Department of Electrical and Computer Engineering

A VLSI System for
Light-Stripe Range Imaging

Augusfine Kuo

1992




A VLSI System for Light-Stripe
Range Imaging

Augustine Kuo
December 8th, 1992

Department of Electrical and Computer Engineering
Carnegie Mellon University

Pittsburgh, PA 15213

Submitted to Carnegie Mellon University
in partial fulfillment of the requirements for the degree of

Master of Science

Copyright © 1992 Augustine Kuo

This work was funded by NSE.




Contents

2.1
2.2

3.1

3.2
3.3

34

4.1
4.2
4.3
4.4

4.5

5.1
52
53

6.1
6.2
6.3

INtroducCtion.........c.coceiiiiiiiiniiniiiic e ess e saae s 1
Back@round ............coooiiiiiiiiiirneienteenaccecie et creaessas et ae e srrsessniessne 4
Cell-parallel technique .......ccocvmiiiinininvninrinencnes DT, veevernnsenrennennn 4
Implementation of cell-paralle]l teChniquUe .......coceevvceeriiiinneniscceniieniennnen. 5
CHPCUILS ...ttt et saee e e et e sseesaeesa e s e s s e e snae 7
VLSI Implementation of sensor............ e s e 7
PROtOAEIECTOTS. ...ccceiienrieiieeiieiieetennteesrreeie e ecesseeeacessetessassneeenneeessessseesnnenn 8
Photoamplifi€r........covivniiiniinniiniiiiiin e 12
Peak QetECIOT .. iiiiireiierrcienterienteresreeeeree e eree st eeessae st enteseesaessenneseenesnaenean 16
Architecture of Sensor.............ccoccceveeeievenennene. ceerereane vt saeneanane 22
Serializing SENSOT OPETALION ....ccovuiruiirrtiiriieniieteerrtesreeeetceeeesnneeaeesnees 22
Implementation of NEW arChItECTUTE .....cceerrerrrereererrreseerierecseeseeneesnueseesees 23
Maximum Finding CirCUuit .......cccceeeeerierieriritieeiieeeeeerreeessseeeeeeessnneaeeans 25
Peak QELECIOT ... cuiiiiiiiiiiiiiirieiiceneteseteesessasceessnntassesssassesssosstaessssnnsassnns 29
VST SENSOT ...ttt sttt eeestee e st e estesae e srae e ssaesaesaesaensesnnan 32
Experimental ReSults.............c.cccooviiniinviiniinienniiniinnienieieneeeseessssaesseens 37
Individual COMPONENTS..ccc.ueuiiiiiriirieeeiiirreereerinteeeesiraeteseaaaeesessnsaesessassssasans 37
Sensor AITay .......ccceeveevceecnuencnnenne. ettt sttt ettt er e e e ese e e en b e seenaens 38
SUMMATY 1ttt ettt tee s eeeesee e staesevete s saee s snaessene e 40
CONCIUSIONS..........cccoiiiriiieinineneeie et sreseesene e ssesaennns ceereseeeeeerenes 41
Summary........ eteteesaesttetate e be et te st e et et e e ersesraessaensanns eeteresrtesteestaentanaeas 41
RESULLS .. et ettt sttt ettt ettt et ee s e it e se s aaesae st e s e saenssansasnns 41
FUture WOTK ....cooviiiiiieiecniitiiieciie ittt seseee s etecnsane et e s s nae e ssaesnsnnes 42
RELETENCES .. ceiiiiiiiiieiiteecie ettt cetteseee s eaecesraeesseessnssaesnssasssanens 44

A VLSI System for Light-Stripe Range Imaging



1 Introduction

For a machine to interact with the world, it needs to have some means of sensing
its environment, whether it be a camera, sonar detector or pressure sensitive probes. In
vision systems, range-finding - determining the distance to objects along an array of site
lines - is an important task for many applications. Range-finding involves a system that
can generate an image made up of distances to objects of the scene. All current rangefind-
ing systems can be classified as either being active or passive, the difference being that
active sensing uses and controls its “probing” device, which in most cases, is a laser
beam. The three most popular range-finding techniques [7] are stereo, time-of-flight, and
triangulation. Stereo is a passive system, modeled from the human eye. Since it uses two
or m;>re images for correspondence to obtain range information, the amount of features in
uniform regions will determine the number of range measurements, thus making it highly
error prone in some environments. For example, if there are no edges in the scene asin a
wall, no range information can be obtained. Also, although the cameras used to produce
the images are cheap, the hardware used to compute the correspondences can be quite

complex and expensive.

The two active systems using structured light (as in a beam or ray) are time-of-
flight and triangulation, the latter of which is much more widely used in industrial applica-
tions because of its lower cost [3]. Time-of-flight systems send out a beam of light and
measure the time or phase change of the reflection to calculate distances. A complete
range image, which is an array of distance measurements corresponding to the coordinates
of the scene, can then be formed with minimal image processing. Triangulation is similar,
but instead of using the optical modulation of the laser to measure range, it uses a fixed
system with a known baseline distance between the laser and the sensor, allowing calcula-
tion of the 3D data based upon the images received and the position of the laser stripe on

the scene.
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Figure 1.1 Setup of conventional light-stripe system

In conventional light-stripe systems, a plane of light is generated by using a laser
shining onto a cylindrical lens (figure 1.1). The plane of light is then swept over a scene
with a rotating mirror. Any objects in the light path will be illuminated and the stripe will
follow their contours. The image, taken by a video camera, is then analyzed by a computer
to generate range data [4] [20]. After the image is taken by the camera, the stripe is moved
to the next position and the process repeats so that each image provides a column of range
data. The baseline distance between the sensor and the stripe origin is known, as well as
the angle between the laser stripe and baseline since the rotation of the reflecting mirror is
controlled. The angle between the reflected ray and baseline can be determined by analyz-

ing the image. Thus, by using the law of sines, the distance can be calculated (figure 1.2).
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Typically, the lengthy calculations are minimized by using look-up tables and calibration

is performed at fixed ranges to improve the absolute accuracy of the system [10][11].

Optical
Mirror S ~ ~ — ~— T T 7 center
. Baseline of lens

Figure 1.2 Range calculation in light-stripe system

The system described in this report is similar, except that the sensor is a VLSI chip
instead of a camera. Also, the method by which the range information is obtained is differ-
ent than the system described above. One advantage of the system described therein is that
the laser stripe can be moved continuously instead of incrementally stepped, decreasing
the time to produce a range image. This report will detail the use of light-sensitive semi-
conductor structures to sense the reflected image, the design of circuits to do the signal

processing, and the integration of the two on a single IC substrate.
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2 Background

2.1 Cell-parallel technique

The chief difference between this system and conventional light-stripe implemen-
tations is the method by which the distance measurements are made. The cell-parallel
technique [2], [6], [9] acquires range images [3] in constant time whereas current systems
take a time proportional to the resolution of the image. Thus for an image of the same res-
olution, the cell-parallel technique is faster by a few orders of magnitude. It also proved to
be more accurate, because the sensor works well with a fine light stripe instead of a thicker
one. In contrast, conventional systems have an imaging sensor that collects the light inten-
sities of each reflected stripe position and works best if the stripe is the brightest feature
from the scene. Since it is desirable to interpolate the stripe position between pixels, the
stripe must be wide enough so that it falls on more than one pixel at all times. The cell-par-
allel technique is not limited in this manner since it measures light intensity over time

instead of intensity over space.
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Figure 2.1 Cell-parallel technique setup
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In the cell-parallel technique (figure 2.1), the sensor is made up of individual pho-
todetectors arranged in an array. Each sensor has a fixed line-of-sight to the scene which
can be determined by calibration. Once the light stripe is projected onto the scene with the
rotating mirror, a running time counter starts and each photodetector records at which
point in time it sees the stripe. The figure also shows how the peaks of the photodetectors
are spread out in time depending upon its line-of-sight. Using this time index, the angle at
which the stripe was projected can be determined since the rotation of the mirror is linear.
Using both the line-of-sight angle and the mirror angle, the range can be calculated as

stated above.

2.2 Implementation of cell-parallel technique

One implementation of the cell-paraliel technique was a 4 x 4 array of discrete
photodiodes [6]. The support circuitry consisted of an amplifier, a threshold detector and
some digital memory. Signals from the photodiodes would be amplified and compared to a
voltage threshold. If a photodiode senses the reflected light stripe going past it, the peak
output voltage from the amplifier indicates when it sees the greatest intensity. A threshold
detector is used to determine when the peak occurs; once the output voltage from the
amplifier reaches a certain point a comparator triggers the memory to record the data from
a running counter. When the stripe has finished sweeping the scene, the data can then be
analyzed and the range information extracted. In practice, calibration is used to determine
data points from which real range information can be extracted. Line-of-sight calibration
involves incrementally moving a reference target in front of the sensor to find the point of
occlusion and range calibration simply took the time-stamps of the target set at certain dis-

tances.

Since each photosensor in this implementation requires some support circuitry, a
large array of these discrete components would be unwieldy in its size and wiring. The

next step was a VLSI implementation of the same system. A 28 x 32 sensor array was built
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.

using the largest chip that MOSIS provided. Each cell had its own amplifier, comparator,
and analog memory circuitry which consisted of a track and hold for an analog ramp rep-
resenting time and a capacitor to hold the charge when the peak intensity occurred. Off-
chip circuitry was needed to control and read out the analog time-stamps in a shift register

fashion and convert them to digital values for download to a computer.

The original goal of this work was to have an array of 100 x 100 sensors generat-

ing range images an order of magnitude faster than current systems. The current imple-

mentation of the VLSI sensor would require an area of 625,000,000 p.m2 for a 100 x 100
array which would be very difficult to fabricate. Also, the use of a threshold comparator
instead of a true peak detector will not be as accurate since it will miss some peaks that
occur below the threshold or it will always trigger when the threshold is reached but
before the real peak occurs. This work focused on shrinking the size of the sensor cells as
well as improving its accuracy. The use of smaller photosensors, real peak detectors and a
different sensing architecture has produced a cell only 16% of the area of the original

implementation.
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3 Circuits

3.1 VLSI Implementation of sensor

Using VLSI technology allows the sensor cells to be packed closely together and
large arrays to be built. As stated before, each sensor cell has a fixed line-of-sight to the
scene, so during the light stripe operation, it monitors the light intensity over time. Once it
sees a “flash”, when the moving stripe reflection is directly over its line of sight, the time
is recorded and range data can be computed. Thus the cells must have some sort of photo-
detector, an amplifier to increase the signal, a peak detector to detect the “flash™ and some
means to store the time information (figure 3.1). The concentration for the designs of the
circuits in the cell will be to provide the necessary funcﬁonality with minimum area and

devices. The following sections will give more details of the circuits used in the sensor

cell.

LIGHT

PHOTO PEAK TIME
DETECTOR AMPLIFIER DETECTOR l sToRAGE

RUNNING
TIME |
COUNTER

Figure 3.1 Block diagram of one VLSI sensor cell
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3.2 Photodetectors

The heart of the sensor is the photodetector, which took up 25% of the total area of
Gruss’ cell. The photodetectors basically absorb incident photons reflected from the scene
and convert it to an electrical current. In the original implementation, a p-well photodiode
was used because of limitations of the process. The analog process that MOSIS provided
at that time was a 2 pm p-well process with double polysilicon for capacitors. MOSIS now
provides a 2 um n-well process with double polysilicon and NPN bipolar capability [16].
Thus, this allowed the opportunity to create different photodetectors to find one with

greater sensitivity but smaller in area.
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Figure 3.2 Side view of (a) photodiode and (b) phototransistor and schematic of (c) photodarlington.

Three different structures were fabricated and tested, the original photodiode, a
phototransistor and a photodarlington (figure 3.2). Phototransistors have been used for
imaging devices [14] [19] in which small but sensitive photodetectors were needed. The
phototransistors tested were just bipolar transistors with a large base to collect the photons
since MOSIS provides no special processing, so innovations that increase photon effi-
ciency such as those in [1] and [13] were not possible. The areas of the detectors were the
same, except for the photodarlington which had an additional small bipolar transistor
added to a phototransistor, so that comparisons could be made about their sensitivity and

bandwidth. Sensitivity was measured by connecting a low leakage 1200 pF capacitor to

A VLSI System for Light-Stripe Range Imaging 8



ground with the photodetector supplying the current. A CMOS op-amp with very low bias
current was used as a buffer to measure the voltage across the capacitor and an integrated
switch allowed the capacitor to discharge for repeated measurements (figure 3.3). The
photodiodes were reverse biased with 5 volts and the phototransistors had their base col-
lector reverse biased with 5 volts applied to the collector and the base unconnected. The
detectors were exposed to steady light and timed to determine the charging of the capaci-
tor to reach a certain voltage. The amount of current generated can then be calculated and
averaged over tens of measurements. For phototransistors, the resulting current was about
ten times greater than that of the photodiodes of the same area. The extra transistor used in
the photodarlingtons was not much help since the current levels are in the nanoamp range,
resulting in a low gain 8 and producing a current only twice as much as the phototransis-
tors.
+5V

N

LMC660CN

+
. Vout

discharge -{ 1200pF__| -

Figure 3.3 Experimental setup for measuring photodetector currents

In order to be able to detect the light stripe as it sweeps by, the photodetector must
have adequate bandwidth to respond to the peak intensity. The bandwidth of state of the
art photodiodes are in the tens of gigahertz [18], [21] so for this particular application it
will be more than adequate. If the stripe is being scanned across the scene in 1 ms and

assuming that the scene is flat, then for a hundred sensors, each sensor only sees the stripe
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for 10 ps. The minimum bandwidth for the photodetectors is then 100 kHz. Phototransis-
tors are inherently slower than the photodiodes, and the experimental test structures will
have an even lower 3dB frequency since the process has no buried layer for the NPN tran-
sistor, so the collector resistance is high. Bandwidth was measured for all three structures
to determine their suitability. A 10-meg resistor was connected in series with the test struc-
tures and then the amplified voltage drop was measured across the resistor with light from
an LED (figure 3.4). The capacitance from the chip pad (~ 4pF) was compensated with a
follower driving an n-well region beneath the metal of the pad (dotted region of figure 3.4)
so that essentially both terminals have the same voltage. By varying the frequency of a
square wave applied to the LED, the 3dB points of the test structures were found (figure
3.5). The intensity of the LED shining onto the chip was not kept constant for testing the
diffel;ent structures so the data has been normalized with respect to each other and then
converted to decibels. From the graph, it is evident that there is still some residual para-
sitic capacitance not fully compensated that limits the bandwidth of the photodiode which

typically is in the hundreds of megahertz.

+SV
Light ,/&\
ZX LF356N
+
Vout
Cpad -
T M —]
220K Q
......... T T0M Q 220 @
.......... 1 uF

Pad capacitance
compensation __ —

Figure 3.4 Experimental setup for measuring photodetector bandwidths
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Table 3.1 shows that all test structures will meet the minimum bandwidth so that

stripe detection will not be limited by the photodetectors themselves. Since both the pho-

totransistors and photodarlingtons were able to generate more current, they can be scaled

down in area and generate the same amount of current. The photodarlington however,

requires an extra NPN transistor which only increases the gain by 2 so the phototransistor

will be best in terms of sensitivity per unit of area. For a 100 x 100 umz photodiode, a 32

x 32 um2 phototransistor will generate the same photocurrent with the same amount of

incident light. Thus by using a phototransistor in place of a photodiode, a substantial

amount of cell area is saved. The photodetector used in the sensor cell is a 54 x 54 pmz

circular NPN phototransistor with a large base region for photon collection. A circular

structure is used for consistency of the output pulse waveform to be independent of the

reflected stripe orientation [6] (figure 3.6).
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Figure 3.5 Graph of frequency response of photodetectors
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