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Abstract—An image sensor in 0.18um CMOS process for
range map acquisition using a gray-encoded time-multiplexing
2-D structured pattern is presented. In order to achieve a high
range map rate, we designed a dedicated image sensor that
exports only the address of the projected encoded patterns after
integrating 7 images. This mechanism eliminates unnecessary
read out, thus improving 3-D acquisition speed. In this method
the only information needed to reconstruct 3-D range map is
whether the pixel is bright or not for the exposed structured
patterns. We employed a 1-bit A/D converter in each pixel to
determine the pattern. The 1-bit pixel data is stored in the in-
pixel memory, and after acquiring 7 images, the 7-bit is read
out in parallel. This reduces the read out overhead to 1/7. Using
these techniques, the proposed chip achieved the read out speed
of 292 s per range map. Measured results show 3-D range map
acquisition of 92.7 range map per second with 1000 lumen DMD
projector, with average and maximal range error of 4.6mm and
302mm at target distance of 800mm. Range error improves down
to 2.5mm and 9.0mm, with brighter projector of 2800 lumen.

I. INTRODUCTION

The 3-D surface reconstruction technique has a wide range
of applications like robotics and human interfaces. The method
frequently used for this purpose is stereo vision [1]. However,
stereo vision is less robust because it depends highly on the il-
lumination condition target objects, and calculating correspon-
dence between two camera pixels is relatively complicated.

The structured light method is one of the 3-D surface
reconstruction method based on projecting a light pattern onto
a target object. Projecting pattern eases the correspondence
problem and make this method more robust owing to lower
dependence on the illumination condition. Among many pat-
terns proposed so far [2], the gray-coded time-multiplexed
structured light is a simple yet reliable way to reconstruct the
3-D surface of objects. Compared to methods that uses space-
encoded patterns, where complicated calculation is required to
mitigate the effect of shadows, occlusions and discontinuities
[3], the gray-encoded pattern encodes address in time region,
therefore not suffering from these problems and resulting in
simpler decoding. However, to increase accuracy, the number
of 2-D frames used for reconstruction must be increased, thus
degrading overall range map rate.
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In this paper, we demostrate an image sensor to improve
the 3-D range map acquisition speed by reducing the read out
time with in-pixel 1-bit A/D and 7-bit accumulators.

II. IMAGE SENSOR CHIP DESIGN

Fig. 1 shows the time encoded light pattern used for 3-D
range map acquisition. The value of each pixel in PAT? is the
i-th bit of the address, i.e. gray coded z-coordinate. The use
of gray code instead of binary code makes the recognition
more robust because neighboring symbols in gray code differ
by only one bit. In addition to this, the spatial frequency of
gray-coded patterns become half of that of the binary code,
results in less pattern recognition error.

3-D range map is reconstructed as follows:

« Time encoded patterns are projected onto a target using
a video projector.

« Images of the projected patterns are captured by an image
Sensor.

o Captured images are thre binarized.

o The address for each pixel is obtained from the binarize
pixel values.

o 3-D surface shape is reconstructed by triangulation.

The depth resolution is determined by resolution of the 2-D
structured pattern and number of horizontal pixels of the image
sensor. 3-D range map acquisition speed is determined by the
acquisition time of the 2-D structured patterns. Conventionally,
the range map rate of 3-D acquisition using the time encoded
2-D structured pattern is limited to 1/(number of patterns),
177 in this study, of the 2-D frame rate. To improve the
3-D acquisition speed, we designed an image sensor that
accumulates 7 patterns into in-pixel memory in pixel-parallel
manner, and read them out in 7-bit parallel as digital values.
This results in the read out time less than 1/7 compared with
the conventional image sensors.

Fig. 2 shows the pixel circuit of the proposed image sensor.
A pixel includes a comparator as the 1-bit A/D converter, and
a 7-bit memory as the pattern accumulator. The threshold volt-
age of the comparator is adjusted via Vygr. The comparator
is used to decide whether the pixel is bright or not, and it



PAT O PAT 1 PAT 2 PAT 3

I

PAT 4 PAT 5 PAT 6

nm

(a) time encoded light pattern

Fig. 1.

Reset

220/18
L

=

840/180 220/1%#

220/180

Photodiode

Comparator

(1-bit A/D)

7-bitmemory  Output 0 .. 6

’ Transistor size: W[nm]/L[nm]

Fig. 2. Pixel circuit

outputs 1-bit digital data. This data is stored in the in-pixel
memory instead of transferred immediately as in conventional
image sensor. The containts of memory is read out through
the 7 column lines in parallel when RE is asserted.

We employed the conventional 6-T SRAM for the memory
as shown in Fig. 2. transistor sizes of the SRAM and the
comparators are optimized according both to guarantee the
write margin and to read out speed, as shown in Fig. 2. The
optimization is carried out by the corner simulations.

The timing diagram of the image sensor operation is shown
in Fig. 3. First, pulling RST to low sets the photodiode voltage
to the supply voltage. After integrating for ¢;,; seconds, one
of the WE is set to high and the comparator output is written
to the corresponding memory. This process is repeated seven
times to accumulate all the time encoded patterns, and after
that the accumulated address in the i-th row is read out by
setting RE: to high.

Fig. 4 shows the chip photo. The chip is fabricated in a
0.18um standard CMOS process without photodiode option.
The pixel size is 13.82mx 13.82um and the fill factor is 28%.
A 128x128 pixel array is designed in a 2.5mmx2.5mm die.
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Fig. 3. Control signal wave form

III. MEASUREMENT RESULTS

Fig. 5 shows measurement setup with a video projector and
image sensor board. We employed 8000 fps 1000 lumen DMD
projector to examine maximum 3-D acquistion speed and 2800
lumen video projector to evaluate range error. We achieved 3-
D range map acquisition speed of 92.7 rps with integration
time of 1.5ms for 1000 lumen DMD projector. Read out time
was 292us per range map at system clock of 60MHz. For this
setup, since the integration time is larget than the read out
time, 3-D acquisition speed is limited by the integration time,
which can be solved by the brighter video projectors.

Fig. 8 shows the acquired 3-D range map of a sphere at the
integration time of 1.5 ms. Fig. 6 shows acquired 3-D range
map of a hand in front of a plane, with integration time of
20ms.

The measured standard deviation and maximal range error
at the integration time of 1.5ms with 1000 lumen projector
were 4.6mm and 302mm, respectively, due to the errorneous
pixels, for the target distance of 760-870mm.

Fig. 7 shows measured range map error of a plane at the
distance around 760-870mm, with integration time of 10ms



Fig. 4. Chip photo

and 2800 lumen projector. For this case, measured standard
deviation and max range error were 2.5mm and 9.0mm,

respectively.

Table I summarizes the overall imager specifications and

measurement results.

TABLE 1
SPECIFICATION AND MEASUREMENT RESULTS SUMMARY

Chip Specification

Supply voltage 1.8V

Die size 2.5mm X 2.5m

Array size 128 x 128

Pixel size 13.82 pm X 13.82 pm
Fill factor 28%

Photo diode

Nwell/Psub (7.2 pm X 7.2 pm)

No. of transistor

48 per pixel

Read out time (tro)

292 ps per range map

Minimal integration time (¢int)

1.5ms

Maximal range map per second

92.7

3-D measurement results

Standard deviation

2.5mm @ 760-870mm, 2800Im

4.6mm @ 760-870mm, 1000lm

Maximal error

9.0mm @ 760-870mm, 2800Im

302mm @ 760-870mm, 1000lm

In the measurement above, an 8000 fps 1000 lumen pro-
jector is used to project the patterns. Since the integration
time is larger than read out time, the speed bottleneck is the
integration time. The easiest way to decrease the integration
time is to use the brighter projector. In order to investigate
the highest feasible range map rate for this image sensor, we
have conducted an experiment where we applied light from
a variable light source onto the image sensor and counted

(b) 2800 lumen video projector

Fig. 5. Measurement Setup

Fig. 6. Measured 3-D range map with 2800 lumen video projector, tint =
20ms

the pixels that failes to recognize the light. Fig. 9 shows
the integration time to realize error rate of 10% against
illuminance at chip surface. Fit line is calculated by

K
tine = — K log (—TQ + 1) (1)
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where L denotes illuminance, K; and K5 are fitting param-
eters. In order to achieve the error rate of 10% when the
integration is comparable to the read out time (292us / 7 =2 40
us), the light reflected on the target object should illuminate
the image sensor chip at 10000 lux.

IV. CONCLUSION

An image sensor designed for 3-D surface reconstruction us-
ing gray-coded time-multiplexed structured light is proposed.
By the use of in-pixel memory and parallel read out, we have
achieved the read out time of 292 us. The highest range map
rate achieved was 92.7 us due to the minimal integration time
of 1.5ms. The standard deviation and maximum of the error
was 10mm and 326mm, respectively, when a 1000 lumen
DMD projector is used. This improves to be 2.5mm and
9.0mm when a 2800 lumen projector is used. Based on the
analysis of the experiment using variable light source, higher
range map rate will be realized by using brighter projectors.
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