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MULTIPLE SYNCHRONIZED OPTICAL SOURCES
FOR TIME-OF-FLIGHT RANGE FINDING SYSTEMS

FIELD OF THE INVENTION

[0001] The invention relates generally to phase-based time-of-flight (TOF)
range finding systems, and more specifically to augmenting the source of
optical energy used by such systems with at least one additional optical
source that is dynamically frequency synchronized and phase synchronized
to the source of primary optical energy. Such additional optical source(s)
may be wirelessly located remote from the TOF system, or may be
removably pluggably attachable to the TOF system itself.

BACKGROUND OF THE INVENTION

woo2]  Time-of-flight (TOF) systems are known in the art, and include both
non-phased based systems such as described in U.S. patent no. 6,323,942
“‘CMOS-Compatible Three-Dimensional Image Sensor IC” (2001), and
phase-based systems such as described in U.S. patent no. 6,580,496
“Systems for CMOS-Compatible Three-Dimensional Image Sensing Using
Quantum Efficiency Modulation” (2003), which patent is incorporated herein
by reference as further background material.

[0003] Fig. 1A exemplifies a phase-based TOF system 100, for example a
system such as described in U.S. patent 6,580,496. TOF system 100 can
be implemented on a single IC 110, without moving parts and with relatively
few off-chip components. System 100 includes a two-dimensional array 130
of detectors (or sensors) 140, each of which has dedicated circuitry 150 for
processing detection charge output by the associated detector. Collectively a
detector 140 and its circuitry 150 comprise a pixel 155. In a typical
application, array 130 might include 100x100 pixels 155. IC 110 also
includes a microprocessor or microcontroller unit 160, memory 170 (which
preferably includes random access memory or RAM and read-only memory
or ROM), a high speed distributable clock 180, and various computing and
input/output (I/O) circuitry 190.
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[0004] Under control of microprocessor 160, an oscillator 115 causes a
source of optical energy 120 to be periodically energized and emit optical
energy Syyt Via lens 125 toward an object target 20. Typically the optical
energy is light, for example emitted by a laser diode or LED device 120. Sout
preferably is a periodic signal with modulation frequency components of
perhaps 200 MHz. For convenience, Squt may be represented as A+cos(wt).
Sout typically has low average and peak power in the tens of mW range,
which enables emitter 120 to be an inexpensive light source with a relatively
narrow bandwidth, e.g., a few hundred KHz. Some of the emitted optical
energy Sout Will be reflected off the surface of target object 20 as returning
energy Sin, which may be represented as Si, = A~cos(wt + @), where O is
relative phase shift. Returning energy Si, passes through an aperture field
stop and lens, collectively 135, and falls upon two-dimensional array 130 of
pixel detectors 140 where an image is formed. Note that S;» may include
ambient energy components in addition to the actively emitted Sy

components.

[0005] Each pixel 155 measures intensity (or amplitude) of received Si,,
and the relative phase shift (®) between received Si, and emitted Sot,
representing a measure of the roundtrip travel distance Z between system
100 and target object 20. For each pulse of optical energy transmitted by
emitter 120, a three-dimensional image of a portion of target object 20 is
acquired, where phase shift (P) is analyzed to determine distance Z.

[0006] Emitted optical energy Sou: traversing to more distant surface
regions of target object 20 before being reflected back toward system 100
will define a longer time-of-flight than radiation falling upon and being
reflected from a nearer surface portion of the target object (or a closer target
object). In addition, different values for distances Z will manifest as different
magnitudes of relative phase shift (®). Thus, relative phase shift phase (®)
can provide a measure of the distance Z between system 100 and the target
object 20. Detection of S, signals over multiple locations in pixel array 130
results in measurement signals that are referred to as depth images. The
acquired data includes luminosity data (e.g., signal amplitude A), and true
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TOF relative phase shift (P), to determine distance Z values to surface

regions of target objects 20.

[0007] In system 100’ there will be a phase shift ® due to the time-of-flight
(TOF) required for energy transmitted by emitter 120 (S1 = cos(wt)) to
traverse distance z to target object 20, and the return energy detected by a
photo detector 140’ in array 130’, S, = A+cos(wt + ®), where A represents
brightness of the detected reflected signal and may be measured using the
same return signal that is received by the pixel detector. Figs. 1B and 1C
depict the relationship between phase shift ® and time-of-flight, assuming for

ease of description a sinusoidal waveform with period T = 2m/w.

[0008] The phase shift ® due to time-of-flight is:
@ = 2¢wz/C = 2+(211f)*z/C

woos;  where C is the speed of light 300,000 Km/sec. Thus, distance z

from energy emitter (and from detector array) to the target object is given by:

[0010] Z = OC/ 2w = O-C/{2+(211)}

wo1r;  Various techniques for acquiring and processing three dimensional
imaging data acquired TOF systems are known in the art. For example, U.S.
patent no. 6,522,395 (2003) to Bamji et al. discloses Noise Reduction
Techniques Suitable for Three-Dimensional Information Acquirable with
CMOS-Compatible Image Sensor ICs.

[0012] The effective illumination provided by S, as seen by target object
120 varies inversely with the square of Z. Thus, increasing magnitude of
output power from emitter 120 can enhance system 100 performance,
providing more accurate measurements over increasing magnitudes of Z.
However in some systems emitter 120 may be bonded to IC 110, such that
replacing the emitter with a more powerful (higher wattage) device may be
difficult.

[0013] Thus, there is a need for a method by which one or more additional
optical sources could be provided to augment intensity of Sy illumination as

seen by the target object. Such additional sources could include relatively

-3-
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high powered emitter(s) located perhaps adjacent to system 100, and/or
emitter(s) of less power located closer to the target object than the TOF
primary source of optical power. However proper operation of the resultant
system dictates that optical energy from each additional source be

synchronized with optical energy Sout.

[0014] The present invention provides a method and system to provide at
least one additional optical source that is synchronized with the optical
energy generated by emitter 120 as source energy Seui. Such additional
optical source(s) may be wireless synchronized to the TOF system primary
optical source, and/or may be removably attached to the TOF system

housing and thus be wired rather than wireless.

SUMMARY OF THE INVENTION

[0015] The present invention recognizes that in many applications it is
desirable to augment the effective optical power emitted by a phase-based
TOF system to direct more optical energy toward at least a region of the
target object. Effective optical power augmentation is achieved in one
embodiment by including at least one auxiliary wireless optical emitter
(WOE) unit that is preferably optically and wirelessly dynamically
synchronized in modulation frequency and in phase to the Sy, emissions
from the TOF system. The WOE units are disposed so as to illuminate at
least a portion of the target object with their emitted optical energy. The
optical power emitted by such units may be less than, greater than, or even
the same as the S, optical power emitted by the TOF system. An
advantage of relatively low power WOE units is their reasonably small cost
and form factor, and the ability to dispose them relatively close to the target
object. The effective optical energy illumination provided by such unit(s)
disposed close to the target object can be very substantial. Preferably each
auxiliary optical emitter is a standalone unit, and may, but need not be,

battery operated.
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woi6]  As noted, quality of the depth images acquired by the TOF system is
a function of the incoming reflective S, optical energy. Generation of proper
depth images requires that all sources of S optical energy, i.e., the TOF
system optical emitter and all WOEs, be dynamically synchronized both with
respect to modulation frequency and phase relative to TOF system Squt
emitted optical energy. Preferably each WOE unit includes a first optical
sensor responsive to incoming Syt optical energy emitted by the TOF
system, an optical emitter that outputs optical energy, a free running voltage
controlled oscillator (VCO) nominally operating at the frequency of the TOF
oscillator, a second optical sensor responsive to optical energy emitted by
the WOE, and a preferably phase lock loop (PLL) system operating in closed
loop feedback to force frequency and phase of the optical energy emitted by
the WOE to match that of the incoming TOF optical energy Soui. Within each
WOE the frequency of the VCO is dynamically synchronized to the TOF
system St frequency using preferably PLL circuitry, and frequency
synchronization is confirmed by sampling the WOE unit emitted optical
energy. The phase of the WOE unit emitted optical energy is synchronized
with the TOF system Sq: phase, and phase synchronization is confirmed by
sampling the WOE unit emitted optical energy. Preferably, the first optical
sensor and the optical emitter in each WOE unit is mechanically swivelable,
SO as to better detect incoming Squt Optical energy, and to better direct the
unit’s emitted optical energy toward the target object. Preferably software
executed within the TOF system, preferably with hardware support, can
disregard initial time regions of S;, signals, during which time regions
synchronization lock is not yet attained. In addition, software executed
within the TOF system can intelligently assist, as needed, in processing S
information, taking into account, as needed, time needed to dynamically lock
frequency and phase for the WOE units, FOV, output power, and other
characteristics of individual WOE units. Preferably memory within each
WOE unit can store the most recently PLL synchronization parameters to
potentially hasten re-synchronization as Syy: optical energy changes in

frequency and/or phase.
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[0017] In a second embodiment, at least one auxiliary plug-wired optical
emitter (PWOE) unit is physically removably attachable to the housing of the
TOF system, preferably by a plug connection whose short wire length
minimizes propagation delay. The plug connection enables a very short wire
length to couple this PWOE to the drive signal to the TOF primary optical
emitter. Circuitry within the TOF system examines the delay lag in an image
acquired solely using each such PWOE unit, one at a time, and compares to
an image acquired solely using the TOF primary optical emitter. The TOF
system circuitry can compensate for the delay lag associated with data
acquired using optical energy from each PWOE unit used in isolation and
without optical energy from the primary optical unit. Alternatively, the TOF
circuitry can tune the delay of each PWOE to match the delay of the primary
optical unit. Any number of the thus properly delay-compensated or selected
PWOE(s) can then be used in parallel with the TOF system primary optical
source to increase the amount of optical energy falling upon the target
object. A TOF system may employ at least one WOE and at least one
PWOE unit, if desired.

[0018] Other features and advantages of the invention will appear from the
following description in which the preferred embodiments have been set forth

in detail, in conjunction with their accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1A is a block diagram of a generic phase-based TOF system,
according to the prior art;

[0020] FIG. 1B depicts a transmitted periodic S, signal with high frequency

components transmitted by the system of Fig. 1A, according to the prior art;

[0021] FIG. 1C depicts the return S, waveform with phase-delay for the
transmitted signal of Fig. 1B, according to the prior art;
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[0022] Fig. 2 is a block diagram of a generic phase-based TOF system
equipped with auxiliary wireless optical emitter (WOE) units, and with
auxiliary plug-wired optical emitter (PWOE) units, according to embodiments

of the present invention; and

[0023] FIG. 3 is a block diagram showing exemplary details of a WOE unit,
according to embodiments of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0024] Quality and resolution of depth images and data acquired by a TOF
system depends in part upon magnitude of the optical energy Sou: emitted by
the TOF system. As energy magnitude of Sy increases, effective Z range
increases, and resolution of the acquired depth data at a given depth Z
increases. In some applications, it may be desirable or necessary to
increase effective Syt optical power illuminating only a portion of the target
object. Magnitude of effective Sy, optical power illumination varies inversely
as the square of the distance Z separating the source of S,; and the target
object. Thus one solution to increasing effective optical power is to reduce
the distance Z. This can be accomplished by disposing at least one
additional auxiliary optical energy unit (WOE) closer to the target object. The
challenge, however, is to ensure that the frequency and phase of the
emissions from each WOE are dynamically in synchronism with the
frequency and phase of the TOF 100’ Sou: emissions from TOF emitter 120,
which is controlled by the TOF master oscillator 115. This challenge can be
daunting in that optical energy Sout generated by TOF system 100’ may
exhibit spread spectrum characteristics.

[0025] Embodiments of the present invention can provide a TOF system
with auxiliary plug-wired optical energy (PWOE) units and/or auxiliary
wireless optical energy (WOE) units. PWOE units will be described first with
respect to Fig. 2. TOF system 100’ may augment optical energy from its
primary emitter 120 with one or more PWOE units 210-1, 210-2, with one or
more WOE units 220-1, 220-2, etc., or with at least one PWOE unit and at
least one WOE unit. Output optical energy from a PWOE unit or from a

-7-
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WOE unit may be greater than, equal to, or less than power of the optical
energy Sout emitted by TOF system primary source 120. If desired, one or
more PWOE units could be used to generate system 100’ optical power in

lieu of emitter 120.

[0026] Turning first to auxiliary plug-wired optical emitter (PWOE) units, as
shown in Fig. 2, Fig. 2 TOF system 100’ has an internal primary source of
emitted optical energy 120 that can be augmented with and/or replaced by at
least one auxiliary plug-wired optical emitter (PWOE) unit such as 210-1,
210-2. The PWOE units preferably matingly plug into (or unplug from)
connectors 220-1, 220-2, which connectors 220-n are mounted on the
housing of TOF system 100’ adjacent if not exceedingly close to primary

optical emitter source 120.

[0027] When TOF system 100’ is manufactured, primary optical emitter
source 120 will have been calibrated to the system. But individual PWOE
units will not be so calibrated, and even though relative wire length between
the units and circuitry within TOF system 100’ will be short, uncalibrated
delay times are inherent. Unless corrected, the delay times associated with
various of the PWOE units will result in acquired depth data having incorrect

Z values.

[0028] In one embodiment PWOE units are calibrated against their inherent
delay times as follows. Initially TOF system 100’ acquires depth data from a
known target object 20, using only Se.: energy emitted by primary optical
energy source 120. Next, source 120 is temporarily disabled, and without
moving TOF system 100’ or target object 20, new depth data is acquired
using say Sout210-1, Which is emitted solely by PWOE unit 210-1. When a
single PWOE is used without primary optical unit 120, software preferably
within the TOF system can compensate for the delay difference of that
PWOE, without requiring any additional circuitry.



10

15

20

25

30

WO 2011/094762 PCT/US2011/023413

Alternately software and/or hardware 177 within TOF system 100’ can then
fine-tune delay for PWOE unit 210-1 to force its acquired data to match the
data obtained when using only primary source 120. Once so calibrated,
optical energy emitted by PWOE unit 210-1 is substantially indistinguishable
to target object 20 from optical energy emitted by primary source 120. The
energy seen by target object 20 from the various optical sources will appear
to have a common phase and a common frequency. This same calibration
procedure can be repeated to individually compensate delay for each PWOE
unit with which TOF system 100’ is to be used, where preferably module 177
in TOF system 100’ so compensates.

[0029] Once a PWOE unit is calibrated, its output optical energy is
effectively combined in parallel with that of primary source 120. Indeed in
some applications it may be desirable to use one or more PWOE units in lieu
of using primary source 120. One or more PWOE units may, for example,
output substantially more optical power than primary source 120. Of course
the power output by a PWOE unit may be the same as or less than the
power output by primary source 120.

[0030] Consider now embodiments of the present invention in which
auxiliary wireless optical emitter (WOE) units such as 220-1, 220-2, 220-3,
etc., are used to augment or even replace optical energy generated by TOF
system 100’primary source 120. Whereas the PWOE units described above
will typically be mounted extremely close to primary optical source 120, the
WOE units will typically be disposed away from TOF system 100’

[0031] Consider next use of auxiliary wireless optical emitter (WOE) units.
WOE units according to the present invention are more sophisticated than
PWOE units. As shown by Fig 2, embodiments of the present invention
augment effective optical power emitted by TOF system 100’ by disposing at
least one WOE unit 220-1, 220-2, 220-3, 220-4 that is preferably wirelessly
and preferably optically and dynamically synchronized in frequency and in
phase to the Syt emissions from TOF system 100. As noted, optical power
emitted by such units may be less than, greater than, or even the same as

-9-
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the Sout optical power emitted by the TOF system. An advantage of
relatively low power WOEs is their reasonably small cost and form factor,
and the ability to dispose them relatively close to the target object.
Preferably each WOE is a standalone unit, and may be battery operated.
Each WOE will have an output optical energy field-of-view (FOV) that may
differ with units having different characteristics. Some embodiments may
include reflective surfaces such as mirror(s) 185 to intercept some Sqt
energy from TOF system 100" and reflect same into a WOE unit.
Understandably in some applications, ideal location of the various WOE
units may be difficult, and reflective surfaces can better accommodate less
than idea placement of WOE units.

[0032] Understandably trade-offs exist between location or position of WOE
units and their individual FOVs. If, for example, WOE unit 220-3 may have
relatively low output power, perhaps 150 mW, but have a relatively wide
FOV. One could, if desired, add a collimator to the optical emitter in WOE
unit 220-3 to concentrate more optical energy within a narrower effective
FOV. If a FOV were too small, one could add a diffuser to the optical emitter
to extend and scatter the emitted light, effectively enhancing the FOV. For
the most part, TOF system 100’ is the same as TOF system 100 in Fig. 1A,
but will preferably include at least one software routine 175 stored or
storable in memory 170 that is executable by a processor, e.g., processor
160. Execution of routine 175 facilitates TOF system 100’ operation with

one or more WOE units, as described herein.

[0033] Some locations for WOE units are better than others. In Fig. 2,
clearly the path taken by optical energy from TOF 100’ directly to target
object 20 is less than the combined paths taken by optical energy from TOF
100" to WOE unit 220-1, and from WOE 220-1 to the target object. Better
performance is realized if the WOE unit can be disposed on a radial between
TOF 100" and the target object 20. When the WOE unit is disposed
relatively close to TOF 100, the ideal condition of radiality is generally
approximately satisfied. In practice, substantiality radiality may not occur,

-10 -
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and preferably software preferably associated with TOF 100’ can cause
appropriate corrections to be made.

[0034] Operating characteristics of TOF systems are generally determined
by the application to be carried out. Exemplary system characteristics for a
generic TOF system 100’ might be perhaps 1 W optical power output from
emitter 120, with a TOF system modulation frequency w may be on the order
of perhaps 50 MHz-100 MHz, with data acquired at 30-60 frames/sec. The
resultant TOF system will have an effective range of perhaps 3 M.
Exemplary WOE units would of course be dynamically synchronized to the
same system modulation frequency and would also be dynamically
synchronized to have the same phase as the TOF Sy, emissions.
Exemplary optical power output from individual WOEs might be as low as
perhaps 100 mW or as high as several watts.

[0035] Fig. 3 depicts an exemplary WOE 220-n, e.g., unit 220-1, or 220-2,
or 220-3, 220-4, etc. in Fig. 2. Itis a function of each WOE 220-n to receive
as an incoming signal Si, at least a fraction of the Syt optical energy emitted
by TOF system 100’, and to output optical energy Soui.n that is locked in
frequency w and phase ¢ with the incoming signal, Si». This functionality
preferably is implemented by preferably providing each WOE unit 220-n with
a phase lock loop (PLL) system 230. PLL 230 receives as a first input a
signal containing Si, frequency w and phase ¢ information, and receives as
a second input a signal containing Seut-n W and phase ¢ information. Closed
loop feedback causes the frequency w and phase ¢ of the Syui.n Optical
energy emitted by WOE 220-n to be locked to the frequency w and phase ¢
of the detected TOF emissions, Si,. Thus, the Sy, Optical energy emitted
by each WOE unit replicates in frequency and in phase the detected
incoming optical energy Si» emitted by TOF system 100’. Gain is realized in
that magnitude of S..n can be greater than magnitude of Si, and in that the
WOE unit may be placed in closer proximity to the target object than TOF
system 100’

-1 -
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[0036] In Fig. 3, optical energy Sout from TOF system 100’ (denoted as
signal Si) is detected by at least one optical sensor 240-A, 240-A’. The
various 240-A sensors are preferably mechanically mounted with swivel
mechanism 250 to facilitate aiming at the TOF system 100, to better detect
Sout €mMissions. Looking at the right hand portion of Fig. 3, optical energy
emitted by WOE emitter 260 is detected by WOE sensor 240-B, either
directly or through use of a fiber optics 270 or the like. Preferably emitter
260 is mechanically mounted with a swivel mechanism 280 to facilitate
aiming the Squi.n Optical energy toward the target object 20, or a region
thereon. Swivel mechanisms 250, 280 or the like better enable a WOE unit
to enhance and possible maximize magnitude of incoming S,,; optical energy
from the TOF system, and/or to enhance and possibly maximize magnitude
of emitted optical energy Sout.n from the WOE unit that falls upon the target
object. Understandabily it is desired to increase the magnitude of optical
energy falling upon the target object, which enhanced magnitude of optical
energy means a larger amplitude S;, signal will be reflected back to the TOF
system for detection. Of course optical energy Souin contributions from the
various WOE modules want to have proper modulation frequency and
phase, relative to what was emitted by the TOF system. Note that the signal
from sensor 240-B contains frequency w and phase ¢ information relating to

the WOE emitted optical energy Sout-n.

[0037] Within PLL 230, a comparator unit 290 receives as inputs both the
Sin and Soutn Signals, and thus receives frequency w and phase ¢ as to both
the incoming optical energy Si, and the WOE replicated output optical
energy Soutn. These signals are compared within comparator 290, and a
comparator output signal is coupled to a low pass filter 300. An output signal
from filter 300 drives a preferably voltage controlled oscillator 310, whose
output frequency w and output phase ¢ are forced by feedback to be locked
to the frequency and phase of Si,. It is understood that the power output
from emitter 260 may differ from the optical power emitted by TOF system
emitter 120 (see Fig. 1A).

12 -
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[0038] In this fashion, each WOE unit 220-n outputs optical energy Soutn
that is dynamically synchronized in frequency and in phase to the TOF
emitted optical energy signal Syy:. As far as the TOF sensor array 130 (see
Fig. 1A) is concerned, all incoming optical energy Si» may be regarded as
though emitted by the TOF emitter 120. In essence, each WOE 220-n
receives an input wavefront Sy, from TOF system 100, and replicates the
wavefront by generating an output wavefront Sq.t., that is synchronized in

frequency and in phase with the input wavefront.

wo3o]  As further shown in Fig. 3, each WOE unit 220-n preferably includes
a power supply Vcc, e.g., a battery, as well as memory 300 and a processor
310, coupled to optionally execute at least one routine stored in memory. In
some embodiments, memory 300 can store the most recent PLL lock
parameters for WOE unit 220-n. This is advantageous in that frequency and
phase synchronization within each WOE can be hastened by dynamically
storing each unit’'s most recent PLL parameters for lock condition.
Processor 310 preferably accesses the most recently stored lock data and
provides this information to the PLL system 250. PLL system 250 will
achieve its own frequency and phase lock, but starting with the most recently
stored lock parameters can quicken achievement of lock within each WOE.
Generating good depth data within TOF system 100’ requires that all Si,
signals be synchronized in frequency and in phase with respect to the TOF
emitted Sout signal. In practice it takes each WOE unit a finite amount of
time to generate Soui.n that is stably synchronized with respect to frequency
w and phase ¢ of the TOF S, optical emissions. Preferably routine 175 in
memory 170 (see Fig. 2) can store the longest, i.e., optimally stable, such
lock time information for the WOEs. This information is useable by
processor 160 (see Fig. 1A) to effectively instruct TOF system 100’ to
disregard portions of Sj, signals that include information from WOE'’s before

stable lock condition was achieved.

[0040] Understandably, in practice optical energy So.: falling upon 230 and
thus unit 220-1 may contain optical energy having multiple phases, due
perhaps to multi-pathing and/or contributions from perhaps another TOF
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system operating in the near vicinity. Seut optical energy may, for example,
bounce off a wall or furniture in the local environment before falling upon unit
220-1. In one embodiment, incoming St optical energy is spatially
discriminated, e.g., perhaps by being passed through a lens, e.g., lens 232
in Fig. 3. The presence of lens 232 causes only incoming TOF system
optical energy rays emanating from a given boresight to focus upon 240-A.
In another embodiment, multiple sensors 240-A, 240-A’ may be provided,
each preferably having its own boresight. This plurality of sensors may
share a common lens, e.g., 232°, or may have individual lenses such as lens
232 shown with sensor 240-A. These sensors may be implemented upon a
common substrate in array-like fashion, and preferably may be phase-based
pixels as described in many U.S. patents awarded to Canesta, Inc. of
Sunnyvale, California and now assigned to Microsoft, Inc. The plurality of
sensors 240-A may be used to form a basic depth image 234. A software
routine, e.g., stored in memory 300 associated with WOE 220-1 can
preferably intelligently identify and select from image 234 the best suited
sensor 240-A, 240-A’, etc., whose optical output signal will be used by PLL
250. Alternatively, optical or electromagnetic energy into, within, and out of
WOE 220-1 may be steered using other techniques, including without
limitation fiber optics, electrical cabling, etc.

[0041] In the various embodiments, it is understood that achieving lock
within PLL 250 does not occur instantaneously. Thus, to compensate for
this inherent delay, within TOF system 100’, clock module180 signals that
command start of optical output from primary optical energy emitter or
source120 will issue earlier in time than clock signals controlling signal
integration and optical energy detection within array 130. In other
embodiments, within the various WOEs, internal memory, e.g., 300, can
store previously encountered and observed frequency-phase regimes, and
can thus quickly access this information to shorten time needed to lock
frequency and phase. In some applications it may be desirable to allow at
least one WOE to emit at least some optical energy having a phase other
than the zero phase, e.g., to intentionally enable a WOE to “see” reflected

optical energy or electromagnetic radiations.
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[0042] Embodiments other than what has been described may also be
used. For example, referring to Fig. 1A and Fig. 2, one might use a first pixel
155 within pixel array 130 to sample incoming S, energy from a WOE. A
second pixel 155 within the array could be used to sample TOF system 100°
Sout, Perhaps using a fiber optic such as 270. An error between output
signals from these two pixel outputs could generate a signal to drive
synchronization. As shown in Fig. 3, the various WOEs may (but need not
be) be battery operated, and preferably when no optical energy or
electromagnetic incoming energy is detected, the various WOEs may shut-
down, to conserve operating power. Of course these units will be in a low
power consuming standby mode such that detection of incoming energy will
cause the WOEs to power on fully again. Optionally, the various WOE
operating parameters may be downloaded into the individual units via cable
or wirelessly, e.g., RF, or perhaps optically using special modulation from

TOF system 100'.

[0043] Modifications and variations may be made to the disclosed
embodiments without departing from the subject and spirit of the invention as

defined by the following claims.
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WHAT IS CLAIMED IS:

1. A phase-based time-of-flight (TOF) system that includes a primary
optical source that emits optical energy St having a modulation frequency
w and a phase ¢ and detects Sjn, which is at least a fraction of emitted said
optical energy that is reflected-back by a target object a distance Z away,
and determines said distance Z from a shift in said phase ¢ in Si,, said TOF
system further including:

at least one auxiliary optical emitting unit whose output optical energy
is substantially indistinguishable to said target object from optical energy
emitted by said TOF system,;

said auxiliary optical emitting unit including at least one of a wireless

optical emitting (WOE) unit, and a plug-wired optical emitting (PWOE) unit;

wherein optical energy emitted by each said auxiliary optical emitting
unit is substantially indistinguishable to said target object in modulation
frequency and phase as optical energy S, emitted by said TOF system.

2. The TOF system of claim 1, wherein said at least one auxiliary
optical emitting unit is a WOE unit disposed to receive a portion of emitted
said optical energy Sou: generated by said TOF system, said St having a
modulation frequency and a phase shift as received by said WOE unit, said
WOE unit generating output optical energy Sout.n dynamically locked to at
least one of modulation frequency and phase ¢ relative to optical energy
received by said WOE unit;

wherein operation of said at least one WOE unit increases effective
power of optical energy reflected back toward said TOF system by said

target object.
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3. The TOF system of claim 1, wherein said at least one WOE unit is
disposed in at least one location selected from a group consisting of (a)
disposing external to said TOF system, and (b) disposing a distance from
said target object less than said distance Z.

4. The TOF system of claim 1, wherein said at least one WOE unit

includes:

means for receiving a fraction of emitted said S, optical energy; and

means for generating optical energy Sout.n Synchronizable with at least
one of modulation frequency and phase with TOF generated said Sot optical
energy, as received by said WOE.

5. The TOF system of claim 1, wherein said at least one WOE unit

includes:
a voltage controlled oscillator (VCO);

a phase-lock-loop (PLL) unit that generates an error signal
representing at least one of error in said modulation frequency and error in
said phase between said Sy, and Seuin, Said error signal coupled in close
loop feedback to said means for generating to lock at least one of
modulation frequency and phase of Seut.n to modulation frequency and phase
of said Sout.

6. The TOF system of claim 1, wherein said at least one WOE
includes means for repositioning said WOE unit relative to said TOF system
S0 as to increase at least one of amount of incoming optical energy from Sout
received by said WOE, and amount of said Sout.n Optical energy emitted by
said WOE falling upon said target object.
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7. The TOF system of claim 1, wherein:

said at least one auxiliary optical emitting unit is a PWOE unit,
removably coupleable to said TOF system adjacent said primary optical

source; and

said TOF system includes means for calibrating said PWOE unit for

delay relative to said primary optical source.

8. The TOF system of claim 7, wherein said means for calibrating

includes:

means for acquiring a primary depth image of said target object using

only optical energy Sou emitted by said primary optical source;

means for acquiring a depth image of said target object using only

optical energy emitted by each said PWOE unit, one unit at a time;

means for comparing, one at a time, said primary depth image with
depth images acquired using optical energy emitted by each said PWOE

unit; and

means for compensating delay associated with each said PWOE unit
to minimize a difference between said primary depth image and a depth
image acquired with optical energy emitted by each said PWOE unit after
said compensation; said means compensating using software without

adjusting a delay of a PWOE unit.

9. The TOF system of claim 7, wherein said means for calibrating

includes:

means for acquiring a primary depth image of said target object using

only optical energy Sy emitted by said primary optical source;

means for acquiring a depth image of said target object using only
optical energy emitted by each said PWOE unit, one unit at a time;
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means for comparing said primary depth image with depth images
acquired using optical energy emitted by each said PWOE unit; and

means for changing the delay of said PWOE unit such that a
difference in depth data between at least one pixel in each acquired depth

image is minimized.

10. The TOF system of claim 5, wherein said system includes at least
one WOE unit that includes sensors receiving at least a fraction of optical

energy Sout, said WOE unit including:

means for forming a depth image using data acquiring by at least a
first sensor and a second sensor within said WOE unit, and

means for identifying from an output signal from each said sensor,

which sensor output to use in driving said PLL.

11. The TOF system of claim 10, wherein said at least one WOE
further includes memory storing best lock data for using in synchronizing
said PLL.

12. A method of dynamically enhancing detection performance of a
phase-based time-of-flight (TOF) system that emits optical energy Sout
having a modulation frequency w and a phase ¢ and detects S;,, which is at
least a fraction of emitted said optical energy that is reflected-back by a
target object a distance Z away, and determines said distance Z from a shift

in said phase @ in S, the method including:

using optical energy from at least one auxiliary optical emitting unit
whose output optical energy is indistinguishable to said target object from
optical energy emitted by said TOF system;

said auxiliary optical emitting unit including at least one of a wireless

optical emitting (WOE) unit, and a plug-wired optical emitting (PWOE) unit;
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wherein optical energy emitted by each said auxiliary optical emitting
unit is indistinguishable to said target object in modulation frequency and

phase as optical energy S, emitted by said TOF system.

13. The method of claim 12, including disposing said at least one
auxiliary optical emitting (WOE) unit to receive a portion of emitted said
optical energy Sout generated by said TOF system, said St having a
modulation frequency and a phase shift as received by said WOE unit, said
WOE unit generating output optical energy Sout.n dynamically locked to at
least one of modulation frequency and phase ¢ relative to optical energy
received by said WOE unit;

wherein operation of said at least one WOE unit increases effective
power of optical energy reflected back toward said TOF system by said

target object.

14. The method of claim 12, further including disposing said at least
one WOE unit in at least one location selected from a group consisting of (a)
disposing external to said TOF system, and (b) disposing a distance from
said target object less than said distance Z.

15. The method of claim 12, further including providing said at least
one WOE unit with:

means for receiving a fraction of emitted said S, optical energy; and

means for generating optical energy Sout.n Synchronizable with at least
one of modulation frequency and phase with TOF generated said Sy optical

energy, as received by said WOE.

16. The method of claim 10, further including providing said at least
one WOE unit with a closed-loop feedback system to force synchronization
of at least one of modulation frequency and phase of Sgut.n t0 modulation

frequency and phase of said Soy:.
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17. The method of claim 16, wherein said closed-loop feedback

system includes:
a voltage controlled oscillator (VCO);

a phase-lock-loop (PLL) unit that generates an error signal
representing at least one of error in said modulation frequency and error in
said phase between said Sy, and Seuin, Said error signal coupled in close
loop feedback to said means for generating to lock at least one of
modulation frequency and phase of Seut.n to modulation frequency and phase
of said Sout.

18. The method of claim 12, further including repositioning said WOE
unit relative to said TOF system so as to increase at least one of amount of
incoming optical energy from Sy received by said WOE, and amount of said
Sout-n Optical energy emitted by said WOE falling upon said target object.

19. The method of claim 12, wherein said at least one auxiliary
optical emitting unit is a plug-wired optical emitting (PWOE) unit, removably

coupleable to said TOF system adjacent said primary optical source; and

providing said TOF system with means for calibrating said PWOE for
delay relative to said primary optical source.

20. The method of claim 19, wherein said means for calibrating

includes:

acquiring a primary depth image of said target object using only

optical energy Sou: emitted by said primary optical source;

acquiring a depth image of said target object using only optical energy
emitted by each said PWOE unit, one unit at a time;

comparing said primary depth image with depth images acquired
using optical energy emitted by each said PWOE unit; and
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compensating delay associated with each said PWOE unit such that a
difference in depth data between at least one pixel in each acquired depth

image is minimized.

21. The method of claim 17, wherein said TOF system includes at
least one WOE unit having sensors that receive at least a fraction of optical
energy Sout, said WOE unit carrying out the following steps:

forming a depth image using data acquiring by at least a first sensor

and a second sensor within said WOE unit; and

identifying from an output signal from each said sensor, which sensor

output to use in driving said PLL.

22. The method of claim 19, wherein said means for calibrating

carries out the following steps:

acquiring a primary depth image of said target object using only
optical energy Sou: emitted by said primary optical source;

acquiring a depth image of said target object using only optical energy

emitted by each said PWOE unit, one unit at a time;

comparing said primary depth image with depth images acquired
using optical energy emitted by each said PWOE unit; and

changing delay of said PWOE unit such that a difference in depth
data between at least one pixel in each acquired depth image is minimized.

23. The method of claim 12, wherein said auxiliary optical emitting
unit is at least one said PWOE unit, the method further including;

disabling said primary source from outputting optical energy; and

operating said TOF system so as to acquire data using solely optical
energy output by at least one said PWOE unit.
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24. The method of claim 17, wherein said TOF system includes at
least one WOE unit that includes sensors receiving at least a fraction of

optical energy Syut, the method further including:

forming, within said at least one WOE unit, a depth image using data
acquiring by at least a first sensor and second sensor within said WOE unit;

and

identifying, within said at least one WOE unit, from an output signal

from each of said sensor, which sensor output to use in driving said PLL.

25. The method of claim 24, further including storing within each said

WOE unit, best lock data for using in synchronizing said PLL.
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