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