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6.6 A 375 x 365 3D 1k frame/s Range-Finding Image

Sensor with 394.5 kHz Access Rate and 0.2 Sub-
Pixel Accuracy

Y. Oike, M. Ikeda, K. Asada
University of Tokyo, Tokyo, Japan

High-speed and high-resolution 3-D imaging has a wide variety
of applications including gesture recognition, security systems,
computer vision, movies and televisions. Moreover ultra-high-
speed range finding provides the possibility of additional appli-
cations such as quick inspection of industrial components, a fast
visual feedback in robot vision and the observation of structural
deformation and destruction. A light-section 3-D measurement
provides a high-accuracy 3-D image. However reconstruction of a
range map by triangulation requires the detection of many posi-
tions of a scanning sheet beam on the sensor plane. State-of-the-
art sensors based on the light-section method [1]-{4] are report-
ed for real-time 3-D imaging systems of 15 -100frames/s. It is dif-
ficult for these sensors to realize 3-D measurements with practi-
cal resolution for range-finding over 1,000frames/s. A row-paral-
lel search architecture is reported with a potential capability of
1,000frames/s range finding with a practical resolution [5]. This
paper presents a 3-D image sensor with 375x365 pixels for
1,000frames/s range finding based on the light-section method.
The row-parallel search architecture is implemented with a new
multi-sampling function for a fine sub-pixel resolution using a
standard 0.18um CMOS process.

Figure 6.6.1 is a block diagram illustrating the 3-D image sensor
with the row-parallel search architecture. It consists of a pixel
array, bit-streamed column address generators, row-parallel
processors with 18b registers and output buffers, and an on-chip
controller with a PLL. Additionally a row scanner and a multi-
plexer are used for the conventional 2-D imaging. In the row-par-
allel search architecture, several ideas are employed. The left
and right edges of consecutively activated pixels are detected
alternately by a search signal propagation via chained search
circuits in row parallel. It enables positions of the incident sheet
beam to be detected quickly regardless of the number of the acti-
vated pixels in row.

A row-parallel acquisition of column addresses of detected pixels
is realized by column-parallel address streaming. The column
address streams are injected at the top of the sensor vertically
and change their direction horizontally at pixels detected by the
search circuits. It achieves O(log N) acquisition cycles by a com-
pact circuit of 2 FETs in each pixel in a case of a sensor with NxN
pixels.

Row-parallel processors receive the bit-streamed column address
and calculate the center position of activated pixels during
address acquisition. It achieves a high-speed address acquisition
and a multi-sampling method. The multi-sampling method pro-
vides the intensity profile of incident beam to improve the sub-
pixel resolution. The row-parallel processors carry out pre-pro-
cessing for center position calculation to reduce the data trans-
mission.

Figure 6.6.2 shows circuit configurations of a pixel and a row-
parallel processor and Fig. 6.6.3 shows their timing diagram.
After photo current integration started with RST, V,, is convert-
ed to digital data and latched by CK as the pixel value. Here pix-
els with strong incident intensity are activated. Vb controls its
threshold level and suppresses the short-circuit current. To
detect the left edge of activated pixels, LSW is set to high and

RSW is set to low. The first search trigger SCH, is set to low to
clear the search signal propagation path (SCH,, SCH,, ...SCH,).
To initiate the search operation, SCH, is set to high in row par-
allel. The high level at SCH,; is transferred to the next pixel at
SCH,,, so far as the pixels are inactivated. It stops at the first-
detected activated pixel (i.e. left edge) as indicated by SCH, in
Fig. 6.6.3. The column address line and the row address line are
connected at the detected pixel, and the bit-streamed column
address ADDj is transferred from the column line to the row line.
It is received and stored by a row-parallel processor. After the
address acquisition, all pixel values are inverted by LSW=0 and
RSW=1. The search signal SCH, restarts from the left edge and
skips activated pixels up to the next of the right activated pixel.
Then the address acquisition is carried out in the same way. The
right address is added to the left address by the row-parallel
processor while the address acquisition. The row-parallel proces-
sor can accumulate the detected pixel positions and count the
number of samplings in order to calculate fine sub-pixel posi-
tions in post-processing. The accumulated data are transferred
to output buffers by TR.

The 3-D image sensor of Fig. 6.6.4 is a 375x365 pixel array and
is designed and fabricated in a 0.18um 1P5M CMOS process. The
pixel area is 11.25x11.25um? with 24 FETs and 22.8% fill factor
as shown in Fig. 6.6.4. The clock signal of an on-chip controller
is generated by a PLL (x8/x16, 300~550MHz). The on-chip con-
troller has a test mode to evaluate the worst-case access rate,
where test image patterns are generated electrically on the sen-
sor plane.

Figure 6.6.5 displays the cycle times of the activated pixel search
and the data readout with a 400MHz clock. The pixel activation by
the incident beam, the activated pixel search with the column
address acquisition, and the data readout from the output buffers
are carried out at the same time in a pipelined mode. The pixel
activation time depends on the beam intensity and can be reduced
by a sharp and strong projected sheet beam. The limiting factor of
access rate is data readout from the output buffers. The multi-
sampling operation can be carried out four times during the pre-
vious data readout. The worst-case test by the on-chip controller
shows the maximum access rate of 394.5kHz at 432MHz and it
corresponds to 1052 range maps/s with 375x365 range data.
Moreover the multi-sampling method achieves 0.2 sub-pixel reso-
lution of position detection. The measurement result shows that
the maximum range error is 1.10mm and the standard deviation
of error is 0.47mm at 600mm distance. Figure 6.6.6 shows an
example of measured range data of a target object placed at
600mm from the sensor with a lens. The characteristics of the
present sensor are summarized in Fig. 6.6.7
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Figure 6.6.5: Cycle times of activated pixel search and data readout. Figure 6.6.6: Measurement result of range finding.
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Process

Chip Size

# Pixels

Pixel Size

Fill Factor

# FETs/Pixel

# Total FETs

Supply Voltage

Max. Clock Freq.
Access Rate

Data Rate

Range Finding Speed
Sub-Pixel Resolution

0.18um CMOS 5-metal 1-poly-Si

5.9 mm x 5.9 mm
375 x 365 pixels
11.25 um x 11.25 um
22.8 %

24 FETs/pixel

3.74 M FETs

1.8V

432 MHz

394.5 kHz

144M bit/pin.sec
1052 range maps/sec
0.2 pixels

Range Accuracy max. 1.10 mm @ 600 mm
SD 0.47 mm @ 600 mm
Power Dissipation 1065 mW (@432MHz, 1.8V)

Figure 6.6.7: Chip specification.
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e 2004 IEEE International Solid-State Circuits Conference

0-7803-8267-6/04 ©2004 [EEE




(a) pixel circuit

search mode
switch circuit -
iRSW

...~ .. " readout circuit

part of =g
address epcoder :

SCHi |
"

_row_line

column_line

1-bit A/D
w/ data latch

search circuit

pixel value

_ Pixel Circuit
(b) r/ow-parallel processor
J 1-st row-parallel processor |
5
18bit registers & output buffers
(center position / activation timing)
low Vth MLT ENB
o
4 Y .o | T E..... <]
latch REGO-XX_ REGj_XX_ 9
SCH375 AP Ep S 1 =
aPol— Lf...... §
CKr CKwo CKwj E
Selector (address/activation timing) E ©
CKw CKr TR TR
Adder (for center calculation) l? 7 I; SELK
o —I{ ...... I
k-th row-parallel processor Data readout circuits — i
pixel array | | 365-th row-parallel processor |

Figure 6.6.2: Circuit configuration: (a) pixel circuit, (b) row-parallel processor.

e 2004 IEEE International Solid-State Circuits Conference

0-7803-8267-6/04 ©2004 [EEE



'search 'data ' search address :search address
.refresh latch, time encodeing , time encodeing

' ' (for Ieft edge) " (for rlght edge) .

1 > < > >
—_— ' ' ' integration time :
RST | : f \O . ; x
CK ! ' , pixel activation | : '
LSW B \ ' :
. | i ; / address (left/right edge)
RSW . : I : ; : I
e — /. : @..@@...@
SCHo | ' ! ! ' o .
SCHi | : : ; : b o address . -
SCHi+1 ! ' ! 1 ] ' ' . generation , :
5 . ; ; . ; T | DJ+I : :
SCH! ' . . / ! : . GEN J -- '/ \ :
E rrow-parallel search 'erEr ; !
SCHr a \row-parallel .“.../_._ : -/_\ /_\ :
: 1 1 1 Weaw : : . CKr n : .
ADDj 1 — ' | latchD;; : :
o a : | CKw ___ [\
1row-parallel address acquisition 1 w/ center calculation | . loverwrite A overwrite |
: :4—¢.—>: ' H read|' vy read|: l :
1 ..-----------------'-’1 1 : 1
TR f ® e 0000 position data output eeeeee ? : REG X : X ] X .
: LS data transfer to output buffers E '4 Jthregister “(i+1)-th register ,

row-parallel address acquisition

1 access cycle for beam position detection w/ center calculation

Figure 6.6.3: Timing diagram.

e 2004 IEEE International Solid-State Circuits Conference 0-7803-8267-6/04 ©2004 IEEE



5.9mm

P
regis

il

rov
it]

A Jgrrron-Chip KRS S i
’ Silidlcontrollend?Z”,” . . "%
L ~=—————column:parallel§"
| . generator|
- e
pixel array =E
(375 x 365 pixels) $’o
o=
n:z
e
c 11.25um Sz
£ ORI
o =S
s 252
=
©: =

Ml
8
i

Ultiplexer

Figure 6.6.4: Die microphotograph and pixel layout.

e 2004 IEEE International Solid-State Circuits Conference 0-7803-8267-6/04 ©2004 IEEE



Pixel Activation Time: (Beam-Intensity-Dependent)

Pixel Control: 7.5 ns
Address Acquisition: 190.0/200.0 ns
.  —— Data Buffering: 2.5 ns

Search & Address Acquisition: 670.0 ns

3 A |
\;\—\—Search Propagation: 90.0 ns
Search Signal Refresh: 90.0 ns

7

|
I\lllulti-SampIing% (x4): 2680.0 n:s

Digital Data Readout (Dynamic Logics): 2737.5 ns
(7.5 ns x 365 rows)

@400 MHz

Figure 6.6.5: Cycle times of activated pixel search and data readout.
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SD 0.47 mm @ 600 mm
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Figure 6.6.7: Chip specification.
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