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A 120 x 110 Position Sensor With the Capability of Sensitive and Selective Light
Detection in Wide Dynamic Range for Robust Active Range Finding
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Abstract—A 120 x 110 sensitive and light selective position
sensor array with wide dynamic range is presented. The sensor
can detect the position of a low-intensity light projected on
nonuniform background illumination for a robust range finding
system. It achieves —18-dB signal-to-background ratio (SBR) light
detection in wide range of 48-dB background illumination due
to a modulated light projection and correlation technique on the
sensor plane. It also realizes selective light detection for multiple
light projection systems. The range finder has been fabricated in
0.6-pxm CMOS process and successfully tested. The range finding
system achieves <1.5-mm range accuracy at 1000 mm using a
low-intensity projected laser beam in a nonuniform target scene.

Index Terms—CMOS image sensor, high selectivity, high sensi-
tivity, position sensor, range finding, robust, wide dynamic range.

I. INTRODUCTION

RIANGULATION-BASED light projection is a typical

technique for three—dimensional (3-D) measurement,
which achieves high range accuracy with simple calculation in
general. In the future, a 3-D measurement system will become
part of a walking robot, a recognition system on vehicles, 3-D
contents of multimedia, and so on. It, however, has a problem
to realize such applications. A typical system configuration
of a triangulation-based light projection method is shown in
Fig. 1. A spot laser beam is projected on a target object and a
image sensor acquires the position of the reflected beam on the
sensor plane as shown in Fig. 1(a). Based on triangulation, the
range data of the target object can be calculated by the angle
of the projected beam and the beam position detected on the
sensor plane. And then the range map is acquired by a spot
beam projection with X-Y scanning. On the other hand, we can
also get the range map using a sheet beam projection with X
scanning in the same way as shown in Fig. 1(b). The system
using a sheet beam projection can reduce the number of the
frames of position detection for range finding, and so it achieves
higher range finding rate. The conventional image sensors
and range finders [1]-[9] detect a position of a projected light
on the sensor plane by its intensity. Therefore, it is difficult
for the active method to use illumination levels that are safe
for human eyes but strong enough to be recognized against
a nonuniform contrast background. A simple method for the
suppression of background illumination is color filters mounted
on the sensor. Sunlight has, however, distributed wavelengths
with strong intensity so that the color filters are not enough for
some applications. A high-sensitivity position sensor with the
capability of electronic suppression of background illumination
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Fig. 1. Typical system configuration of triangulation-based light projection
method. (a) Spot beam projection with X-Y scanning. (b) Sheet beam projection
with X scanning.

is required in such situations. Correlation techniques provide
a possible solution to the problem. The correlation sensor
[10] can suppress background illumination to obtain selective
light detection. Its dynamic range is, however, limited by the
linear differece circuit due to voltage signal saturation. It is not
applicable for a strong contrast image in outdoor environments.

Our proposed sensing scheme for projected light detection
achieves high sensitivity and wide dynamic range in nonuni-
form background illumination [11]. In this paper, we present
a 120 x 110 sensitive position sensor that has a high light se-
lectivity in wide dynamic range. It can detect the position of a
low-intensity light projection on a nonuniform background for
robust range detection.

II. CIRcUIT CONFIGURATION
A. Pixel Circuit and Sensing Scheme

The basic idea [11] of a sensing scheme for projected light
detection, shown in Fig. 2(a), achieves both high sensitivity
and wide dynamic range in nonuniform background illumi-
nation. In addition, selective light detection is realized for a
multiple-light-projection system as implemented in the circuit
of Fig. 2(b). The pixel consists of a photo diode, a current-mode
suppression circuit with low-pass filters, a bias circuit for the
low-pass filters, a logarithmic I-V converter, two integrators
for correlation, and two source follower circuits for readout.
The transistor size (W /L) is also shown by micrometers (um)
in Fig. 2. The size of coupled or cascaded transistors is omitted
in Fig. 2 since they are the same size. The operation of the
system uses a projected light source with detection based on the
modulation frequency. A current-mode suppression circuit for
constant illumination provides adaptive removal of background
illumination and avoids saturation difficulties. A logarithmic
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Fig. 2. Sensing scheme. (a) Basic idea. (b) Circuit implementation.

response circuit limits the level of the ac component of output
current. A correlation circuit multiplies the alternating signal by
a global external signal of the correlation frequency. Light can
be detected selectively by the correlation signal when multiple
lights of various modulation frequencies are projected on the
scene. Integration of the correlation permits detection of ex-
tremely weak modulation signals. In addition, the pixel-parallel
sensing scheme achieves quick detection for high-speed range
finding.

Fig. 3 shows a timing diagram of the sensing scheme. Here
fo is a correlation frequency. When the incident light is mod-
ulated, two components of photo current I,4 are a constant
current /4. due to background illumination and an alternating
current /,. due to the modulated light projection. The average
current I,,, generated by a low-pass filter is subtracted from
the original photo current in the current-mode suppression cir-
cuit. Here, the time constant of the low-pass filter is designed at
1.2 ms in a typical situation, though it can be adjusted by the ex-
ternal bias voltage V,.. The output current /,,,,4 is converted to
the voltage V},,,q and correlated by the external signals, M PY +
and M PY —, synchronized with the correlation frequency. The
integrator output voltages are now read. When the incident light
contains background illumination, that is, the photo current is
constant, /04 is dc and the difference voltage between Vo4
and V,,t— is zero. Alternatively, the difference voltage is ac-
quired only when the incident light contains the correlation fre-
quency. The pixel is activated when the difference voltage ex-
eeds the reference voltage V.
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Pixel circuit operation.

B. Sensor Structure and Operation

Fig. 4 shows a sensor structure with our photo detectors. It
consists a pixel array, a row-select address decoder, row buffers
of correlation signals, column-parallel subtraction circuits, and
comparators with a column-select decoder. Both of the output
voltages, Vout4+ and V,u¢—, are read out into the subtraction cir-
cuit. The difference voltage between Vi,14+ and Vo is com-
pared with the reference voltage V., at the column-parallel
comparators. All pixels of a selected row are decided to be ac-
tivated or not in parallel. Fig. 4 also shows its timing diagram.
After a pixel is selected, its output voltages, Vout+ and Voue—,
are sampled on each node of Cyir by ¢1. When ¢5 is ON, the
voltage V. at the node of Cy;s is given by

V+ = Vout+ - Vvout— + ‘/o (1)

where V, is an offset voltage for adjusting to the input range of
the comparator. The reference voltage V., of the comparator
is given by

‘/cmp = Vyef + I/vo- (2)

The voltage V. is compared with V., at a latch sense amplifier
when ¢3 is ON. The pixel will be activated when the difference
voltage exceeds the threshold voltage V..s. When the incident
light of the selected pixel contains a modulated light synchro-
nized with the correlation frequency, the difference voltage be-
comes large as shown in casel of Fig. 4. Alternatively, the dif-
ference voltage is zero or small as shown in case2 when the
incident light does not contain the correlation frequency.

The variation in characteristics of two readout ways for V¢4
and V,,,+— causes the offset between the output voltages, V. and
V_. And the comparator requires a large margin of threshold
level. That is, V., should become higher, and then a large dif-
ference voltage of V4 and Vi,ui— is required. It means that
the variation is a possible reason to decrease the sensitivity of
our sensing scheme. It is suppressed by the threshold margin at
column-parallel comparators to detected activated pixels with
a correlative incident light. On the other hand, the uniformity
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Fig. 4. Array structure and timing diagram of the position sensor.
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Fig. 5. Die microphotograph.

of the circuits over the array hardly influences the performance
since the suppression of background illumination and the corre-
lation of a incident light are carried out in pixel parallel.

III. CHIP IMPLEMENTATION

The position sensor with 120 x 110 pixels has been designed
and fabricated in 0.6-pm two-poly-Si three-metal CMOS
process. Fig. 5 shows a chip microphotograph of the fabricated
position sensor. The pixel area is 60 pm x 60 pym with 13.5%
fill factor. The photo diode is formed by an n*-diffusion in a
p-substrate.

‘camera module | BX-Y{scanner;
(a) (b)

Fig. 6. Our measurement system. (a) Camera module with the present sensor.
(b) Spot beam source with X-Y scanning mirrors.

laser, SOUI’CE

IV. EXPERIMENTAL RESULTS

For performance evaluation, the measurement system of the
fabricated sensor has been constructed with a laser pointer
(wavelength 635 nm), a pulse generator for modulated lighting,
a light projector for nonuniform background illumination, and
a luxmeter. Fig. 6 shows a camera module with the present
sensor and a spot beam source with X-Y scanning mirrors in
our measurement system.

Fig. 7 shows a measurement result of the detection of a
low-intensity light source against strong and nonuniform back-
ground illumination. The modulated laser beam corresponding
to 4 klx is projected on a target object. the maximum intensity
of the background illumination is 80 kix. In this measurement,
the correlation frequency is set at 8 kHz and the correlation
operation lasts 0.7 ms. The distance between the range finder
and the target object is ~600 mm. The range finder detects
the position of the projected laser beam clearly, as shown
in Fig. 7(b). Its light detection has a tolerance not only to
nonuniform background illumination but also to target colors.
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Fig. 7. High sensitive position detection in nonuniform target scene.
(a) Measurement environment. (b) Captured image.
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Fig. 8. Sensitivity and dynamic range.

The range data of a target object can be acquired by triangula-
tion when the projected laser beam is scanning on a target object
and the sensor detects the position of the projected laser beam
on the sensor plane. We show its sensitivity, dynamic range, se-
lectivity, range accuracy, and reproduced range maps.

A. Sensitivity and Dynamic Range

Fig. 8 shows the relationship between the background inten-
sity F,¢ and the minimum detectable intensity Fsiz_min of the
projected light. In the measurement of sensitivity and dynamic
range, the modulation frequency is 1 kHz and the frame interval
is 5 ms. To evaluate the sensitivity of the light detection, the
intensities of the projected light and the background illumina-
tion are measured by the photo current I,4 generated by each
incident light. It is because the projected laser beam has only
635-ns wavelength, which is relatively sensitive for the photo
detector, and the background light has distributed wavelengths.
The illuminance corresponding to the background photo current
is shown in Fig. 8 (in the upper axis) for reference.

The experimental results of the present sensor is shown by
(a) in Fig. 8. The present sensor enables to use a low-intensity
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projected light due to suppression of background illumination.
The minimum signal-to-background ratio (SBR), which stands
for the sensitivity of the light detection, is —22.8 dB. SBR is
defined as follows:

Esig_ min
o 3

SBR = 10log
In addition, the high-sensitivity light detection is available
without saturation in wide range of background illumination.
The high sensitivity under —18-dB SBR is achieved in >48-dB
range of background illumination. For example, the projected
light intensity can be equivalent to ~ 1.2 x 102 Ix in outdoor
environment, where the background intensity is ~ 1.1 x 10° 1x
in summer season. On the other hand, it can be equivalent
to ~ 22 Ix in a room, where the background intensity is
~ 1.0 x 103 1x in general.

Fig. 8 shows that the sensitivity becomes worse under low-
level irradiance conditions due to the current mirror speed and
mismatch, hence, a higher intensity level of the projected beam
is required to keep the correlation speed and signal-to-noise
ratio under such a situation. The maximum dynamic range is
limited by our test equipment. According to a circuit simulation,
the limiting factor of dynamic range is a saturation problem of
the logarithmic-response photo detector. In other words, the re-
verse bias voltage at a photo diode becomes low due to a strong
incident light so that the photo diode cannot get the photo cur-
rent in proportion to the incident light.

For comparison, the capability of the conventional correlation
sensor [10] is shown by (b) in Fig. 8. The present position sensor
is more applicable to wide variety of applications than the con-
ventional correlation sensor with a saturation problem as shown
in Fig. 8. The performance is achieved by a current-mode dc
suppression circuit to avoid a saturation problem and a corre-
lation circuit to accumulate a small signal swing from a loga-
rithmic-response circuit.

In our measurement, the noise level caused by various reasons
such as transistor mismatch has been evaluated by the threshold
adjustment of a column-parallel comparator under a constant
incident illumination since our sensor provides only a binary
image based on correlation. The correlation output of a column-
parallel subtract circuit is theoretically the same level of V,,
which is shown in Fig. 4. That is, the noise level can be ac-
quired by the threshold adjustment as the offset voltage from
V,. The average noise level of the present sensor was 42.3 mV.
The standard deviation of the noise levels was 15.7 mV. In the
range finding, the threshold voltage is set to the total voltage of
V,, the average noise level and a threshold margin. The fluctua-
tion of the noise level can be suppressed by the threshold margin
of 100 mV to detect the activated pixels.

In general, the range finding based on a light projection
method suffers from reflectance variations of a target surface.
However, the damage to our system is less than the conven-
tional systems since our sensor can keep the SBR to detect
the projected beam in wide range. That is, it is because the
reflectivity variations often influence both the ambient light
and the projected beam though it depends on the spectrum of
their wavelengths.
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B. Selectivity in Other Ambient Light

The correlation technique suppresses another projected light
with a modulation frequency f;, which is not equal to a corre-
lation frequency fo. Fig. 9 shows the difference voltage of the
correlation outputs, which is Vou4+ — Vout—, at various inci-
dent light frequencies. In this measurement, the correlation fre-
quency fo is 1 kHz and the frame interval is 5 ms. The mea-
surement result shows that the suppression ratio is < —7 dB.
Especially, the suppression ratios of even harmonics of fj are
< —13 dB. Thus, the projected light of even-harmonics fre-
quencies can be ideally separated in a multiple-light-projection
system. Such a separation of concurrently projected lights is im-
portant for a triangulation-based range finding to reduce a dead
angle, where an object is illuminated by multiple light sources
from different directions.

C. Frame Rate

The present position sensor has a tradeoff between its
sensitivity and frame rate. The gain of correlation decreases by
a high correlation frequency due to parasitic capacitances of a
photo diode. That is, the time constant of the photo diode with
a logarithmic-response circuit is a limiting factor of the present
sensor. The correlation frequency can be 10 kHz at —16-dB
SBR and the correlation interval is 0.5 ms in this situation.
That is, a possible frame rate of the position sensor is 2000 fps
(frames per second) at —16-dB SBR. The achievable frame
rate at —22.8 dB, which is the minimum SBR of the present
sensot, is 400 fps using 2-kHz correlation frequency. The frame
rate at —18-dB SBR, which can be kept in the 48-dB range of
background illumination, is 1200 fps using 6-kHz correlation
frequency.

D. Range Accuracy

Fig. 10 shows the range accuracy of the range finder. The
target object of a flat panel is placed at a distance from 1000
to 1100 mm. The maximum error of the measured range over
the full area is 3.2 mm and the standard deviation of range error
is 0.89 mm. In the effective area of 110 x 100 pixels, the max-
imum measurement error is 1.5 mm and the standard deviation
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of range error is 0.60 mm. The range finding system has an ac-
curacy of 0.3% at a distance of 1000 mm.

E. Range Finding Results

The 120 x 110-point range data of a target object is acquired
by X-Y scanning of a spot laser beam. In the condition of
—13-dB SBR, the range maps in Fig. 11(a)—(c) are acquired.
The brightness of the range map represents the distance from
the range finder to the target. The wire frame of the target
object in Fig. 11(d) can be reproduced from the range data as
shown in Fig. 11(e). The specification of the position sensor
and its range finding system is summarized in Table 1. In our
measurement system using a spot beam projection with X-Y
scanning, the range finding takes about 66 s. It can be about
0.5 s due to few frames per range map if we can use a sheet
beam projection with X scanning. In addition, our sensor has
a possibility of higher range finding by means of a higher
sensitivity photo diode customized for image sensors because
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TABLE 1
SPECIFICATION OF THE RANGE FINDER

Process 0.6 um CMOS 3-metal 2-poly-Si
Chip size 8.9 mm X 8.9 mm

Num. of pixels 120 x 110 pixels

Pixel size 60.0 um X 60.0 um

Fill factor 13.5%

# trans./pixel 43 trans. (inc. 4 MOS capacitors)
Power supply S50V

Sensitivity (SBR) -22.8 dB SBR

Dynamic range >48 dB ( <-18 dB SBR)
Selectivity -13 dB suppression ratio

(for even harmonics of fy)
2000 fps (at -16 dB SBR)
1.5 mm at 1000 mm

250 mW

Light detection rate
Depth resolution
Power dissipation

the performance of correlation speed is limited by the photo
diode using a standard CMOS process.

V. CONCLUSION

A 120 x 110 position sensor for robust range finding has been
presented. It has the capability of sensitive and selective light
detection in wide dynamic range to utilize a low light levels that
is safe for human eyes in a nonuniform contrast target scene.
The present sensor achieves highly sensitive light detection of
—18-dB SBR in 48-dB background illumination. It also realizes
high selectivity to detect only a target projected light in other
ambient lights due to —13-dB suppression to even harmonics
of a correlation frequency. It has a tradeoff between sensitivity
and frame rate, however, its possible frame rate is 2000 fps at
—16-dB SBR. In the range finding system, the maximum error
of range data is 1.5 mm at a distance of 1000 mm. The present
range finder has advantages to future application fields which
require safe light projection for human eyes in various measure-
ment environments.

251

ACKNOWLEDGMENT

The VLSI chip was fabricated by the VLSI Design and Ed-
ucation Center (VDEC), University of Tokyo, in collaboration
with Rohm Company and Toppan Printing Company.

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

91

[10]

[11]

REFERENCES

A. Gruss, L. R. Carley, and K. Kanade, “Integrated sensor and range-
finding analog signal processing,” IEEE J. Solid-State Circuits, vol. 26,
pp. 184-191, Mar. 1991.

M. Baba, T. Konishi, Y. Hori, and K. Otani, “A new position sensor for
high-speed measurement of multiple points,” in Proc. Instrumentation
and Measurement Technology Conf., 1996, pp. 642-647.

M. de Bakker, P. W. Verbeek, E. Nieuwkoop, and G. K. Steenvoorgen,
“A smart range image sensor,” in Proc. Eur. Solid-State Circuits Conf.,
1998, pp. 208-211.

V. Brajovic and T. Kanade, “Computational sensor for visual tracking
with attention,” IEEE J. Solid-State Circuits, vol. 33, pp. 1199-1207,
Aug. 1998.

S. Yoshimura, T. Sugiyama, K. Yonemoto, and K. Ueda, “A 48 k frame/s
CMOS image sensor for real-time 3-D sensing and motion detection,” in
IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, 2001, pp. 94-95.
V. Brajovic, K. Mori, and N. Jankovic, “100 frames/s CMOS range
image sensor,” in [EEE Int. Solid-State Circuits Conf. Dig. Tech.
Papers, 2001, pp. 256-257.

T. Nezuka, M. Ikeda, and K. Asada, “A smart position sensor with row
parallel position detection for high speed 3-D measurement,” in Proc.
Eur. Solid-State Circuits Conf., 2002, pp. 101-104.

T. Sugiyama, S. Yoshimura, R. Suzuki, and H. Sumi, “A 1/4-inch
QVGA color imaging and 3-D sensing CMOS sensor with analog frame
memory,” in [EEE Int. Solid-State Circuits Conf. Dig. Tech. Papers,
2002, pp. 434-435.

Y. Oike, M. Ikeda, and K. Asada, “640 x 480 real-time range finder
using high-speed readout scheme and column-parallel position de-
tector,” in Symp. VLSI Circuits Dig. Tech. Papers, June 2003, pp.
153-156.

A. Kimachi and S. Ando, “Time-domain correlation image sensor: First
CMOS realization and evaluation,” in Proc. IEEE Int. Conf. Solid-State
Sensors, Actuators and Microsystems (Transducers ’99), 1999, pp.
958-961.

Y. Oike, M. Ikeda, and K. Asada, “High performance photo detector for
modulated lighting,” in Proc. IEEE Sensors Conf., 2002, pp. 1456-1461.



