CHAPTER 4
SENSORS FOR MaAP-BASED POSITIONING

Most sensors used for the purpose of map building involve some kind of distance measurement.

There are three basically different approaches to measuring range:

» Sensors based on measuringtihee of flight(TOF) of a pulse of emitted energy traveling to a
reflecting object, then echoing back to a receiver.

« Thephase-shift measureme(air phase-@tectior) ranging technique involves continuous wave
transmission as opposed to the short pulsed outputs used in TOF systems.

» Sensors based on frequency-madied (FM) radar. This technique is somewhat related to the
(amplitude-moduwdted) phase-shift measurement technique.

4.1 Time-of-Flight Range Sensors

Many of today's range sensors usetthee-of-flight(TOF) method. The measured pulses typically
come from an ultrasonic, RF, or optical energy source. Therefore, the relevantteasanvolved

in range calculation are the speed of sound in air (roughly 0.3 m/ms — 1 ft/ms), and the speed of
light (0.3 m/ns — 1 ft/ns). Using elementary physics, distancetisrigiined by multiplying the
velocity of the energy wave by the time required to travel the round-trip distance:

d=vt (4.2)

where

d = round-trip distance

v = speed of propagation
t =elapsed time.

The measured time is representative of traveling twice the separation distance (i.e., out and back)
and must therefore be reduced by half to reswdtinal range to the target.

The advantages of TOF systems arise from trextlitature of their straight-line active sensing.
The returned signal follows essentially the same path back to a receiver located coaxially with or in
close proxmity to the transmitter. In fact, it is possible in some cdseshe transmitting and
receiving transducers to be the same device. The absolute range to an observed gty is dir
available as output with no complicated analysis required, and the technigue is not based on any
assumptions concerning the planar properties ortatien of the targetusface. Thamissing parts
problem seen in triangulation does not arisgduse minimal or noffset distance between
transducers is needed. Furthermore, TOF sensors maintain range accuracy in a linear fashion as long
as reliable echo detection is sustained, while triangulation scheffesdaninishingaccuracy as
distance to the target increases.

Potential error sources for TOF systems include the following:
« Variations in the speed of propagation, particularly in the case of acoustical systems.
» Uncertainties in determining the exact time of arrival of the reflected pulse.
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» Inaccuracies in the timing circuitry used to measuredhad-trip time of flight.
» Interaction of the incident wave with the targetface.

Each of these areasliivbe briefly addressed below, and discussattt in more detail.

a. Propagation SpeedFor mobile robotics apglations, changes in thopagation speed of
electromagnetic energy are for the most part inconsequential and can basically be ignored, with the
exception of satellite-based posittlocation systems as presented in Chapter 3. This is not the case,
however, for acoustically based systems, where the speed of sound is markedly influenced by
temperature changes, and to a lesser extent by humidity. (The speed of saiunalligoroportional
to the square root of temperature in degrees Rankine.) An ambient temperature shift 6f just 30 F
can cause a 0.3ater (1 ft) eror at a measured distance of 16ters(35 ft) [Evelett, 1985].

b. Detection Uncertainties So-calledime-walkerrors are caused by the wide dynamic range
in returned signal strength due to varyingeefivities of target wfaces. These differences in
returned signal intensity influence the rise time of the detected pulse, and in the case of fixed-
threshold detection will cause the moreeefive targets to appear closer. For thisoaasonstant
fraction timing discriminators are typically employed to establish dteator threshold at some
specified fraction of the peak value of the received pulse [Vuylsteke £990].

c. Timing Considerations Due to the relatively slow speed of sound in air, compared to light,
acoustically based systems fan#der timing demands than their light-basedieterparts and as a
result are less expensive. Conversely, the propagation speedtobmiagnetic energy can place
severe requirements on associated control and measurement circuitry in optical or RF implementa-
tions. As a result, TOF sensors based on the speed of light require sub-nanasecgrdduitry
to measure distances with a resolution lwd a foot [Koenigsburg, 1982]. More specifically, a
desired resolution of 1 millieter requires drhing accuracy of 3 picoseconds (3x10  s) [Vuylsteke
et al., 1990]. This capdiy is somewhat expensive to realize and may not be caosttefé for
certain applications, particularly at close range where high accuracies are required.

d. Surface Interaction When light, sound, or radio waves strike areobjany detected echo
represents only a small portion of the original signal. The remaining enereptsdafi scattered
directions and can be abbed by or pass through the target, depending oacudharacteristics
and the angle of incidence of the beam. Instances where no return signaiisd at all can occur
because of specular reflection at theeabs sirface, especially in the ultrasonic region of the energy
spectrum. If the transmission source approach angggsor exceeds a certain critical value, the
reflected energy will be deftted outside of the sensing envelope of the receiver. In cluttered
environments soundwaves can eeflfrom (multiple) obgcts and can then be received by other
sensors. This phenomenon is known as crosstalk (see Figure 4.1). To ampeseated
measurements are often averaged to bring the signal-to-noise ratioagttbiptable levels, but at
the expense of additional time required to determine a single range Bafeastein and Koren
[1995] proposed a method that allows individual sensorstiectiand reject crosstalk.
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Using this method much faster firing
rates —under 100 ms for a complete
scan with 12 sonars — are feasible.

4.1.1 Ultrasonic TOF Systems

Ultrasonic TOF ranging is today the
most common technique employed on
indoor mobile robotics systems, pri-
marily due to the ready availability of \3) wall 1
low-cost systems and their ease of
interface. Over the past decade, much
research has been comwtied investi-
gating applicability in such areas as
world modeling and collision avoid- a.
ance, position estimation, and motion NE—
detecton. Several researchers havgigure 4.1: Crosstalk is a phenomenon in which one sonar picks
more recently begun to assess thg the echo from another. One can distinguish between a. direct
effectiveness of ultrasonic sensors inrosstalk and b. indirect crosstalk.
exterior settings [Pletta et all992;
Langer and Thorpe, 1992; Pin awthtanabe1993; Hammond, 1994]. In the automotive industry,
BMW now incorpoatesfour piezoceramic transducers (sealed in a membrane for environmental
protecton) on both front and rear bumpers in its Park Distance Control system [Siuru, 1994]. A
detailed discussion of ultrasonic sensors and their characteristics with regatoaiorobile robot
applications is given in [JOrd994].

Two of the most popular commercially available ultrasonic ranging systéime weviewed in
the following sections.

Direction
of motion

4.1.1.1 Massa Products Ultrasonic Ranging Module Subsystems

Massa ProductsdaEporation, Hingham, MA, offers a full line of ultrasonic ranging subsystems with
maximum detection rangé®m 0.6 to 9.1 raters (2 to 30 ft) [MASSA]. Th&-201B seriesonar
operates in the bistatic mode with separate transmit and receive transducers, either side by side for
echo ranging or as an opposed pair for unambiguous distance measurement between two uniquely
defined points. This latter configuration is sometimes used in ultrasonic position location systems and
provides twice the edfctive operating range with respect to that adverfsedonventional echo
ranging. Thé=-220B serie¢see Figure 4.2) is designed for maldis (single transducer) operation
but is otherwise functionally identical to tBe201B Either version can be externally triggered on
command, or internally triggered by a free-runningliasor at a repetition rate determined by an
external resistor (see Figure 4.3).

Selected specifications for the four operating frequencies available E:2B6B seriesre listed
in Table 4.1 below. A removable focusihgrn is provided for the 26- and 40-kHz models that
decreases the effective beamwidth (when installed) from 35 to 15 degrees. The horn must be in place
to achieve the maximum listed range.
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Figure 4.2: The single-transducer Massa E-220B-series ultrasonic ranging module
can be internally or externally triggered, and offers both analog and digital outputs.
(Courtesy of Massa Products Corp.)
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Figure 4.3: Timing diagram for the E-220B series ranging module showing
analog and digital output signals in relationship to the trigger input. (Courtesy

of Massa Products Corp.)

Table 4.1: Specifications for the monostatic E-220B Ultrasonic Ranging Module Subsystems. The E-201
series is a bistatic configuration with very similar specifications. (Courtesy of Massa Products Corp.)

Parameter E-220B/215 E-220B/150 E-220B/40 E-220B/26 Units
Range 10-61 20 - 152 61 - 610 61-914 cm
4-24 8-60 24 - 240 24 - 360 in
Beamwidth 10 10 35 (15) 35(15) °
Frequency 215 150 40 26 kHz
Max rep rate 150 100 25 20 Hz
Resolution 0.076 0.1 0.76 1cm
0.03 0.04 0.3 0.4 in
Power 8-15 8-15 8-15 8-15 VDC
Weight 4-8 4-8 4-8 4-8 oz
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4.1.1.2 Polaroid Ultrasonic Ranging Modules

The Polaroid ranging module is
an active TOF device developed
for automatic camera focusing,
which determines the range td
target by measuring elapsed
time between the transmissio
of an ultrasonic waveform and
the detected echo [Biber et al.
1987, POLAROID]. This sys-
tem is the most widely found in
mobile  robotics literature
[Koenigsburg, 1982; Moravec
and Elfes, 1985; Evett, 1985;
Kim, 1986; Moravec, 1988;
Elfes, 1989; Arkin, 1989;
Borenstein and Koren, 1990; MADE 1N U< F~
1991a1991b; 1995; Borenstein Figure 4.4: The Polaroid OEM kit included the transducer and a small
et al., 1995], and is representaelectronics interface board.

tive of the general characteris-

tics of such ranging devices. The most basic configuration consists of two fundamental components:
1) the ultrasonic transducer, and 2) the ranging modeitgrehics. Polaroid offers OEM kits with

two transducers and two ranging module circuit boards for less than $100 (see Figure 4.4).

A choice of transducer types is now available. In the original instrument-grade electrostatic
version, a very thin etal digghragm mounted on a machined baekpformed a capacitive
transducer as illusited in Figuret.5 [POLAROID, 1991]. The system op¢es in the mnogatic
transceiver mode so that only a single transducer is necessary to acquire range data. A smaller
diameter electrostatic trans-
ducer {000-seriep has also
been made available, developed
for the PolaroidSpectracamera
[POLAROID, 1987]. A more
rugged piezoelectric9Q00-se- Retainer
ries) environmental transducer
for applications in severe envi-
ronmental conditions including
vibration is able to meet or ex-
ceed the SAE 1U55 January
1988 specificatiorfor heavy-
duty trucks. Table 4.2 lists the
technical specificationfor the
different Polaroid transducers.

The original Polaroid ranging = *Production

module functioned by transmit- Figure 4.5: The Polaroid instrument grade electrostatic transducer
ting achirp of four discete fre- consists of a gold-plated plastic foil stretched across a machined
backplate. (Reproduced with permission from Polaroid [1991].)

il

Inner ring

Grooved plate

Special foil
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guencies at about of 50 kHz. TB&I28827module wasdter developed with reduced partsint,

lower power consumption, and simplified computer irstegf requirements. This sea-generation
board transmits only a single frequency at 49.1 kHz. A third-generation b8B00 Eeries
introduced in 1990 provided yet a further reduction in iaiefcircuity, with the aliity to detect

and report multiple echoes [Polaroid, 1990]. Witrasonic Ranging Bveloper’s Kitbased on the
Intel 80C196microprocessor is now available for use with €0 seriesanging module that
allows software control of transmit frequency, pulse width, blanking time, amplifier gain, and
maximum range [Polaroid, 1993].

The range of the Polaroid system runs from about 41 cetaistol0.5 meters(1.33 ft to 35 ft).
However, using custom circuitry suggested in [POLAROID, 1991] the minimum range can be
reduced reliably to about 20 cenétars (8 in]JBorenstein et al., 1995]. The beam dispersion angle
is approxinately 30 degrees. A typical operating cycle is as follows.

1. The control circuitry fires the transducer and waits forceton that transmission has beg

2. The receiver is blankddr a short period of time to prevent falsstekction due to ringinfjom
residual transmit signals in the transducer.

3. The received signals are amplified with increased gain over time to catgfenshe decrease

in sound intensity with distance.

4. Returning echoes that exceed a fixed threshold value anelegicand the assated distances
calculatedrom elapsed time.

Table 4.2: Specifications for the various Polaroid ultrasonic ranging modules. (Courtesy of

Polaroid.)
Parameter Original SN28827 6500 Units
Maximum range 10.5 10.5 105 m
35 35 35 ft
Minimum range* 25 20 20 cm
10.5 6 6 in
Number of pulses 56 16 16
Blanking time 1.6 2.38 2.38 ms
Resolution 1 2 1%
Gain steps 16 12 12
Multiple echo no yes yes
Programmable frequency no no yes
Power 4.7-6.8 47-6.8 47-6.8 V
200 100 100 mA

* with custom electronics (see [Borenstein et al., 1995].)

Figure 4.6 [Polaroid]1990]illustrates the operation of the sensor ifngirtg diagram. In the
single-echanode of operation for the@500-seriesnodule, theblank (BLNK) and blank-inhibit
(BINH) lines are held low as theitiate (INIT) line goes high to trigger the outgoing pulse train. The
internal blanking(BLANKING) signal automatically goes hidior 2.38 milliseconds to prevent
transducer ringing from being misinterpreted as arnetd echo. Once a valid returneseived, the
echo (ECHO) output willdtch high until reset by a high-to-low transition on INIT.
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For multiple-echo processing, tbéanking (BLNK) input must be toggled high for at least 0.44
milliseconds after dtection of the first retrn signal to reset thechooutput for the next return.

INIT J \—
16 Pulses
TRANSMIT (INT)
BLNK l—\ l—\

BINH

]
BLANKING (INT) J
ECHO l_l l_l

Figure 4.6: Timing diagram for the 6500-Series Sonar Ranging Module executing a
multiple-echo-mode cycle with blanking input. (Courtesy of Polaroid Corp.)

4.1.2 Laser-Based TOF Systems

Laser-based TOF ranging systems, also knowlases radar or lidar, first appeared in work
performed at the Jet Propulsiondaaatory, Pasadena, CA, in the 1970s [Lewis and Johnson, 1977].
Laser energy is emitted in a rapid sequence of short bursts aireetliydt the object being ranged.

The time required for a given pulse to eefioff the obgct and rairn is measured and used to
calculate distance to the target based on the speed of light. Accuracies for early sensors of this type
could approach a few centers over the range of 1 to 5 met¥$ to 16.4 ft) [NASA, 1977;
Depkovich and Wolfe, 1984].

4.1.2.1 SchwartElectro-Optics Laser &gefinders

Schwartz Electro-Optics, Inc. (SEO), Orlando, FL, produces a number of laser TOF rangefinding
systems employing an innovative time-to-amplitude-conversion scheme to overcome the sub-
nanosecondrhing requirementseacessitated by the speed of light. As the laser fires, a precision
capacitor begins discharging from a known set point at a constentAn analoge-digital
conversion is performed on the sampled capacitor voltage at the precise instant a return signal is
detected, whereupon the resulting digital represgem is ©nverted to range using a look-up table.

SEO LRF-200 OEM Laser Rangefinders

The LRF-200 OEM Laser &gefindershown in Figure 4.7efatures compact size, high-speed
processing, and the ability to acquire rangerimation from most suaces (i.e., minimum 10-
percent Lambertian reflectivity) out to a maximuml6D meters(328 ft). The basic system uses a
pulsed InGaAs laser diode in conjunction with an avalanche photodibeetd, and is available
with both analog and digital (RS-232) outputs. Table 4.3 lists general sp#oifsfor the sensor's
performance [SEO, 1995a].
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Figure 4.7: The LRF-200 OEM Laser Rangefinder. (Courtesy of Schwartz Electro-Optics,

Inc.)

Another adaptation of the LREOO involved the addition of a mechanical sinQl®F beam
scanning capability. Originally developéat use in submunition sensor research,Sbanning Laser
Rangefinderis currently installed on board a remotely piloted vehicle. For thiscapiph, the
sensor is positioned so the forward motion of the RPV is perpendicular to the vertical scan plane,
since three-dimensional target profiles are required [SEO, 1991b]. In a secocdtapplihe
Scanning Laser &gefinderwas used by the Field Robotics Center at Carnegie Mellon University
as a terrain mapping sensor on their unmanned autonomous vehicles.

Table 4.3: Selected specifications for the LRF 200
OEM Laser Rangefinder. (Courtesy of Schwartz

Electro-Optics, Inc.)

Table 4.4: Selected specifications for the SEO
Scanning Laser Rangefinder. (Courtesy of Schwartz

Electro-Optics, Inc.)

Parameter Units Parameter Value Units
Range (non-cooperative 1t0 100 m Range 1-100 m
target) 3.3-328 ft 3.3-330 ft
Accuracy +30 cm Accuracy +30 f:m
+12 in 12 in
Range jitter #12 cm Scan angle 30 °
+4.7 in Scan rate 24.5- 30.3 kHz
Wavelength 902 nm Samples per scan 175
Diameter 89 mm Wavelength 920 nm
35 in Diameter 127 mm
Length 178 mm 5 in
7 in Length 444 mm
Weight 1 kg 17.5 in
22 b Weight 5.4 kg
Power 8t024 VDC 118 Ib
5 W Power 8-25 VDC
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SEO Scanning Helicopter Interference Envelope Laser Detector (SHIELD)

This system was developed for the U.S. Army [SEO, 1995b] as an onboard pilot alert to the presence
of surrounding obstructions in a 6QGtar radius hemispherical envelope below the helicopter. A
high-pulse-repetitionate GaAs eye-safe diode emitter shares a common aperture with a sensitive
avalanche photodiodestecor. The transmit and return beams ares#dfrom a motor-driven

prism rotating at 18 rps (see Figure 4.9). Range measurements aratedneth the azimuth angle

using an optical encoder. Detected obstacles are displaye8.5anegh color monitor. Table 4.5

lists the key specifications of tIBHIELD.

Table 4.5: Selected specifications for the Scanning
Helicopter Interference Envelope Laser Detector
(SHIELD). (Courtesy of Schwartz Electro-Optics, Inc.)

Parameter Value Units
Maximum range >60 m
(hemispherical envelope) >200 ft
Accuracy <30 cm
1ft
Wavelength 905 nm
Scan angle 360 *©
Scan rate 18 Hz
Length 300 mm
11.75 in
Weight 15 Ib
Power 18 VvDC
<5 A

Figure 4.8: The Scanning Helicopter Interference

Envelope Laser Detector (SHIELD). (Courtesy of
SEO TreeSense Schwartz Electro-Optics, Inc.)

The TreeSenseystem was developed by SEO for

automating the selective application of pesticides

to orange trees, where the goal was to enable individual spray nozzles only when a tree was detected
within their associated field of coverage. The sensing subsystem (see £RBjummnsists of a
horizontally oriented unit mounted on the back of an agricultural vehicle, suitably equipped with a
rotating miror arrangement that scans the beam in a vertical plane orthogonal tettiemiof

travel. The scan rate is controllable up to 40(8&srps typical). The ranging subsystemasegl on

and off twice duringeach revolution tdluminate two90-degree fan-shapedors to a maximum
range of 7.6 metelR5 ft) either side of the vehicle as shown in Figure 4.10. The existing hardware
is theoretically capable of ranging to 9 met@® ft) using a PIN photodiode and can be extended
further through an upgrade option that incogtes an avalanchghotodiode dtector.

The TreeSensesystem is hard-wired to a valve manifold to enable/disable a vertical array of
nozzles for the spraying of sticides, but analog as well as digital {&&) output can easily be
made available for other apgditions. The systemlwused in a rugged aluminum enclosure with
a total weight of only 2.2 kilograms (5 Ib). Power requirements are 12 W at 12 VDC. Fuathis d
on the system are contained in Table 4.6.
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SENSOR SCAN PATTERN

A

e SPRAY NOZZLRS S

TREESENSE SENSOR
Figure 4.10: Scanning pattern of the SEO TreeSense
system. (Courtesy of Schwartz Electro-Optics, Inc.)

Figure 4.9: The SEO TreeSense. (Courtesy of
Schwartz Electro-Optics, Inc.)

SEO AutoSense
The AutoSense system was developed by SEO under a Department of TréatsporSmall
Business Innovative Research (SBIR) effort as aaogwhentor buried inductive loops for traffic

signal control. (Inductive loops don’t always sense motorcyclists and some of the smaller cars with
fiberglass or plastic body panels, and agpiment or maintenance can be expensive as well as
disruptive to traffic flow.) The system is configured to look down at about a 30-degree angle on
moving vehicles in a traffic lane as illusted in Figuret.12.

AutoSenseuses a PIN photo-diodetéctor and a pulsed (8 ns) InGaAs nednared laser-diode
source with peak power of 50 W. The laser output isctird by a beam splitter into a pair of
cylindrical lenses to genate two fan-shaped beams 10 degrees apart in elevationproved
target detectin. (The original prototype pregted
only a single spot of I-ight’ but ran into IorObIem%’able 4.6: Selected specifications for the
due to target abs,orptlon and speculalemtbn.) TreeSeilvs.e system. (Courtesy of Schwartz Electro-

As an added benefit, the use of two separate beaspss, inc)
makes it possible to calculate the speed of movipgg_ -

Value Units

vehicles to an accuracy of 1.6 km/h (1 mph). Ifp__. " range om
addition, a two-dimensional image (i.e., length and 30 ft
Accuracy 1%

(in % of measured range)

 SCHUARTZ ELECTRU-OFTIGE
e SR e L e Wavelength 902 nm
Pulse repetition frequency 15 KHz
Scan rate 29.3 rps
Length 229 mm
9 in
Width 229 mm
9 in
Height 115 mm
45 in
el SREED o : Weight 5 Ibs
Figure 4.11: Color-coded range image created by Power 12 Vv
the SEO TreeSense system. (Courtesy of 12w

Schwartz Electro-Optics, Inc.)
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Figure 4.12: Two fan-shaped beams look down on moving vehicles for improved
target detection. (Courtesy of Schwartz Electro-Optics, Inc.)

width) is formed of each vehicle as it passes through the sensor’s field of view, opening the door for
numerous vehicle classification applicatiamgler the Intligent Vehicle Highway Systems concept.
AutoSense lis an improved second-generation unit (see Figure 4.13) that uses an avalanche
photodiode dtector instead of the PIphotodiode for grater sensitivity, and a multi-faceted
rotating miror with alternating pitches on adjent facets to create the two beams. Each beam is
scanned across the traffic lane 720 times per second, with 15 range measurements made per scan.
This azimuthal scanning action generates a precise three-dimensiofilal to letter faditate
vehicle classification in automated tbbhoth applations. An Abrevated system block diagram is

depicted in Figurd.14.

Figure 4.13: The AutoSense Ilis SEQO's active-infrared overhead vehicle
imaging sensor. (Courtesy of Schwartz Electro-Optics, Inc.)
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Figure 4.14: Simplified block diagram of the AutoSense Il time-of-flight 3-D ranging system. (Courtesy of
Schwartz Electro-Optics, Inc.)

Heated window

Intensity information from the redtted signal is used tmwrect the “time-walk” eor in
threshold detection resultiigpm varying target redctivities,for an improved rangaccuracy of
7.6 cm (3 in) over a 1.5 to 15 m (5 to 50 ft) field of regard. The scan resolution is 1 degree, and
vehicle velocity can be calculated with an accurac$.®fkm/h (2 mph) at speeds up to 96 km/h
(60 mph). A typical scan imageeated with the Autosense Il is shown in FigdirS.

A third-generationAutoSense llis now under development for an apgtion in Canada that
requires 3-dimensional vehicle profile generation at
speeds up to 160 km(th00 mph). Selcted specifications
for the AutoSense Il package are provided in Table 4.7.

Table 4.7: Selected specifications for the AutoSense |I
ranging system. (Courtesy of Schwartz Electro-Optics,

Inc.)
Parameter Value Units
Range 0.61-1.50 m
2-50 ft
Accuracy 7.5 cm
3in
Wavelength 904 nm
Pulse repetition rate 86.4 kHz
Scan rate 720 scans/s/scanline
Fi_gure 4.15: Output sample from a scan Range readings per scan 30
with the AutoSense II. )
a. Actual vehicle with trailer (photographed Weight 11.4 kg
with a conventional camera). 25 Ib
b. Color-coded range information. Power 115 VAC
c. Intensity image. 75 W

(Courtesy of Schwartz Electro-Optics, Inc.)
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4.1.2.2 RIEGL Laser Measurement Systems

RIEGL Laser Measurement Systems, Horn, Austria, offers a number of commercial products (i.e.,
laser binoculars, surveying systems, “speed guns,” level sensors, profile measurement systems, and
tracking laser scanners) employing short-pulse TOF laser ranging. Typicabéipph include lidar
altimeters, vehicle speed measurenfentaw enforcement, diision avoidanceor cranes and
vehicles, and level sensing in silos. All RIEGL products are distributed in the Undtess By

RIEGEL USA, Orlando, FL.

LD90-3 Laser Rangefinder

The RIEGLLD90-3 seriedaser rangefinder (see Figure 4.16) employs a near-infrared laser diode
source and a photodiodetéctor to pgorm TOF ranging out to 500eters(1,640 ft) with diffuse
surfaces, and to ovel,000 neters(3,281 ft) in the case of co-operative targets. Round-trip
propagation time is precisely measured by a quartzizégbclock and onverted to measured
distance by an internal microprocessor using one of two available algorithms. The optession
algorithm incorpoates a combination of range measurement averaging and noise rejection
techniques to filter out backscattewsm airborne particles, and is therefore useful when operating
under conditions ofgor visiklity [Riegl, 1994]. Thestandard measuremeatgorithm, on the other
hand, provides rapid range measurementsowit regard for noise suppression, and can subsequently
deliver a higher update ratender more favorable environmental conditions. Worst-case range
measurement accuracy is +5 cemiars (£2m), with typical values of around 2 cenéters (0.8

in). See Table 4.8 for a congpé listing of the LD0-3's katures.

The pulsed near-infrared laser is Class-1 eye safe under all operating conditions. A nominal beam
divergence of 0.1 degrees (2 mrad) for the LD90-3100 unit (see Tab. 4.9 below) produces a
20 centimeter (8 infootprint of illumination at100 neters(328 ft) [Riegl, 1994]. The complete
system is housed in a small light-weighetad enclosure weighing onty5 kilograms (3.3 Ib), and
draws 10 W at 11 to 18 VDC. The standard output format is serial RS-232 at programmable data

Figure 4.16: The RIEGL LD90-3 series laser rangefinder. (Courtesy of Rieg|
USA)
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rates up to 19.2 kilobits per second, but RS-422 as well as analog options (0 to 10 VDC and 4 to 20
mA current-loop) are available upon request.

Table 4.8: Selected specifications for the RIEGL LD90-3 series laser rangefinder. (Courtesy of RIEGL
Laser Measurement Systems.)

Parameter LD90-3100 LD90-3300 Units
Maximum range (diffuse) 150 400 m
492 1,312 ft
(cooperative) >1000 >1000 m
>3,280 >3,280 ft
Minimum range 1 35 m
Accuracy (distance) 2 5 cm
Ya 2 in

(velocity) 0.3 0.5 m/s

Beam divergence 2 2.8 mrad

Output (digital) RS-232, -422 RS-232, -422

(analog) 0-10 0-10 vDC

Power 11-18 11-18 vDC
10 10 W

Size 22x13%7.6 22x13x7.6 cm
8.7x5.1x3 8.7x5.1x3 in
Weight 3.3 3.3 Ib

Scanning Laser Rangefinders

The LRS90-3 Laser Radar Scanner is an adaptation of the basic LD90-3 electronics, fiber-optically
coupled to a remote scanner unit as shown in Figure 4.17. The scanner package contains no internal
electronics and is thus very robust under demanding operating conditions typical of industrial or
robotics scenarios. The motorized scanning head pans the beam back and forth in the horizontal plane
at a 10-Hz rate, resulting in 20 data-gathering sweeps per second. Beam divergence is 0.3 degrees
(5 mrad) with the option of expanding in the vertical direction if desired up to 2 degrees.

C > Scan Axis

7, \ —t—
@ © o) U == |
7 Transmit lens
o (0 © ol 100 {7
R 0 m V ‘ Receive lens
e o __o| | 4 o A
_ “ 180 mmw; B 100 _
Top view - Front view -

Figure 4.17: The LRS90-3 Laser Radar Scanner consists of an electronics unit (not shown) connected via
a duplex fiber-optic cable to the remote scanner unit depicted above. (Courtesy of RIEGL USA.)
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ThelLSS390 Laser Scanning Systismery similar to the LRE-3, but scans a more narrow field
of view (10) with a faster update rg000 Hz) and a more tightly focused beam. Ratgriracy
is 10 centimeters (4 in) typically and 20 centimeters (8 in) worst case. TBOW 86it is available
with an RS-422 digital output (19.2 kbs starejd 50 kbs optional) or a 20 bit parallel TTL intexé.

Table 4.9: Typical specifications for the LRS90-3 Laser Radar Scanner and the LSS390 Laser

Scanner System. (Courtesy of RIEGL USA.)

Parameter LRS90-3 LSS390 Units
Maximum range 80 60 m
262 197 ft
Minimum range 2 1m
6.5 3.25 ft
Accuracy 3 10 cm
1.2 4 ft
Beam divergence 5 3.5 mrad
Sample rate 1000 2000 Hz
Scan range 18 10 ~
Scan rate 10 10 scans/s
Output (digital) RS-232, -422 parallel, RS-422
Power 11-15 9-16 VDC
880 mA
Size (electronics) 22x13x7.6 22x13x7.6 cm
8.7x5.1x3 8.7x5.1x3 in
(scanner) 18x10x10 18x10x10 cm
Tx4x4 7x4%x4 in
Weight (electronics) 7.25 2.86 Ib
(scanner) 3.52 2 1b

4.1.2.3 RVSI Long @igal Ranging and [tection System

Robotic Vision Systems, Inc., Haupaugue, NY, has conceptually designed-bdasd TOF ranging
system capable of acquiring three-dimensional imagefdatm entire scene without scanning. The
Long Optical Ranging and Detection Systg®@RDS)is a patented concept mnporating an optical
encoding technique with ordinary vidicon or solidte camera(s), resulting in precise distance
measurement to multiple targets in a scene illateid by a single laser pulse. The design
configuration is relatively simple and comparable in size and weight to traditional TOF and phase-
shift measurement laser rangefinders (Figure 4.18).
Major components ilVinclude a single laser-energgwce; one or more imaging cameras, each
with an electronically implemented shuttering mechanism; and the associated conpralcassing
electronics. In a typical configuration, the lasall emit a 25-mJ (illijoule) pulse lasting 1
nanosecond, for an efttive transmission of 25 mW. The anticipated operational wavelength will
lie between 532 and 830 nanetars, due to the ready availdp within this range of the required
laser source and imaging arrays.
The cameras will be twedimensional CCD arrays spaced closely together with parallel optical
axes resulting in nearly identical, multiple views of the illleiéd sirface. Lense®r these cameras
will be of the standard photographic varieties between 12 andnif@beters. The shuttering
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Figure 4.18: Simplified block diagram of a three-camera configuration of the LORDS 3-D laser TOF
rangefinding system. (Courtesy of Robotics Vision Systems, Inc.)

function will be peformed by microchannel ale image intensifiers (MCPs) 18 or i28limeters in
size, which will be gted in a binary encoding sequence, effectivedgihg the CCDs on and off
during the detection phase. Control of the systdhbeshandled by a singlboard processor based
on the MotorolaMC-68040

LORDSobtains three-dimensional image information in real time by employing a novel time-of-
flight technique requiring only a single laser pulse to collect allitteernation for an entire scene.

The emitted pulse journeys a finite distance over time; hence, light travelingiitis@conds will
iluminate a scenturther away than light traveling onlyriillisecond.

The entire sensing range is divided into discrete distance increments, each representing a distinct
range plane. This is accomplished by simultaneously gating the MCPs of the observation cameras
according to their own uniguzn-off encoding pttern over theuration of the detection phase. This
binary gating alternately blocks and passes amymelg refection of the laser emissiaff objects
within the field-of-view. When the gating cyclesaedch camera are lined up and compared, there
exists a uniquely coded correspondence which can be used t@atmatte range to any pixel in the
scene.

Transmitted pulse

’ Schematic of portion

llluminated vs time
|
/l/ A Schematic of portion
]
]

received vs time
(delayed)

|
Object to lens delay }
/|/ W Range gate 1 (A)
/|/ |—| I— Range gate 2 (B)

e
‘lz

Range gate 3 (C)

Figure 4.19: Range ambiguity is reduced by increasing the number of binary range gates. (Courtesy of
Robotic Vision Systems, Inc.)
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For instance, in a system configured with only one camera, the gating MCP would be cycled on
for half the etectionduration, then off the remainder of the time. Figure 4.19 shows any object
detected by this camera must be positioned within the first half of ther'semgerall range (half
the distance the laser light could travel in the allotted detection time). However, significant distance
ambiguity exists because the exact time of detection of the reflected energy could haretocc
anywhere within this relatively long interval.

This ambiguity can be reduced by a factor of two through the use of a second camera with its
associated gating cycled at twice the rate of the first. This scheme would create two compféte
sequences, one taking place while the first camera is on and the other while the first cafhera is
Simple binary logic can be used to combine the camera outputs and further resolve the range. If the
first camera did not detect an object but theosddid, then by examining the instance when the
first camera is off and the second is on, the range to tkeetad®n be associated with a relatively
specific time frame. Incorporating a third camera at again twice the gating frequency (i.e., two cycles
for every one of camera two, afalr cycles for every one of camera one) provides even more
resolution. As Figure 4.20 shows, fach additional CCD array iagporated into the system, the
number of distance divisions is effectivelgubled.

Range gate 1 Range gate 2 Range gate 3 Composite

Figure 4.20: Binary coded images from range gates 1-3 are combined to generate
the composite range map on the far right. (Courtesy of Robotics Vision Systems, Inc.)

Alternatively, the same encoding effect can be achieved using a single camera when little or no
relative motion exists between the sensor and the target area. In this scenario, the laser is pulsed
multiple times, and the gating frequency for the single camera is sequentially chaegel atw
transmission. This elates the same detection intervals derbe but with an increase in the time
required for @ta acquisition.

LORDSis designed to operate over distances between one meter and several kilometers. An
important chaacteristic is therojected allity to range over sektive segments of an observed
scene to improve resolution in that the depth of field over which a given number of range increments
is spread can be variable. The entire range of interest is initially observed, resulting in the maximum
distance between increments (coarse resolution). Agtbbgtected at this stage is thus localized
to a specific, abbreated region of the total distance.

The sensor is then electronically reconfigured to cycle only over this region, which significantly
shortens the distance between increments, thereby increasing resolution. A known delay is
introduced between transmission and the time whendtextion/gatingrocess is initiated. The
laser light thus travels to the region of interest without concern factsbpositioned in the
foreground.
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4.2 Phase-Shift Measurement

The phase-shift measuremefur phase-@tectior) ranging technique involves continuous wave
transmission as opposed to the short pulsed outputs used in TOF systems. A beam of amplitude-
modulated laser, RF, or acoustical energy isaled towards the target. A smadirtion of this wave
(potentially up to six orders of magnitude less in amplitude) isatftl by the object'sidace back

to the detector along a direct pg@hen et al., 1993]. The returned energy is compared to a
simultaneously generated reference that has beef§flibm the original signal, and the relative
phase shift between the two is measured as ditesdrin Figure4.21 to ascertain the round-trip
distance the wave has traveled. For high-frequency RF- or laser-based systeatgrdis usually
preceded by hetagigning the reference andaeived signals with an intermediate frequency (while
preserving the relative phase shift) to allow the phase detector to operate at amaergent lower
frequency [Vuylsteke, 1990].
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Figure 4.21: Relationship between outgoing and reflected waveforms, where x is the
distance corresponding to the differential phase. (Adapted from [Woodbury et al.,
1993].)

The relative phase shift expressed as a function of distance to #atingftarget wrface is
[Woodbury et al., 1993]:

47d
it 4.1
¢ . (4.1)
where

¢ = phase shift
d = distance to target
A = modulation wavelength.
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The desired distance to targkas a function of the measured phase ghift therefore given by

q- 9t _ oc 4.2)
47 4xf
where

f = modulation frequency.

For square-wave modulation at the relatively low frequencies typical of ultrasonic systems (20
to 200 kHz), the phase difference between incoming and outgoindgomagecan be measured with
the simple linear circuit shown in Figure 4.22 [Figueroa and Barbieri, 1991]. The output of the
exclusve-or gate goes high whenever itguts are at opposite logic levels, generating a voltage
across capacitor C that is proportional to the phase shift. For example, when the two signals are in
phase (i.e.¢ = 0), the gte output stays low andis zero; maximum output voltage occurs when
¢ reachesl80 degrees. While easy to implement, this simplistic approatimiied to low
frequencies, and may require frequent calibration to compefwatkifts and offsets due to
component aging or changes in ambient conditions [Figueroa and Lamancusa, 1992].

At higher frequencies, the phase shift between outgoing and reflected sine waves can be
measured by multiplying the two signals together in an electronic mixer, then averaging the product
over many modulation cycles [Woodbury et al., 1993]. This integration process can be relatively
time consuming, making it difficult to achieve extremely rapid update rates. The result can be
expressed mathematically as follows [Woodbury et al., 1993]:

)
im2 | sid 27C¢. 47d) i 27C] gt “3)
mT PR 2

0

which reduces to - Phase
vl Bl
4md
Acos—— (4.4) i |
b Vi R %
\ I
4 4 L /
Where_ ve XOR Gate I ¢
t = t|me Figueroadsd, wif e
T = averaging interval Figure 4.22: At low frequencies typical of ultrasonic
A = amplitude factor from gain of inte- systems, a simple phase-detection circuit based on an
grating amplifier. exclusive-or gate will generate an analog output voltage

proportional to the phase difference seen by the inputs.

. . . (Adapted from [Figueroa and Barbieri, 1991].)
From the earlier expression for it can

be seen that the quantity actually measured

is in fact thecosineof the phase shift and not the phase shift itself [Woodbury et al., 1993]. This
situation introduces a so-calleanbiguity intervalfor scenarios where the round-trip distance
exceeds the adulation wavelength (i.e., the phase measurement becomes ambiguowds once
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exceeds 3670. Conrad and Sampson [1990] define this ambiguity interval as the maximum range
that allows the phase difference to go through one cmplcle o360 degrees:
c

a = of (4.5)

where

R, = ambiguity range interval
f = modulation frequency
c = speed of light.

Referring again to Figure 4.21, it can be seen that the total round-trip disthisegRal to some
integer number of wavelength& plus the fractional wavelength distancassociated with the
phase shift. Since the cosine relationship is not single valued fordgltioére will be more than one
distanced corresponding to any given phase shift measurement [Woodbury et al., 1993]:

cosp = co{ %d) = co{ W) (4.6)

where:

d =(x + nd) /2= true distance to target.

x = distance corresponding to differential phése
n = number of complete omdulation cycles.

The potential for erroneous information as a result ofaimbiguity intervakeduces the appeal
of phase-detection schemes. Some applications simply avoighsaldems by arranging the optical
path so that the maximum possible range is within the ambiguity interval. Alternatively, successive
measurements of the same target using two different modulation frequencies can be performed,
resulting in two equations with two unknowns, allowing bbo#tndn to be uniquely determined. Kerr
[1988] describes such an implentation using rodulation frequencies of 6 and 32 MHz.

Advantages of continuous-wave systems over pulsed time-of-flight methods includditthe ab
to measure the direction and velocity of a moving target in addition to its range. In 1842, an Austrian
by the name of Johann Doppler published a paper describing what has since become known as the
Doppler effect This well-known mathematical relationshiates that the frequency of an energy
wave reflected from an object in motion ifuaction of the relative velocity between the object and
the observer. This subject was discussed in detail in Chapter 1.

As with TOF rangefinders, the paths of the source and the reflected beam arefeppkiase-
shift-measurement systems. This characteristic ensures objeutst ceast shadows when
illuminated by the energyosirce, preventing theissing partgroblem. Even grater measurement
accuracy and overall range can be achieved wbeperative targets aedgtached to the objects of
interest to increase the power density of the return signal.
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Laser-based continuous-wave (CW) ranging oaiggd out of wrk performed at the Stanford
Research Institute in the 1970s [Nitzan et al., 1977]. Raogeracies approach those of pulsed
laser TOF methods. Only a slight advantage is gained over pulsed TOF rangefinding, however, since
the time-measurement problem is eg@d by the neddr fairly sophistcated phase-measurement
electronics [Depkovich and Wolfe, 1984Je@use of thémited information obtainable from a
single range point, laser-based systems are often scanned in one or ewienditby either
electromechanical or acousto-optical mechanisms.

4.2.1 Odetics Scanning Laser Imaging System

Odetics, Inc., Anaheim, CA, developed an adaptive and versatile scanning laser rangefinder in the
early 1980gor use onODEX 1, a six-legged walking robot [Binger and Harris, 1987; Byrd and
DeVries, 1990]. The systenetermines distance by phase-shift measurement, constructing three-
dimensional range pictures by panning and tilting the sensor across the field of view. The phase-shift
measurement technique was selected over acoustic-ranging, stereo vision and structured light
alternatives because of the inherent accuracy andgdste rate.

The imaging system is broken down into the two major subelementsetem Figuret.23: the
scan unit and the electronics unit. The scan unit houses the laser source, thet@ttmtoaind the
scanning mechanism. The laser source is a GaAlAs laser diode emitting at a wavelength of
820 nanoraters; the power output is adjustableder software control between 1 to 50 mW.
Detection of the returned energy is achieved through use of an avalanche photodiode whose output
is routed to the phase-measuring electronics.

Scan unit Electronics unit
60 FOV I?ange
raster >
scan Adp > Range/ Programmable
video frame
processor buffer <>
Scan Cw interface
B> : diode (= —>
mechanism laser N
] A % Video
Phaselock Sync
processor

Figure 4.23: Block diagram of the Odetics scanning laser rangefinder. (Courtesy of Odetics, Inc.)

The scanning hardware consists of a rotating polygomadmwhich pans the laser beam across
the scene, and a planar mirror whose back-and-forth nodding motion tilts the beam for a realizable
field of view of 60 degrees in azimuth and 60 degrees in elevation. The scanning sequence follows
a raster-scan pattern and can illuateéand detect an array I##8x128 pixels at a framate of 1.2
Hz [Boltinghouse et al., 1990].

The second subelement, theattonics unit, contains the range calculating and video processor
as well as a programmable frame buffer irde€f. The range and vidpoocessor is responsible for
controling the laser transmissiaagtivation of the scanning mechanism, detection of thermeig
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energy, and determination of range values. Distance is calcutataglh a propdtary phase-
detection scheme, perted to be fast, fully digital, and self-calibrating with a high signal-to-noise
ratio. The minimum observable range is 0.4&ens(1.5 ft), while the maximum range without
ambiguity due to phase shifts greater tB&60 degrees is 9.3aters(30 ft).

For each pixel, the processor outputs a range value and a vidstanedle value. The video data
are equivalent to that obtained from a standard black-and-white television camera, except that
interference due to ambient light and shadowing effectslianmated. The reflectance value is
compared to a prespecified threshold to elatenpixels with ingfficient return intensity to be
properly processed, thereby eliminating potentially invalid rangeadrange values are set to
maximum for all such pixels [Boltinghouse and Larsen, 1989]. Arg#ghborhood medianlter
is used to further filter out noise fromata qualificaton, specular rediction, and impulse response
[Larson and Boltinghouse, 1988].

The output format is a 16-biath word consisting of the range value in either 8 or 9 bits, and the
video information in either 8 or 7 bits, respectively. The resulting range resdltithe system is
3.66 centimetergl.44 in) for the 8-bit format, and 1.83 cergirmrs(0.72 in) with 9 bits. A buffer
interfaceprovides interim storage of thath and can execute singlend or whole-block de&ct-
memoryaccess transfers to external host controliaer program control. Information can also
be routed directly to a host Wwitut being held in the buffer. Currently, the insed is designed to
supportVAX, VME-Bus, Multibysand IBMPC/AT equipment. The scan and electronics unit
together weigh 31 Ib and require 2 A at 28 VDC.

4.2.2 ESPOptical Ranging System

A low-cost near-infrared rangefinder (see Fig. 4.24, Fig. 4.25, and Tab. 4.10) was developed in 1989
by ESP Technologies, Inc., Lawrendiey NJ [ESP].for use in autonomous robot cart navigation
in factories and similar emanments. An eyesafe 2 mW, 820-namden LED surce is 100 percent
moduhbted at 5 MHz and used farm a cdlimated2.5 centineters (1 in) diameter transmit beam
that is unconditionally eye-safe. Rafted radiation is focused byl@-centimeter (4 in) diameter
coaxial Fresnel lens onto the phatbelctor; the measured phase shifirigportional to the round-
trip distance to the illuminated object. TBptical Ranging System (ORS-fijovides three outputs:
range and angle of the target, and an automatic

gain control (AGC) Sl_gnal [Miller and Wagner’Table 4.10: Selected specifications for the LED-

1987]. Range resolution at 6.letars(20 ft) IS based near-infrared Optical Ranging System.
approximately 6 centimete(8.5 in), while angular (Courtesy of ESP Technologies, Inc.)

resolution is about 2.5 centaters (1 in) at a range Parameter value Units
of 1.5 neters (5 ft). Accuracy <6 in
The ORS-1AGC output signal is inversely AGC output 15 v
proportional to theaceived signal strength and  output power 2 mwW
provides information about a target’s near-infrared geam width 25 cm
reflectivity, warning against ingficient or exces- 1in
sive signal return [ESP, 1992]. Usable range results Dimensions 15x15x30 cm
are produced only when the corresponding gain 6x6x12 in
signal is within a predetermined operating range. A Weight Ib
rotating miror mounted at 45 degrees to the Power 12 VbC

optical axis provides 360-degree polar-coordinate 2 A
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Figure 4.24: Schematic drawing of the ORS-1 ranging
system. (Courtesy of ESP Technologies, Inc.)

i A ) ﬁ ESP Technologles, Inc.
coverage. Itis driven at 1 to 2 rps by a motor fitted

with an integral incremental encoder and an opticgl, . 4.95: The ORS-1 ranging system.
indexing sensor that signals the completion of eagburtesy of ESP Technologies, Inc.)
revolution. The system is capable of simultaneous

operation as a wideband optical communication

receiver [Mller and Wagner1987].

4.2.3 Acuity ResearciAccuRange 3000

Acuity Research, Inc., [ACUITY],
Menlo Park, CA, hasecently intro-
duced an interesting product capable ¢
acquiring unambiguous rangatdfrom
0 to 20 meters (0 to 66 ft) usingeo-
prietary technique similar tooaven-
tional phase-shift measurement (see
Tab. 4.11). TheAccuRange 300(see
Figure 4.26) prejcts a ctimated beam
of near-infrared or visible laser light,
amplitude moduted with anon-sinu-
soidal waveform at a 50-percent duty
cycle. A 63.6millimeter(2.5 in) collec-
tion aperture surrounding the laser di
ode emitter on thdront face of the Figure 4.26: The AccuRange 3000 distance measuring
cylindrical housing gathers any reflectedensor provides a square-wave output that varies inversely in

energy returning from the target, andrequency as a function of range. (Courtesy of Acuity Research,
Inc.)
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compares it to the outgoing reference signal to produt#le 4.11: Selected specifications for the
a square-wave output with a period of oscillation propo’r‘g"“’?é‘”c-‘ge 3000 d'fSta”‘{e meas“re’:e”‘
tional to the measured range. The processing electrorfig°"- (Courtesy of Acuity Research, Inc.)

reportedly are substantially different, however, from parameter value Units
heterodyne phaseetkction systems [Qflr, 1994]. Laser output 5 mw
The frequency of the output signal varies from geam divergence 0.5 mrad
approximately 50 MHz at zero range to 4 MHz at wayelength 780/670 nm
20 meterg66 ft). The distance to Maximum range 20 m
target can be determinddrdugh use of a frequency-to- 65 ft
voltage converter, or by measuring the period with aMinimum range 0m
hardware or software timer [Clark, 1994]. SeqgarO to  Accuracy 2 mm
10 V analog outputs are provided for returned signalsample rate up to 312.5 kHz
amplitude, ambient light, and temperature to facilitate Response time 3 us
dynamic calibration for optimalccuracy in demanding Diameter 7.6 cm
applications. The range output changes within 250 3in
nanoseconds to reftt any change in target distance, and Length 51‘5‘ icnm

all outputs are updated within a worst-case time frame of

only 3us. This rapid responsate(up to 312.5 kHz for ~ VeloM 513 J
all outputs with Fhe optional SCSI interface) aIIovys the oo ver 5 and 12 VDC
beam to be manipulated af #00 to 2,000 Hzate with 250 and 50 MA

the mechanical-scanner option shown in Figure 4.27. A
45-degree balanced-mirror arrangement tatemlunder
servo-control to deflect the coaxial outgoing and incom-

ing beams for full 360-degree planar coverage.

It is worthwhile noting that th&ccuRange 3008ppears to be quite popular with commercial and
academic lidar developers. For example, TRC (seedS26.and 6.3.5) is using this sensor in their
Lidar and Beacon Navigation products, and the University of Kaiserslautern, Germany, (see Sec.
8.2.3) has used thccuRange 300 their in-house-made lidars.

Figure 4.27: A 360° beam-deflection capability is provided by an
optional single axis rotating scanner. (Courtesy of Acuity Research, Inc.)
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4.2.4 TRC Light Direction and Ranging System

Transitions Research Corporation (TRC), Danbury, CT, offers a lowidastsystem (see Figure
4.23) for deecting obstacles in the vicinity of rmbot and/or estimating position from local
landmarks, based on the previously discussed Acuity ResAacciRange 3000nit. TRC adds a
2-DOF scanning mechanism employing a gold frontesig@l miror specially mounted on a vertical
pan axis that rotates betwe2A0 and 900 rpm. The tilt axis of the scanner is mechanically
synchronized to nod one corap cycle(down 45 and
back to horizontal) per 10 horizontal scanseetiively
creating a protective spiral of detection coverageiad

the robot [TRC, 1994] (see Fi4.29). The tilt axis can be
mechanically disabled if so desired for 360-degree
azimuthal scanning at a fixed elevation angle.

A 68HC11microprocessor automatically compensates
for variations in ambient lighting and sensor temperature,
and reports range, bearing, and elevatiatadrzia an
Ethernet or RS-232 intexte. Power requirements are
500 mA at 12 VDC and00 mA at 5 VDC. Typical
operating parameters are listed in TahlE2.

Table 4.12: Selected specifications for the TRC Light
Direction and Ranging System. (Courtesy of
Transitions Research Corp.)

Parameter Value Units
Maximum range 12 m
39 ft
Minimum range 0Om
Laser output 6 mwW
Wavelength 780 nm
Beam divergence 0.5 mrad
Modulation frequency 2 MHz
Accuracy (range) 25 mm
1in
Resolution (range) 5 mm
0.2 in
(azimuth) 0.18 *
Sample rate 25 kHz
Scan rate 200-900 rpm
Size (scanner) 13x13x35 cm
5x5x%13.7 in
(electronics) 30x26x5 cm
12x10x2 in . . . .
Weight 44 Ib Flgurg 4.28: The.TRC Light D/rect/on.and
Ranging System incorporates a two-axis
Power 12and 5 VDC scanner to provide full-volume coverage
500 and mA sweeping 360° in azimuth and 45° in
100 elevation. (Courtesy of Transitions Research

Corp.)
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Figure 4.29: LightRanger data plotted from scans of a room. An open door at the upper left
and a wall in the corridor detected through the open doorway are seen in the image to the
left. On the right a trail has been left by a person walking through the room. (Courtesy of
Transitions Research Corp.)
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4.2.5 Swiss Federdhstitute of Technology's “3-D Imaging Scanner”

Researchers at the Swiss Federal Institute of Technology, Zurich, Switzerland, have developed an
optical rangefinder designed to overcome many of the problems assbaith commercially
available optical rangefinders [Adams, 1995].

The design concepts of tBeD Imaging Scan-
ner have been derived from Adam's earliel
research work at Oxford University, U.K.|
[Adams, 1992]. Figure 4.30 shows the workin
prototype of the sensor. The trangem consists
of an eye-safe high-powered (250 mW) Lighi
Emitting Diode (LED) that provides a range
resolution of 4.17 cni/of phase shift between

Table 4.13: Preliminary specifications for the 3-D
Imaging Scanner. (Courtesy of [Adams, 1995].)

Parameter Value Units
Maximum range 15 m
50 ft
Minimum range 0m
LED power (eye-safe) 1 mw
Sweep (horizontal) 360 °
(vertical — “nod”) 130 ~©
Resolution (range) ~20 mm
0.8 in
(azimuth) 0.072 -
Sample rate 8 kHz
Size (diameterxheight) 14x27 cm
5.5x10 in —— , ,
| ) N d ined Figure 4.30: The 3-D Imaging Scanner consists of a
_ (electronics) otyet eterm!ne transmitter which illuminates a target and a receiver to
Weight Not yet determined detect the returned light. A range estimate from the
Power +12 V@ 400 mA sensor to the target is then produced. The mechanism
-12V @ 20 mA shown sweeps the light beam horizontally and

vertically. (Courtesy of [Adams, 1995].)
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transmitted and received beams. More detailed specifications are listed i T&ble
The 3-D Imaging Scanneis now in an advanced prototype stage and the developer plans to
market it in the near future [Adams, 1995].

These are some special design features employed in the 3-D Imaging Scanner:

» [Each range estimate is accompanied by a range variance estimate, cdlibnatbé eceived
light intensity. This quantifies the system's confidenaeaich range data point.

+ Direct “crosstalk” has been removed between transmitter and receiver by employing circuit
neutralization and correct@undingtechniques.

+ A software-based discontinuity detector fingigsous points between edges. Such spurious
points are caused by the finite optical beamwidth, produced by the sensor'sttesainsmi

» The newly developed sensor has a tuned load, low-noise, FET input, bipolar amplifier to remove
amplitude and ambient light effects.

+ Design emphasis on high-frequency issues helpsowe the linearity of the amplitude-modted
continuous-wave (phase measuring) sensor.

Figure 4.31 shows a typical scan result from3H2 Imaging ScannefThe scan is a pixel plot,
where the horizontal axis corresponds to the number of samples recorded inete®®iptiegree
rotation of the sensor head, and the vertical axis corresponds to the number of 2-dimensional scans
recorded. In Figurd.31 330 readings were recorded per revolution of the sensor migacin
horizontal plane, and there were 70 complete revolutions of thermihe geometry viewed is
“wrap-around geometry,” meaning that the vertical pixel sebarzontal coordiate zero is the same
as that at horizontal coordite 330.

4.2.6 Improving Lidar Performance

Unpublished results from [Adam&995] show that it is possible to further improve the already good
performance of lidar systems. For example, in some commercially available sensors the measured
phase shift is not only a function of the sensor-to-target range, but also efctieed signal
amplitude and ambient light conditions [Vestli et al., 1993]. Adams derat@stthis effect in the
sample scan shown in Figure 4.32a. This scan was obtained with tl@R-ESEsensor (see Sec.
4.2.3). The solid lines in Figure32 represent thectual enwionment aneach “x” shows a single
range data point. The triangle marks the sensor's position in each case. Mote lthear behavior
of the sensor between points A and B.

Figure 4.32b shows the results from the same ESP sensor, but witeeéher unit redesigned
and rebuilt by Adams. Specifically, Adams removed the automatic gain controlled circuit, which is
largely responsible for the amplitude-induced range error, anaicesplt withfour softlimiting
amplifiers.

This design approxiates the behavior of a logarithmic amplifier. As a result, the weak signals
are amplified strongly, while stronger signals remain virtually unamplified. The resulting near-linear
signal allows for moraccurate phase measurements and hence range determination.
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Figure 4.31: Range and intensity scans obtained with Adams' 3-D Imaging Scanner.
a. Inthe range scan the brightness of each pixel is proportional to the range of the signal received

(darker pixels are closer).

b. In the intensity scan the brightness of each pixel is proportional to the amplitude of the signal

received.

(Courtesy of [Adams, 1995].)

Figure 4.32: Scanning results obtained from the ESP ORS-1 lidar. The triangles represent the
sensor's position; the lines represent a simple plan view of the environment and each small cross

represents a single range data point.

a. Some non-linearity can be observed for scans of straight surfaces (e.g., between points A and B).
b. Scanning result after applying the signal compression circuit from in [Adams and Probert, 1995].

(Reproduced with permission from [Adams and Probert, 1995].)
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Note also the spuriousath points between edges (e.g., between C and D). These may be
attributed to two potential causes:

+ The “ghost-in-the-machine probletin which crosstalk directly between the transmitter and
receiver occurs even when no light isureed. Adams' solution involves circuit neutralization and
proper grounding procedures.

+ The “beamwidth problerhwhich is caused by the finite transmitted width of the light beam. This
problem shows itself in form of range points lying between the edges of taci®lgcated at
different distances from the lidar. To overcome this problem Adams designed a software filter
capable of finding and rejectingreneous range readings. Figure 4.33 shows the lidar map after
applying the software filter.
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Figure 4.33: Resulting lidar map after applying a software filter.
a. “Good” data that successfully passed the software filter; R and S are “bad” points that “slipped
through.”
b. Rejected erroneous data points. Point M (and all other square data points) was rejected because
the amplitude of the received signal was too low to pass the filter threshold.
(Reproduced with permission from [Adams and Probert, 1995].)

4.3 Frequency Modulation

A closely related alternative to the amplitudeeulated phase-shift-measurement ranging scheme
is frequency-modalted (FM) radar. This techniquavblves transmission of a continuousatto-
magnetic wave modulated by a periodic triangular signal that adjusts the carrier fredumregpd
below the mean frequendyas shown in Figure 4.34. The tranger emits a signal that varies in
frequency as a linear function of time:
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f(t) =f, + at 4.7)

where *I |“ 2dje

a = constant
t = elapsed time.

f

. . . (o}
This signal is reflectettom a tar- t
get and arrives at the receiver at
timet + T.
2d
T == 4.8
- (4.8)
where Figure 4.34: The received frequency curve is shifted along the time

. . . axis relative to the reference frequency [Everett, 1995].
T = round-trip propagation time quency | )

d = distance to target
¢ = speed of light.

The received signal is compared with a reference signal taken directiythe transntier. The
received frequencyurve will be disphced along the time axis relative to the reference frequency
curve by an amount equal to the time required for wave propagation to the target and back. (There
might also be a vertical displacement of the received fwavealong the frequency axis, due to the
Doppler efect.) These two frequencies when combined in the mixer produeat &réquency,,

Fp=1(t)-f(T+t)=aT (4.9)

where
a = constant.

This beat frequency is measured and used to calculate the distance to the object:
F.C

AF F

rd

(4.10)

where

d =range to target

c = speed of light

F, = beat frequency

F, = repetition (modulation) frequency
F, = total FM frequency deviation.

Distance measurement is thereforedily proportional to the difference oeht frequency, and
as accurate as the linearity of the frequency variation oveoth@ing interval.
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Advances in wavelength control of laser diodes now permit this radar ranging technique to be
used with lasers. The frequency or wavelength of a laser diode can be shifted by varying its
temperature. Consider an example where the wavelength8s0ananomater laser diode is shifted
by 0.05 nanometers in four seas: the corresponding frequency shift is 5.17 MHz per nanosecond.
This laser beam, when reflectedm a surlce 1 meter away, wouptoduce a bat frequency of
34.5 MHz. The linearity of the frequency shift controls #leeuracy of the system; a frequency
linearity of one part in 1000 yards yieldsagcuracy of 1 millireter.

The frequency-modulation approach has an advantage over the phase-shift-measurement
technique in that a single distance measurement is not ambigueuall (fhase-shift systems must
perform two or more measurements at different modulation frequencies to be unambiguous.)
However, frequency modulation has several disadvantagesatssioeith the required linearity and
repeataliity of the frequency ramp, as well as the coherence of the laser beam in optical systems.
As a consequence, most commercially available FMCW ranging systems are radar-based, while laser
devices tend to favor TOF and phasgetttion mdiods.

4.3.1 Eaton VARAD Vehicle Detection and Driver Alert System

VORAD Technologies [VORAEL], in joint venture with [VORAD-2], has developed a commercial
millimeter-wave FMCW Doppler radar system desigfeeduse on board a motor vehicle [VORAD-
1]. The Vehicle Collision Warning Systeremploys a 12.7x12.7-cent@ter (5x%5 in)
antenna/transmitter-receiver packageumted on the front gjrof a vehicle to monitor speed of and
distance to other traffic or obstacles on the road (see Bi@e The flaietched-array antenna
radiates pproximately 0.5 mW of power at 24.725 GHz detly down the roadway in a maw
directional beam. A GUNN diode is used for the trattemiwhile the receiver employs a balanced-
mixer detector [Woll,1993].

Eaton VORAD EVT-200 Collision Waming System

“Blind spal_ s —
display P

Cenr.t;I
processing umif |
Antenna lransmiticr &
receiver assembly
Figure 4.35: The forward-looking antenna/transmitter/ receiver module
is mounted on the front of the vehicle at a height between 50 and 125
cm, while an optional side antenna can be installed as shown for

blind-spot protection. (Courtesy of VORAD-2).
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TheElectronics Control Assemb(gee Figure 4.36) tated in the passenger compartment or cab
can individually distinguish up to 20 moving or stationary objectg(iSiL994] out to a maximum
range of 106 mters(350 ft); the closest three targets within a prespecified warning distance are
tracked at a 30 Hz rate. A MotordxsP 56001and an Inte87C196microprocessor calcale range
and range-ratenformation from the RFata and analyze the results in conjunction with vehicle
velocity, braking, and steering-angtgarmation. If recessary, th€ontrol Display Unitalerts the
operator if warranted of potentially hazardous driving situations with a series of caution lights and
audible beeps.

As an optional feature, the Vehicle Collision Warning Systéfiers blind-spot dtection along the
right-hand side of the vehicle out to 4.®ters(15 ft). The Side Sensor transtar employs a
dielectric resonant oscillator operating in pulsed-Doppler mode at 10.525 GHz, usingfehiat-

array antenna with a beamwidth of about 70 degrees [Woll, 1993]. The system microprocessor in
the Electronics Contrddssembly analyzes the signal strength and frequencp@oemts from the

Side Sensor subsystem in conjunction with vehicle speed and steettg andictivates audible

and visual LED alerts if a dangerous condition is thought to exiseqi®el specifications are listed

in Tab. 4.14.)

Among other features of interest is a recorde@tdire, which stores 20 minutes of the most
recent historical data on a removable EEPROM argroard for postccident reconstructn. This
data includes steering, braking, and idle time yGoeind Bus Linesacently completed installation
of the VORAD radar on all of its 2,400 buses [Bulkeley, 1993], and subsequently reported a 25-year
low accident reord [Greyhound, 1994]. The entire
system weighs just 3 kilograms (6.75 Ib), and
operates from 12 or 24 VDC with a nominal power
consumption of 20 W. An RS-232 digital output is

Table 4.14: Selected specifications for the Eaton
VORAD EVT-200 Collision Warning System.
(Courtesy of VORAD-1.)

available.
Parameter Value Units
Effective range 0.3-107 m
1-350 ft
Accuracy 3%
Update rate 30 Hz
Host platform speed 0.5-120 mph
Closing rate 0.25-100 mph
Operating frequency 24.725 GHz
RF power 0.5 mwW
Beamwidth (horizontal) 4 =
(vertical) 5=
Size (antenna) 15%20%3. cm
8 in
6x8x1.5
(electronics unit) 20x15x12 cm
.7 in
8x6x5
Weight (total) 6.75 Ib
Power 12-24 VvDC
20 W Figure 4.36: The electronics control assembly of the
MTBF 17,000 hr Vorad EVT-200 Collision Warning System. (Courtesy of

VORAD-2.)
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4.3.2 SafetyFirst Systems Vehicular Obstacle Detection and Warning System

Safety First Systems, Ltd., Plainview, NY, and General Microwave, AilfityMY, haveteamed

to develop and market a 10.525 GHz microwave unit (see Figure 4.37) for use as an automotive
blind-spot alert for drivers when backing up or changing lanes [Siuru, 1994]. The narrowband (100-
kHz) modified-FMCW technique uses patent-pending phasdrdisation augmetationfor a 20-

fold increase in achievable resolution. For example, a conventional FMCW system operating at
10.525 GHz with a 50 MHz bandwidthlisiited to a best-case range resolution mh@ximately

3 meters (10 ft), while the improved approach can resolve distance to within 18eter(th6 ft)

out to 12 meters (40 ft) [SFS]. Even greater accuracy and maximum ranges (i.e., 480rftyare
possible with additional signal processing.

Figure 4.37: Safety First/General Microwave Corporation's Collision
Avoidance Radar, Model 1707A with two antennas. (Courtesy of Safety
First/General Microwave Corp.)

A prototype of the system delivered to Chrysler Corporation uses conformadichisicrostrip
antennae mounted on the rear side panels and rear bumper of a minivan, aetéciaboth
stationary and moving objects within the coverage patterns shown in Bi@#&eCoarse range
information about redicting targets is representedanr discete range bins with individual TTL
output lines: 0 to 1.83 eters (0 to 6 ft)1.83 to 3.35 raters (6 to 11 t)3.35 to 6.1 maters(11 to
20 ft), and > 6.1 (R0 ft). Average radited power isfaout 50 pW with a three-percent duty cycle,
effectively diminating adacent-system interference. The system reqdie#\ from a single 9 to
18 VDC supply.
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Figure 4.38: The Vehicular Obstacle Detection and Warning System employs a
modified FMCW ranging technique for blind-spot detection when backing up or
changing lanes. (Courtesy of Safety First Systems, Ltd.)



