6/014470 A2 | IV 20O O O

e
=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
9 February 2006 (09.02.2006)

£
2 5hr52) I 0O 0 O

(10) International Publication Number

WO 2006/014470 A2

(51) International Patent Classification:
GO1S 7/00 (2006.01)

(21) International Application Number:
PCT/US2005/023922

(22) International Filing Date: 6 July 2005 (06.07.2005)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

10/886,073 6 July 2004 (06.07.2004) US

(71) Applicant (for all designated States except US): DIMS-
DALE ENGINEERING, LLC [US/US]; 15 Villanova
Lane, Oakland, California 94611 (US).

(72) Inventor; and

(75) Inventor/Applicant (for US only): DIMSDALE, Jerry
[US/US]; 15 Villanova Lane, Oakland, California 94611
(Us).

(74) Agents: CLISE, Timothy, B. et al.; Schwegman, Lund-
berg, Woessner & Kluth PA, P. O. Box 2938, Minneapolis,
Minnesota 55402 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,
SM, SY, T1, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, YU, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: DETERMINING RANGE IN 3D IMAGING SYSTEMS

T
PULSE 180
GENERATOR LASER
/ TRANSMIT U5y
130 THVE
DETECTOR ‘
4 L
{50 134 101
REGEIVE
TIMING > TIME
> CIRCUIT PULSE
( AMPLITUDE
-_— — ————e

(57) Abstract: A system and method of imaging an object. An array of detectors is mounted in an image plane. Each detector in
& the array of detectors is connected to a timing circuit having an interpolator, wherein the interpolator includes a first circuit which
& charges a first capacitor at a different rate than it discharges. An optical pulse is transmitted toward an object so that a portion of the
optical pulse is reflected from the object as a reflected pulse and a first value representative of when the optical pulse was transmitted
toward the object is recorded. The reflected pulse is detected at one or more detectors and a pulse characteristic of the pulse and a
second value representative of when the reflected pulse arrived at the detector are recorded. Range to the object is then calculated
as a function of the first and second values and the reflected pulse characteristic.



10

15

20

25

WO 2006/014470 PCT/US2005/023922

DETERMINING RANGE IN 3D IMAGING SYSTEMS

Cross-reference to Related Application

This application is related to U.S. Patent Application No. 10/886079, entitled
“System and Method for 3D Imaging,” our Docket No. 1980.001US1, filed on July 6,

2004, which is incorporated herein by reference.

Background of the Invention

Field of the Invention

This invention relates to determining range in three-dimensional imaging

systems.

Background Information
Laser techniques, such as LADAR (Laser Detection and Ranging) or “LIDAR”

(Light Detection and Ranging), are currently being used to image objects in three-
dimensional image systems. Light, often from a laser source, is directed toward an
object of interest. Reflected light from the object is then gathered and focused on one or
more photodetectors.

LADAR systems are capable of determining the distance to an object, for
example, by timing the travel time of light pulses sent round trip from a source to the
object and back to a detector. However, adapting such systems to image remote objects
challenges the sensitivity and speed of available devices. |

Stettner et al, in U.S. Patent No. 5,446,529 (1995), describes an array of
detectors placed at the image plane to detect a two-dimensional image frame, which can
be further processed to enhance the image. If adequate light is gathered and the
reflective emissions of the object are distinguishable from noise, an object can be

identified by such a system.
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In some laser imaging systems either the scanner or the receiver is scanned
across the object, and multiple laser pulses are used to probe the contours of the object.
An example of such an appfoach is shown in U.S. Patent No. 6,734,849, issued to
Dimsdale et al. on May 11, 2004.

In U.S. Patent No. 5,892,575 (1999), Marino, on the other hand, discloses a
system for imaging a scene using an array of monolithic light detectors operating in non-
linear Geiger mode. In one “scanner-less” embodiment disclosed by the patent, a
processor develops an image of the target scene based on the round trip travel times of
object-reflected photons received by a photodetector array at multiple positions on the
array.

The approaches to date have been complex and, therefore, expensive to produce
and maintain. What is needed is a system and method for imaging which addresses the
above issues and other issues that will become evident when reading the description

below.

Brief Description of the Drawings

Fig. 1 illustrates an imaging system according to the present invention;

Figs.2-4 illustrate other embodiments of an imaging system;

Fig. 5 illustrates a detector and a timing circuit according to the present invention;

Fig. 6 illustrates an interpolator which can be used in the timing circuit of Fig. 5;

Fig. 7 illustrates Nutt interpolation within the timing circuit of Fig. 5;

Fig. 8 illustrates the cascade of two interpolator circuits within the timing circuit of Fig.
S}

Fig. 9 illustrates time interpolation based on analog voltage readings; and

Figs. 10-12 illustrates resonator/attenuators according to the present invention.

Detailed Description of the Invention

In the following detailed description of the preferred embodiments, reference is

made to the accompanying drawings which form a part hereof, and in which is shown
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by way of illustration specific embodiments in which the invention may be practiced. It
is to be understood that other embodiments rﬁay be utilized and structural changes may
be made without departing from the scope of the present invention.

A representative system 100 for creating a high resolution three-dimensional
image of a scene of interest 101 is shown in Fig. 1. A pulsed light source 102, typically
a laser, is directed toward target scene 101. Some of the light is reflected back from the
scene. An array of detectors 104 receives the light from portions of the scene. The
distance from the system to the portion of the scene 101 in the field of view of a single
detector is determined by the time required for the light to illuminate that portion and
then return to the detectors 104.

In the embodiment shown in Fig. 1, imaging system 100 includes a laser 102,
optics 103, a detector array 104, a timer circuit 106, a processor 108, storage 110 and a
display 112. In one embodiment (such as is shown in Fig. 1), system 100 also includes
a resonator/attenuator 114 used to calibrate system 100 in a manner to be described
below. System 100 measures the round trip time for reflected laser pulse from one or
more targets for each of a two-dimensional array of pixels, providing an image with
millimeter range accuracy and resolution.

In one embodiment, such as is shown in Fig. 2, system 100 includes a pulse
generator 130 connected to a laser 132. The pulse generator issues an electrical pulse
which is turned into an optical pulse by laser 132. If the time from generation of the
electrical pulse to the optical pulse is repeatable, transmit time can be determined from
generation of the electrical pulse by pulse generator 130. If not, transmit time can be
determined based on generation of the optical pulse by laser 132.

System 100 measures the round trip time for reflected laser pulse from one or
more targets for each of a one or two-dimensional array of pixels, providing an image
with millimeter range accuracy and resolution. In the embodiments shown in Fig. 2,
optics 134 and detector 136 receive light reflected from object 101. Each detector 136
is connected to a timing circuit 138. In one embodiment, each timing circuit 138

includes a plurality of interpolators.
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An optical pulse is transmitted toward object 101 so that a portion of the optical
pulse is reflected from the object as a reflected pulse. The reflected pulse passes
through optics 134 and falls on detector 136. The time for the optical pulse to bounce
off object 101 and arrive at one or more of the detectors 136 is used to determine range
to object 101. In one embodiment, detecting arrival of the reflected pulse includes
integrating the reflected pulse over a predetermined interval of time to determine a
reflected pulse characteristic and recording a value representative of when the reflected
pulse arrived at detector 136. Range is then calculated as a function of the transmit
time, the receive time and the reflected pulse characteristic.

As noted above, there often-times is an undeterminable lag between stimulation
of laser 132 with an electrical pulse and issuance of an optical pulse by laser 132. In
such instances, transmit time must be calculated from issuance of the optical pulse. In
one embodiment, system 100 includes a detector 140 and a timing circuit 142 which can
be used to determine transmit time for the optical pulse. One such embodiment is
shown in Fig. 3.

In another embodiment, such as is shown Fig. 4, a portion of the optical pulse is
directed to detectors 136. That portion uses detectors 136 and timing circuits 138 to
determine a transmit time and amplitude for the optical pulse.

In one embodiment, detector array 104 and timer array 106 are implemented as a
hybrid of two chips, an array of detectors connected to an array of processing electronics
unit cells. Each detector on one chip is connected to its own processing-electronics unit
cell on the other chip. This defines one voxel in the image. Each processing-electronics
unit cell on the array contains an identical and unique integrated circuit which can store
one or more reflected-pulse transit times and either the associated reflected-pulse energy
or peak amplitude. Transit-time and pulse amplitude information for all pixels is read
out preferably between laser pulses.

In an alternative embodiment, the array of detectors and their associated
processing-electronics unit cells are distributed throughout an integrated circuit. While

this has the disadvantage of providing a smaller proportion of surface area to collect
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photons, it can be produced much more economically since the two chips do not need to
be mated.

A core principle of any pulsed lidar system is to measure the time between when
a pulse is emitted and when a reflected pulse is received. Light travels at the speed of
light, ¢y, for the medium in which it travels. Thus for a target which is d meters away,

the round trip time is ¢ =2d/c, . In air this is roughly 6.7psec/mm, so the fundamental

problem in a millimeter resolution pulsed lidar is to measure time to an accuracy of a
few picoseconds. Some techniques have been successful in making millimeter
measurements in a single pixel system, but for a variety of reasons there have been
difficulties in applying them to a sensor array. While numerous efforts have.been made
to measure time intervals in a focal plane array to millimeter accuracy, so far all have
fallen short of this goal.

A timing circuit 138 can be used in system 100 of Figs. 1-4 is shown in Fig. 5.
The returning light is detected by detector 150 and converted to an electrical signal. The
signal is amplified by transimpedance amplifier (TTA) 152, and then converted into a
signal appropriate to trigger a flip-flop by discriminator 154. The output of flip-flop
156 goes high when a first pulse is detected, and the output of flip-flop 158 goes high
only when a second pulse is detected. The time of arrival of the two pulses is converted
to a digital signal by time converters 160 and 162 and read out through multiplexer 168.

In one embodiment, timing circuit 138 includes gated integrators 164 and 166.
The amplitude of the two pulses is determined by integrating the signal from slightly
before the pulse starts until shortly after the pulse ends. In an alternative
implementation that is easier to implement, a peak detector can be employed rather than
a gated integrator. While simpler to implement, this is likely to provide poorer
performance as the peak of a pulse is not a good monotonic indicator of pulse energy,
particularly when the detector is operating in a non-linear region.

The measurement of pulse intensity is critical in making accurate range
measurements when the associated timing measurements are made between times at

which the pulses exceed a threshold and the required precision is significantly smaller
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than the pulse rise time. When the pulse returning from a target is larger, the threshold
is exceeded sooner, and this leads to an apparently shorter distance (ranging error). An
accurate measure of pulse intensity, such as provided by a gated integrator, provides an
effective means of compensating for this apparent error in range measurement. In an
alternative embodiment, a peak detector can be used to estimate pulse intensity;
however this provides much less accurate range compensation — particularly when the
detector is operating in saturation.

In a single pixel lidar implementation, the gated integrator can be triggered in
advance of the arrival of the received pulse by the introduction of a delay line of a few
nanoseconds. However, in an array implementation, the introduction of such a delay
line at each pixel would be prohibitive.

In one embodiment, such as is shown in Fig. 5, a pair of gated integrator blocks
164 and 166 are used for each of the start and stop pulses. In one such embodiment,
each gated integrator block includes a pair of gated integrators which are ping-ponged to
find the intensity of each of these pulses. In one such embodiment, each gated
integrator can be integrated over a time that is at least as long as the longest pulse that
will be observed. When the return pulse is detected, the alternation between integrators
is stopped, and the last integrated pulse is utilized to compensate the range
measurement. In one embodiment, reflected pulses are 1-20 ns in length when they
reach detector 136. In such an embodiment, one could design gated integrators 164 and
166 to integrate over 20 ns, with an overlap of 10 ns.

A method of determining the transit time for an optical pulse will be described
next. The simplest approach to measuring time interval between two pulses is to enable
a counter when the first pulse arrives, stop the counter when the second pulse arrives,
and record the number of counts. The number of counts times the clock period will be
the time. The basic problem with this is that in order to have a resolution of 1mm, the
clock frequency would have to be approximately 200GHz. This is neither economic nor

practical for a large array of sensors.
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Timing circuit 138 stretches the time interval two or more times, so that a more
modest clock frequency can be utilized to achieve the required accuracy. In one
embodiment, each time converter 160 and 162 includes at least one interpolator. An
interpolator measures the time between an asynchronous event and a subsequent master
clock pulse. In one embodiment, each interpolator includes an interpolator circuit 180
which charges a capacitor at a different rate than it discharges. An example interpolator
circuit 180 is shown in Fig. 6. An example timing diagram is shown in Fig. 7

The fundamental concept of this interpolator is to create a linear charging ramp
on a capacitor when the first pulse arrives, begin discharging this capacitor at a different
rate after a fixed number of master clock pulses, and enable a counter on the master
clock pulses until the capacitor arrives at its original state. Implementations of this
process have been previously called Nutt interpolators.

In operation, timing circuit 138 counts the number of clock pulses of the master
clock that occur between the arrival of the first pulse and the arrival of the second pulse.
In addition, an interpolator is applied to each pulse to measure the time between the two
pulses to an accuracy many times that of the master clock. If the time from the first
pulse to a subsequent master clock pulse is T4, the time from the second pulse to a
subsequent master clock pulse is Tp, and the time between these two selected clock
pulses is Tc, then the total time between the two pulses will be T=Ts+Tc-Ts. Tc will be
accurately measured in integer numbers of master clock pulses. The time intervals Ty
and Ty can be estimated by a pair of interpolators that effectively stretch the time by a
potentially large factor, enabling accurate measurement by counting with the same
master clock.

As illustrated in Fig. 6, before a triggering event (such as a pulse) arrives,
integrating capacitor 182 is held at a high level by upper current source 184. When
enabled, flip-flop 186 waits for a pulse and the coarse counter is enabled. When a pulse
arrives, flip-flop 186 is clocked, and that in turn causes integrating capacitor 180 to be
discharged by a lower current source 185 at a high rate, and the fine counter is enabled.

When the transition of flip-flop 188 propagates through the synchronizing flip-flops 188
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and 190, integrating capacitor 182 is then charged again by upper current source 184.
When the output of comparator 192 shows that the integrating capacitor has returned to
its original level, the fine counter is disabled.

In one interpolator embodiment, two or more separate interpolator circuits 180
are cascaded, with the discharge of one triggered when the previous capacitor has
returned to a threshold value. An example timing diagram for an interpolator having
two interpolator circuits 180 is shown in Fig. 8.

In one such embodiment, an interpolator includes five or six cascaded
interpolator circuits 180; the discharge of one interpolator circuit 180 is triggered when
the previous capacitor has returned to a threshold value. In one five interpolator circuit
embodiment, the clock operates at 100 Mhz and the rate of charging for each capacitor
is 8-16 (corresponding to 3 or 4 bits) times the rate of discharging. If the rate of
charging is 8 times that of discharging, such an embodiment leads to a total
interpolation of 875 or 32,768 times the rate of discharging. Interpolation capacitors
may, for instance, be on the order of 8-20 fF, with the charging/discharging currents
about 200-800nA.

The value of the intensity measurement, whether it corresponds to a peak
detection or a gated integrator, can be either digitized at the pixel and multiplexed as a
digital value or it can be multiplexed as an analog voltage to an off-chip analog-to-
digital converter. Nearly identical circuitry will suffice to digitize the intensity as was
used to measure the interpolated voltage — a counter will determine how long it takes to
reduce the stored voltage to an original value.

An alternative approach is to provide a single slope measurement of the timing
interpolation, saving the voltage on the interpolator until after all the pixel
measurements are performed. At that point the interpolated value can be multiplexed
off the chip with an analog multiplexer, rather than a digital multiplexer as provided in
the dual slope implementation. These values would then be converted by an off-chip

analog-to-digital converter. An example timing diagram for such an approach is shown

in Fig. 9.
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When a pulse is detected, a capacitor will be charged at a fixed rate until a
subsequent transition of the master clock. The value of the voltage on the capacitor will
be proportional to the time between the pulse and this clock edge. The multiplexer, in
this case, will transmit an analog voltage off chip.

In the case of a single slope timing interpolator, it is preferable to use an analog
multiplexer to transfer both the interpolator and intensity measurements off-chip.

As noted above, system 100 also may include a resonator/attenuator 114 used to
calibrate system 100. One impediment to making highly accurate measurements with an
individual pixel is the variation of circuit properties that can occur during operation,
including variations of laser pulse properties, environmental conditions and aging.
Additionally, within an array individual pixels may behave differently, and the variation
of their behavior may not track with environmental conditions or time. Also, when the
detectors operate in saturation, the intensity measurement may not be linear.
Consequently it is important to incorporate components which can allow the system to
compensate for these behaviors across the array.

In one embodiment, a fiber resonator/attenuator is added to characterize the
properties of individual pixels and their variation as a function of pulse properties,
environmental conditions, and aging; and the variation of behavior within the array.

The principle function of this assembly is to provide a known range of signals to the
receiver, essentially simulating the circumstances the receiver would experience when
presented with a test object but within the confines of the instrument. When in
calibration mode, the instrument will be presented with a sequence of pulses from the
resonator/attenuator 114, and measured results from this will be subsequently used to
adjust the measurements taken from real objects.

The mechanical construction of resonator/attenuator 114 can be as shown in Fig.
10. Resonator/attenuator 114 includes a variable attenuator 200, a fiber coupler 202, a
fiber resonator 204 and a fiber collimator 206. A small sample of pulse from laser 102
is passed through a variable attenuator 200 on its way to the fiber coupler 202. The

attenuator 200 permits simulating a wide range of return signal amplitudes, and
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determining their effect on the apparent round trip time delay. It can also be set to
prevent the laser pulses from reaching detector array 104 through this path; in that case
the only energy reaching the detector array is from a remote object being measured.

In one embodiment, fiber resonator 204 is assembled using an optical fiber 208
and a 2x2 coupler 210, as shown in Fig. 11. Optical fiber 208 can be a multimode fiber
if the bandwidth of the laser pulse is small enough, but it will need to be a single mode
fiber if the bandwidth of the fiber is large enough to cause significant dispersion over
the desired fiber length compared to the required timing precision.

Coupler 210 distributes the incoming pulse between the two output ports, with
any convenient distribution. As an example, a pulse delivered to the input of a 50-50
coupler would send half the power to each output port, so half the power would be
delivered to the detector array, and the other half would be delivered to the input of the
coupler, with a delay proportional to the length of the connecting fiber. This would
continuously repeat, delivering a sequence of pulses to fiber collimator 206. Fiber
collimator 204 couples the emerging laser pulse onto detector array 104.

It is preferable for the emerging pulse to arrive at every pixel in the detector
array simultaneously, but it is acceptable if the time variation across the array is
geometrically deterministic and repeatable.

In an alternative embodiment, a bundle 212 with multiple fibers is used to
simulate multiple time delays. These can be selected with a set of ranges approximately
the same as experienced by the detector when the system is operated to acquire data.
Such an approach is shown in Fig. 12.

Finally, in a third embodiment, the fiber resonator is either a single mode or
multimode fiber with the ends coated so that they are partially reflective. This
approach has two significant disadvantages over the other approaches: 1) the first pulse
arrives faster than subsequent pulses that have to traverse the fiber twice; and 2) the
reflective coating on the input facet will attenuate all the pulses, and will be reflected

back towards laser 102.

10
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The number and spacing of the pulses coming from resonator/attenuator 114 will
depend on the particular architecture for the resonator. However, the spacing will be
highly stable at a particular temperature of the fiber. The effective fiber length,
corresponding to the spacing between these pulses, can be characterized as a function of
temperature. Altematively, a fiber whose propagation is nearly independent of
temperature can be utilized, though this is can be more difficult and expensive to
produce.

In use, the calibrator compensates for the apparent ranges of objects measured in
the field. At the time of system construction, timing circuit 106 or 138 will be used to
measure the apparent ranges of the pulses coming from resonator/attenuator 114. These
values are recorded. One can assume that the fibers in the resonator/attenuator 114 will
not change length or refractive index over time. Then, when a new object is measured,

the measured ranges of the object will be altered depending on the apparent ranges from

' the calibration. For instance, if the calibrator measurements suggest that time intervals

are all being measured .5% longer, then the same amount will be added to the
measurements for the real object.

The calibrator can also be used to determine variations in measured range due to
variations in return intensity. Since the spacing of the pulses from the calibrator is
independent of intensity, the attenuation can be varied and both pulse intensity
measurements and time interval measurements can be recorded. This can be used to
produce a table of measured intensity vs. measured time. This table can then be used as
a correction to measurements taken from real objects, so that objects of differing
intensity but the same range will appear to have the same range as long as the
environmental conditions of the sensor remain unchanged. When the environment does
change, a new table of corrections must be acquired. This procedure adds significantly
to the system resolution and accuracy

The use of a partially coated single mode fiber to calibrate a scanning single-

detector lidar system has been described (see, e.g., Patent 6,246,468). However, when a

11
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narrow frequency laser is used, a multimode fiber provides sufficient accuracy, leading
to a much more economical and manufacturable component.

In the case that the laser pulse rise time is comparable to the desired precision,
range walk compensation will not be necessary, and the pulse intensity measurement
will not be needed. When the receiving detector array is operated in non-linear Geiger
mode as in Marino above, a single received photon can cause a state transition in the
receiver. In this case, the measurement of received pulse intensity can only be
determined on a statistical basis. However, if the pulse is large enough to have a high
likelihood of being detected, then it is most likely that the received photon appears in
the rise time of the laser. Thus, if the laser pulse rise time is comparable to the desired
precision, no pulse intensity measurement will be needed to compensate for any
apparent range walk. So to achieve Smm resolution, a laser pulse with a rise time
shorter than 35psec will be adequate to ensure that no range walk correction will be
required.

When the array is used to measure the inside of a sphere that is centered at the
camera, all the pixels should report the same range. Further, this should true for any
size sphere. However, variations in timing offset and scale will cause the measurements

to deviate from this idealization. A table of offsets and corrections for each pixel can be

developed, and typically this can be accomplished with any known surface at more than

one range. Typically, a flat surface would be measured at two or more ranges, and the
measured results would then be applied to all the pixels in subsequent measurements.
If, however, the correction table is created in the factory, the corrections are

unlikely to remain constant over time and temperature to millimeter accuracy,
principally because of variations in component parameters with temperature or aging.
The procedure would have to be applied periodically. However, the procedure cannot
be conveniently applied in the field, as suitable flat surfaces are unlikely to be
conveniently available. Even if suitable fixtures were available, it would be unknown

when or how often they should be applied. Further, the system operator would be

12
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required to execute a special procedure, and his future results would be dependent on
how well the procedure was followed.

The resonator array imposes the same pulse delay pattern across the detector
array every time since the geometry of the components will be unchanged. A single
factory calibration of the apparent differences across the array can be supplemented with
the apparent differences at the moment the array uniformity is being field evaluated, and
the sum of these corrections can be applied to every pixel when applied to real objects.

While timing interpolators are designed to provide an accurate, linear measure of
the elapsed time between asynchronous events and system clock pulses, real circuits can
only provide an approximation. The difference can become exceedingly important
when attempting to make measurements with picosecond precision, and also when the
interpolation ratios are large.

The nonlinearity at each pixel can be determined quite accurately if the pulse
arrival times are not coherent with the system clock. In that case, the likelihood of
making a measurement resulting in one of the potential interpolated values will be
proportional to the likelihood of the associated pulse arriving in the associated time slot
allocated to that value. So if the time T between clock periods is divided into M time
slots with end points to,...,tm, a large number of time measurements over all the pixels
will result in a distribution {ny; k=1..M} of time measurements with resulting
interpolated values in these time slots; that is, on each occasion we see an interpolated
value t with t;.;<t<t;, we increment n;. If the interpolator was truly linear, then this
distribution would be uniform; to the extent it is not uniform, a linearization of future

measurements can be expected to delivery superior accuracy. If the total number of

measurements is N = Z n, , then an approximate measure of the proportion of
k

measurements landing in the k™ time slot is n/N. There are a few similar and
reasonable ways to correct future measurements on the basis of these observations, but a
sensible (and successful) approach is to assign each new interpolated value the time
associated with the center of the time slot during which it occurs. Accordingly, a

sensible set of approximate correction factors can be estimated as

13
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c T nk
=) n+-+1
‘ N(Z 2)
When future timing measurements are made, and an interpolation between
system clock values lies between ty.; and ti, the value £, will be used in its place.

Slope compensation will be discussed next. When the surfaces being measured
are not normal to the laser radar, additional calculations must be made to enhance the
system accuracy. For instance, if the outgoing laser beam is Smm in diameter at the
target object, but hits a surface which is inclined at 60 degrees from the normal, the
pulse return will be distributed over an area which has almost a 9mm extent in range.
Therefore the return pulse could be as long as 58psec, even if the outgoing pulse is
instantaneous. In general, the calculated range will be somewhere within the observed
return spot. If the desired range is that of the center of the spot, as would normally be
the case, the surface normal must be known to adjust the range walk for the increase in
pulse width — otherwise the range walk correction will be smaller than necessary by
approximately the amount the pulse has been elongated.

A two step process is applied to obtain enhanced range information on inclined
surfaces While the ranges to inclined surfaces will be underestimated, the normal to
these surfaces will be well approximated if adjacent samples are on the same region.
Therefore, a good approximation of the surface normal can be obtained uncorrected
data. Then, in a second step, the range to the center of the laser spot can be determined
by increasing the first range estimate in accordance with this normal estimate.

Oversampling will be discussed next. In some cases it may be possible to
enhance the spatial resolution of a range image after the data has been acquired, as well
as the associated intensity image. This is true for both a range image acquired by a lidar
array as well as one which has been acquired by a laser scanner that has been
intentionally over-sampled. The algorithm for range image enhancement is similar to
ones that have been used in digital photography.

Let o(x,y) represent the range distribution associated with an object, and let
1(x,y) represent the range distribution associated with a blurred image of that object.
We assume that the blur the image has been subjected to is a linear, space-invariant
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transformation, describable by a known space-invariant point-spread function s(x,y).

Then the object and the image are related by:
Hx,y)= [[o&np(x-¢,y-n)dédn

We seek to obtain an estimate 6(x, y) of o(x,y), based on the measured range

image r(x,y) and the known point-spread function s(x,y).

Using the relationship between object and image in the frequency domain,

Flr(x, y)} = Fis(x, )®olx, y)} = S(fy. £, JO(fy 1)

an estimate of the spectrum of the original object can be obtained by simply

multiplying the image spectrum by a restoration filter H,
é(fx’fy)z H(fx:fy)R(fx,fy)’
where the restoration filter H, is given by H(fy, f; )= 87 (f, £, )-

An improvement of this estimate can be achieved by assuming the image is
embedded in noise, and is represented by:
r(x,)=o(x, y)® s(x, y)+ n(x, y)
Where n(x,y) is the noise associated with the detection process. If the power

spectral densities of the object and the noise are represented by @, (f, f;) and

D, (f o fy ) , then the transfer function of the optimum restoration filter is given by:

S"(fer fy)
H(fys fy)= X2 )
B

The present invention provides a device for three dimensional imaging of objects
using a single laser pulse. It overcomes the problems of prior systems in providing
millimeter accuracy and resolution. The device comprises a pulsed light source, means
for projecting the light towards the object, optics for collecting the reflected light,
sensors for detecting the reflected light, conditioning for analog signals produced by the
sensors, processors for recording intensity and timing data from the sensors, and a

computer and software for converting the sensor data to a highly accurate three
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dimensional image. An array of optics and electromechanical devices are operated in
concert with an algorithm to calibrate the system in situ to provide highly accurate
measurements.

In the above discussion, the term “computer” and “processor” are defined to
include any digital or analog data processing unit. Examples include any personal
computer, workstation, set top box, mainframe, server, supercomputer, laptop or
personal digital assistant capable of embodying the inventions described herein.

Examples of articles comprising computer readable media are floppy disks, hard
drives, CD-ROM or DVD media or any other read-write or read-only memory device.

Portions of the above description have been presented in terms of algorithms and
symbolic representations of operations on data bits within a computer memory. These
algorithmic descriptions and representations are the ways used by those skilled in the
data processing arts to most effectively convey the substance of their work to others
skilled in the art. An algorithm is here, and generally, conceived to be a self-consistent
sequence of steps leading to a desired result. The steps are those requiring physical
manipulations of physical quantities. Usually, though not necessarily, these quantities
take the form of electrical or magnetic signals capable of being stored, transferred,
combined, compared, and otherwise manipulated. It has proven convenient at times,
principally for reasons of common usage, to refer to these signals as bits, values,
elements, symbols, characters, terms, numbers, or the like. It should be borne in mind,
however, that all of these and similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied to these quantities. Unless
specifically stated otherwise as apparent from the following discussions, terms such as
“processing” or “‘computing” or “calculating” or “determining” or “displaying” or the
like, refer to the action and processes of a computer system, or similar computing
device, that manipulates and transforms data represented as physical (e.g., electronic)
quantities within the computer system'’s registers and memories into other data similarly
represented as physical quantities within the computer system memories or registers or

other such information storage, transmission or display devices.
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Although specific embodiments have been illustrated and described herein, it
will be appreciated by those of ordinary skill in the art that any arrangement which is
calculated to achieve the same purpose may be substituted for the specific embodiment
shown. This application is intended to cover any adaptations or variations of the present
invention. Therefore, it is intended that this invention be limited only by the claims and

the equivalents thereof.
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What is claimed is:

L. A method of imaging an object, comprising:
mounting an array of detectors in an image plane;
connecting each detector in the array of detectors to a timing circuit having one
or more interpolators, wherein each interpolator includes one or more interpolator
circuits, wherein each interpolator circuit charges a capacitor at a different rate than it
discharges;
transmitting an optical pulse toward an object so that a portion of the optical
pulse is reflected from the object as a reflected pulse, wherein transmitting the optical
pulse includes recording a first value, wherein the first value is representative of when
the optical pulse was transmitted toward the object;
detecting arrival of the reflected pulse at one or more detectors within the array
of detectors, wherein detecting arrival of the reflected pulse includes:
determining a reflected pulse characteristic representative of the reflected
pulse’s amplitude; and
recording a second value, wherein the second value is representative of
when the reflected pulse arrived at the detector; and
measuring range to the object as a function of the first and second values and the

reflected pulse characteristic.

2. The method according to claim 1, wherein determining a reflected pulse
characteristic includes integrating the reflected pulse over a predetermined interval of

time.

3. The method according to claim 1, wherein determining a reflected pulse

characteristic includes detecting peak amplitude.
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4. The method according to claim 1, wherein recording a second value includes
monitoring the detector to detect when the reflected pulse passes through a threshold,
recording a detection time corresponding to when the reflected pulse passed through the
threshold and correcting the detection time as a function of the reflected pulse

characteristic.

5. The method according to claim 1, wherein two or more interpolator circuits are
cascaded and wherein recording a second value includes initiating a first interpolator
circuit on arrival of the reflected pulse at the detector and initiating a second interpolator

circuit after the first interpolator circuit reaches a predetermined voltage.

6. The method according to claim 1, wherein transmitting an optical pulse includes
directing a portion of the optical pulse to a detector and wherein recording a first value

includes detecting arrival of the portion of the optical pulse at the detector.

7. The method according to claim 1, wherein transmitting an optical pulse includes
connecting a resonator/attenuator to the array of detectors and directing the optical pulse
into the resonator/attenuator such that the resonator/attenuator transmits two or more

optical pulses to the array of detectors.

8. The method according to claim 1, wherein recording a second value includes
initiating one of the interpolator circuits on arrival of the reflected pulse at the detector
and capturing a circuit voltage representative of charge across the first capacitor on a

subsequent clock edge.
9. The method according to claim 8, wherein initiating one of the interpolator

circuits includes discharging the interpolator circuit’s capacitor at a first rate until a

subsequent transition of the master clock.
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10.  The method according to claim 8, wherein initiating one of the interpolator
circuits includes:

discharging the interpolator circuit’s capacitor at a first rate until a subsequent
transition of the master clock; and

capturing voltage across the interpolator circuit’s capacitor.

11. A method of imaging an object, comprising:

mounting an array of detectors in an image plane;

connecting each detector to a timing circuit;

generating a correction table, wherein generating a correction table includes
connecting a resonator/attenuator to the array of detectors, directing a calibrating optical
pulse into the resonator/attenuator such that the resonator/attenuator transmits two or
more optical pulses to the array of detectors, and cotrecting for nonlinearities at each
detector;

transmitting a transmit optical pulse toward an object so that a portion of the
transmit optical pulse is reflected from the object as a reflected pulse, wherein
transmitting the transmit optical pulse includes recording a first value, wherein the first
value is representative of when the transmit optical pulse was transmitted toward the
object;

detecting arrival of the reflected pulse at one or more detectors within the array
of detectors, wherein detecting arrival of the reflected pulse includes:

integrating the reflected pulse over a predetermined interval of time to
determine a reflected pulse characteristic; and
recording a second value, wherein the second value is representative of
when the reflected pulse arrived at the detector; and
measuring range to the object as a function of the first and second values, the

reflected pulse characteristic and the correction table.
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12.  The method according to claim 11, wherein recording a second value includes

storing a value representative of a capacitor voltage.

13.  The method according to claim 11, wherein transmitting an optical pulse
includes directing a portion of the optical pulse to a detector and wherein recording a

first value includes storing a value representative of a capacitor voltage.

14. The method according to claim 11, wherein each timing circuit includes an
interpolator, wherein each interpolator includes an interpolator circuit which charges a
capacitor at a different rate than it discharges the capacitor, and wherein recording a
second value includes triggering the interpolator circuit as a function of when the

reflected pulse arrived at the detector.

15.  The method according to claim 14, wherein triggering the interpolator circuit
includes discharging the capacitor at a first rate until a subsequent transition of the

master clock.

16.  The method according to claim 14, wherein triggering the interpolator includes:
discharging the capacitor at a first rate until a subsequent transition of the master
clock; and

capturing voltage across the capacitor.

17.  The method according to claim 11, wherein the resonator attenuator includes a
variable attenuator, a fiber coupler, a fiber resonator and a fiber collimator and wherein
directing a calibrating optical pulse into the resonator/attenuator includes passing the

calibrating optical pulse through the variable attenuator and the fiber coupler.

18.  The method according to claim 17, wherein the variable attenuator can be set to

prevent optical pulses from reaching the detector array through the resonator/attenuator.
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19.  The method according to claim 11, wherein the resonator attenuator includes a
variable attenuator and a fiber bundle and wherein directing a calibrating optical pulse
into the resonator/attenuator includes passing the calibrating optical pulse through the

variable attenuator and the fiber bundle.

20.  The method according to claim 11, wherein the resonator attenuator includes one
or more optical fibers, wherein each end of each optical fiber is coated so that they are
partially reflective and wherein directing a calibrating optical pulse into the
resonator/attenuator includes passing the calibrating optical pulse through the one or

more optical fibers.

21. A system for rendering a three-dimensional image of an object, comprising:

a laser, wherein the laser generates an optical pulse and projects the optical pulse
on an object so that it is reflected as a reflected pulse;

a detector array, wherein the detector array includes a plurality of detectors,
wherein the detectors are oriented to receive the reflected pulse;

a timing circuit connected to the detector array, wherein the timing circuit
determines when the reflected pulse reached a detector on the detector array, wherein
the timing circuit includes one or more interpolators, wherein each interpolator includes
one or more interpolator circuits, wherein each interpolator circuit charges a capacitor at
a different rate than it discharges the capacitor; and

a processor connected to the timing circuit, wherein the processor calculates
transit time for the optical pulse as time between when the optical pulse was projected
on the object and when a pulse reflected from the object reached detectors on the

detector array in order to determine range to the object.

22.  The system according to claim 21, wherein each interpolator circuit includes:

a timing capacitor which can be set to a predetermined initial state;
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means for charging said capacitor at a first predetermined rate when a pulse is
detected; and
means for discharging said capacitor at a second predetermined rate until said

capacitor returns to its initial state.

23.  The system according to claim 21, wherein the timing circuit includes means for

storing a value representative of a peak of the reflected pulse.

24.  The system according to claim 21, wherein the timing circuit includes means for

storing a value representative of integration of the reflected pulse.

25.  The system according to claim 21, wherein the detector array further includes

means for coupling a resonator/attenuator between the laser and the detector array.

26. A device for imaging one or more three dimensional objects, including:

a pulsed light source;

means for transmitting light toward said objects;

optics for collecting light during the time for light to transit from said pulsed
light source, reflect from said objects, be collected and focused by said optics

one or more detectors, wherein the detectors are oriented for receiving the
collected light and converting the collected light into an electrical signal;

timing means, connected to the one or more detectors, for determining a transit
time for a pulse to leave the pulsed light source, reflect off the objects and return to one
or more of the plurality of deflectors, wherein the timing means includes one or more
interpolators, wherein each interpolator includes a circuit which charges at a different
rate than it discharges; and

calibration means, connected between the light transmitting means and the

detectors, wherein the calibration means includes a resonator.
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27.  The device according to claim 26, wherein the resonator includes a coupler

connected to an optical fiber.
28.  The device according to claim 26, wherein the light source is a laser.

29.  The device according to claim 28, wherein the detectors are avalanche

photodiodes operating in non-linear Geiger mode.
30.  The device according to claim 28, wherein pulse duration is less than 100psec.

31. A method for calibrating a device having a laser, two or more detectors, timing
electronics connected to the detectors and a processor, wherein the processor determines
transit time for output pulses transmitted from the laser to a remote target and back to
the detector, the method comprising:

providing a means for selectively coupling a variable portion of the output
pulses into one or more resonators;

periodically injecting output pulses from the laser in one end of the resonator
such that a pulse train exits the other end of the resonator;

monitoring pulses exiting the fiber with the detectors and generating a signal
when a pulse is detected at each detector;

passing the signal through the timing electronics to be calibrated;

monitoring variations in delay between pulses in the pulse train exiting the fiber;
and

calibrating the timing electronics as a function of the variations.

32.  The method of claim 31, wherein the resonators are optical fibers having an

optical path length whose variation with temperature can be accurately characterized.
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33.  The method of claim 31, wherein the resonators are optical fibers having a

optical path length that does not vary with temperature

34.  The method of claim 31, wherein the means of generating multiple pulses is a

fiber coupler.

35.  The method of claim 31, wherein the means of generating multiple pulses is a

fiber bundle.

36.  The method of claim 31, wherein monitoring pulses exiting the fiber includes

determining a transit time for pulses transmitted through the resonator/attenuator.

37. A method of correcting measurements of a three dimensional object comprising
the steps of:
taking a set of spatial measurements of the three dimensional object;
determining an approximation to the surface normals of said object;
estimating a range correction based on the surface normal; and

applying the range correction to the set of measurements.

38. A method of increasing the spatial resolution of the measurements of a three
dimensional object comprising the steps of:
estimating a blur function of the range measurements;
taking a set of spatial measurements of the three dimensional object; and
making a new set of spatial estimates based on the estimated blur function and

the spatial measurements.

39. A method of imaging an object, comprising:
mounting one or more detectors in an image plane;

connecting each detector to a timing circuit;
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connecting a resonator/attenuator to the one or more detectors, wherein the
resonator attenuator includes a variable attenuator, a fiber coupler, a fiber resonator and
a fiber collimator;

generating a correction table, wherein generating a correction table includes
directing a calibrating optical pulse into the resonator/attenuator such that two or more
optical pulses are projected on the one or more detectors, and correcting for
nonlinearities at each detector, wherein directing a calibrating optical pulse into the
resonator/attenuator includes passing the calibrating optical pulse through the variable
attenuator and the fiber coupler;

transmitting a transmit optical pulse toward an object so that a portion of the
transmit optical pulse is reflected from the object as a reflected pulse, wherein
transmitting the transmit optical pulse includes recording a first value, wherein the first
value is representative of when the transmit optical pulse was transmitted toward the
object;

detecting arrival of the reflected pulse at one or more detectors within the array
of detectors, wherein detecting arrival of the reflected pulse includes:

integrating the reflected pulse over a predetermined interval of time to
determine a reflected pulse characteristic; and
recording a second value, wherein the second value is representative of
when the reflected pulse arrived at the detector; and
measuring range to the object as a function of the first and second values, the

reflected pulse characteristic and the correction table.

40.  The method according to claim 39, wherein the variable attenuator can be set to

prevent optical pulses from reaching the detector array through the resonator/attenuator.

41. A method of imaging an object, comprising:
mounting one or more detectors in an image plane;

connecting each detector to a timing circuit;
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connecting a resonator/attenuator to the one or more detectors, wherein the
resonator/attenuator includes a variable attenuator and a fiber bundle;

generating a correction table, wherein generating a correction table includes
directing a calibrating optical pulse into the resonator/attenuator such that two or more
optical pulses are projected on the one or more detectors, and correcting for
nonlinearities at each detector, wherein directing a calibrating optical pulse into the
resonator/attenuator includes passing the calibrating optical pulse through the variable
attenuator and the fiber bundle;

transmitting a transmit optical pulse toward an object so that a portion of the
transmit optical pulse is reflected from the object as a reflected pulse, wherein
transmitting the transmit optical pulse includes recording a first value, wherein the first
value is representative of when the transmit optical pulse was transmitted toward the
object;

detecting arrival of the reflected pulse at one or more detectors within the array
of detectors, wherein detecting arrival of the reflected pulse includes:

integrating the reflected pulse over a predetermined interval of time to
determine a reflected pulse characteristic; and
recording a second value, wherein the second value is representative of
when the reflected pulse arrived at the detector; and
measuring range to the object as a function of the first and second values, the

reflected pulse characteristic and the correction table.

42.  The method according to claim 41, wherein the variable attenuator can be set to

prevent optical pulses from reaching the détector array through the resonator/attenuator.

43. A resonator/attenuator for calibrating an imaging system, comprising:
an attenuator;
a fiber coupler connected to the attenuator, wherein the fiber coupler includes a

first and a second output port and wherein the fiber coupler receives an optical pulse
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from the attenuator and distributes a portion of the optical pulse to the first and second
output ports;

a fiber resonator connected to the first output port of the fiber coupler, wherein
the fiber resonator receives the optical pulse transmitted by the first output port and
generates a pulse train; and

means for directing the pulse train on one or more detectors of an imaging

system.

44, The resonator/attenuator of claim 43, wherein the attenuator is a variable
attenuator, wherein the variable attenuator can be set to prevent optical pulses from

reaching the imaging system through the resonator/attenuator.

45. A resonator/attenuator for calibrating an imaging system, comprising:

an attenuator;

a fiber resonator connected to the attenuator, wherein the fiber resonator
includes a fiber bundle having a plurality of optical fibers, wherein each optical fiber
provides a different delay, wherein the fiber bundle receives an optical pulse transmitted
by the attenuator and transmits the pulse through the fiber bundle to an output; and

means for directing the ou’éput of the fiber bundle on one or more detectors of an

imaging system.

46, The resonator/attenuator of claim 45, wherein the attenuator is a variable
attenuator, wherein the variable attenuator can be set to prevent optical pulses from

reaching the imaging system through the resonator/attenuator
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