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ABSTRACT

According to Mine Safety andHealth Administration (MSHA) in the United States approximately
22% of all miningrelated fatalities occurred due to visibility issues in coal mines. In European
coalmining both, longwall operations and mobile mining equipment such as road headers, side
dump loaders and drill jumbos are usedTherefore, auniversal system to prevent accidents and
collisions is highly required. In the EU funded projedFEATureFACEan innovative collision
avoidance system for underground mining environments has been conceplized andis

currently being implemented. A consortium of multiple academic and industrial partners,
including machine manufacturers, sensor manufacturers, mine operators and academic
institutes, has been established, allowing the creation of a moderwoliision avoidance system
which incorporates the needs of the industry today. The usage of multiple versatile technologies
(electro-magnetic and soundbased time of flight, signal strength measurements and both, active
and passive radar technology), theimtelligent integration and fusion allows the localization of
both miners and static objects (e.g. walls) with high accuracy and reliability. In this paper, the
basic concept is described as well as results of first field measurements.



INTRODUCTIOMND FEATUREFACECONCEPT

In underground mining visibility of moving machinery is often limited by environmental
conditions such as darkness, dust and viewing angle. Therefore, nearly one quarter of all mining
related fatalities arebeingreferred to visibility is sues.To improv e safety in underground mines
operators increasingly apply collision avoidance systems (CAS). The main objectiveso€hCAS

is to prevent accidents and collisions of moving machinery with people, vehicles anther

mobile equipment.In the FEATureFACE project an innovative CAShsing developed by
integrating multiple technologies into one systenresulting in the creation of a diverse

redundant collision avoidance system using the individual advantages e&ch of the

technologies.

To identify the main requirements for CAS current safety conditions in underground coal mines
were analyzed and user surveysvere carried out to identify potential risk factors. As a result,
the following key requirements were determined:

1 Sensors have to be placed on thevingmachine and nait fixed locations in the mine.

1 In order to localiz@resent prsonnelusage ofdgswith range ofup to20 m andan
accuracy of 0.In is required.

1 Detection of vehicles and passive obstacles shaut@dusied ouin close vicinity to the
machine contour (&1 distance).

1 The proximity area around the machine is divided into zones (critical zone, warning zone,
caution zone, safe zopenablingthe system to react when personnel enters certain zones.

Moreover, the CAS system has to deal with harsh environmental conditions and disruptions
caused by metalliferous surroundings. A flexible technologyhich is transferable to other
machine types isbeing demanded

These requirements are addressed by FEATeFACE with its unique concepfThrough the usage
of multiple technologies FEATureFACEombines thar strengths andthus compensates their
individual disadvantages.In the course of the projecdifferent detecting technologies for local
positioning in underground mines were analyzed regarding their conformity with the identified
requirements. As aresult, the following technologiesdeemedasfeasible for the use irthe
FEATureFACEystem:

1 UHF RFD! technology, low frequency electromagnetic field technology,

radar ranging with radar based return time-of-flight (RTOF) neasurementprinciple
1 Sound-based localization
1 2D imaging radar technology including active radar

The first system, applied UHF RFID technology, enables long range positioning and
communication (up to 100 m), whilst low frequency electromagnetic fields provide a reliable
detection of vehicles and personnel in near field up to 16 around the movingmachine

(Schmidt und Kénemann 2007) Radar ranging with RTOF measurement promises high accuracy
at medium range distancegBecker 2013). The second system, a newly developed souszhsed
localization system using RTOF measurement, provides very high accuracy for position
measurement at medium rangealistances(Hammer 2014). Finally, the third system based on 2D

1 Ultra-High-Frequency Radio Frequencydentification



imaging radar technology is used for the geometric detection of the environment and untagged
objects (for example rocks and ribs) in short and long range distance as well as for detecting
semi-active tags worn by personnel.

The intelligent integration andfusion of the abovementioned technologiesenablesthe
envisaged systento localize mining personnel as well as static objects with high accuracy and
reliability. The combination of redundant information from several detectorsand adaptive
signal processirg together with algorithms for sensor and data fusiorfacilitates securedetection
of the environment with a reduced false alarm rate, thus improving safety and productivity.

This paper describes the different subsystems and used technologies in furtheetdil.
Furthermore, the performed field tests and their results are presented and discussed. Finally,
the future steps to be taka in the project are presented

SENSORSUBSYSTEMS

EM-BASEO_OCALIZATION

To enable the detection and localization of personneldsed on electromagnetic principlesthe
system employs severatechnologiesto achieve the localization of tags in the vicinity of the
machine.

Thetags are identified and recognized by the system througmaRFID channel. For this purpose,
an RFIDantenna is mountedon top of the maching(seeFigure 1), making it possible to
recognizetags in a radius ofup to 100 m. While the RFID technologpn the one handacks
accuracy and robustness for positioning needs, @n the other handoffers a relatively cheapwvay
of communication and identification. To facilitate anomni-directional detection of tags the
antennaed O A iaddpi@rized for an anisotropic radiation pattern (seeFigure 2).

RSSI Pattern:
N

Figure 1: RFID antenna (base station). Figure2: Radiation pattern of RFID
antenna(base station).

Once aag has been detected by the RFID channel, two more technologies are utilized to gather
more precise positioning information: A radarbasedRTOF and a receivedignal-strength (RSS)
system.

The radar-based RTOF systemsan be usedor real-time localization. The technologywas tested
under mining conditions several occasionsThe RTOFsystemapplied onthis project utilizes the
2.45 GHz SHF bandnd measureghe return time-of-flight between the base station anc

mobile tag. Thus,through knowledge ofthe speed of lightthe distance between base station and



mobile tagcan be calculatedising Eq. (L).t represents thereturn time-of-flight, c the speed of
light and d the distance.
O,

A %t (1)

Furthermore, the system employs several advanced signal processing techniques, which allow
for offset correction and clock drift calibration.

To support the radar-based RTOF system, the system utilizescillating magnetic fields to
localize tags. The main advantage the magnetic R&S over the radar-based RTOF evaluation is
the magnetic fieldsbeing fairly uniform even in the presence of large metallic@nstructions. This
is of major importance for mining applications tobe able to ensureeliable and consistent
localization in the close vicinity ofthe machine, where the danger for mining personnel is the
greatest.A rectangular antenna (sed-igure 3) is furthermore being used to facilitate the best
performance of the system.

Figure 3: Frame antenna for the magnetic RSS system (base station).

The magnetic fiel emanated from the antennavas analyzed in extensive laboratory and field
tests,leading tothe exact calibration of the system. Exemplary measurements of the measured
field strength in different distances are shown irFigure 4.
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Figure 4. Magnetic signal strength in different distances.

While the aforementioned base stations alire applied tothe machine, the tagshieedto be worn
by miners. All necessarfM sensors (RFID, radar and magnetic fieldyere integrated into one
small tag (seeFigure 5). This tag is optimized for lowpower operations anddraws its energy
from the battery of thel E1 A (bda@p. Fha tag facilitates all necessary operations to
communicate and localize the tag relative to the base station on the machireprocessing unit
on the tag performs all necessary tds. This includes the communication via the UHF RFID
channel, the RTOF measurement for the radar system and the field strength measurements for
the magnetic field.

Figure5: Tag forEM-based localization systems.

SOUNDBASEDLOCALIZATION SYSTEM

The simplified principle of the sound-based localization system (SBL&ammer, et al. 2015) is
depictedin Figure 6. It mainly consists of abase stationmounted on the mobile mining machine
and multiple mobile tags carried by personnel and other vehiclef\s aresponse toa trigger
signal the acoustic measurement signals are emitted and recorded by mobile taBg.correlating
the recordedsignalswith the original reference signak the distance can bealculated In the
paragraph below, this process is described more detailed.
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Figure 6: Working principle of SBLS

Acoustic position estimation is based othe time-of-flight (TOF) measurement of audible sound
signals.For this purpose six ATEXcertified loudspeakerswere mounted on both sides of the
mobile machineto emit acoustic signals, whereby each loudspeakéself emits an individual
signal toprovide a possibility for identification.

The emitted acoustic signalsare recorded simultaneously by three microphones arranged in a
triangle (120°) on the safety helmet of the personnel. Tmark the beginningof a measurement,
a radio frequency (RF) module transmits a trigger signal simultaneously to the acoustic signal.

Personnel and vehicles, respectively, carry mobile tags which receitree trigger signal and
measure theO E C Ttivhd-dbflight © . This time is the absolute time thatit takes for a signal
from emission to reception. Withthe additional knowledge ofthe speed of sound § ~ 346 m/s

at a temperature of 24°C) the distance between théag and each loudspeaker can be calculated.
By measuring muliple distances from different loudspeaker locations the position of a person
can be estimatedConsequently the distance can be estimated witfEq.2, wherev is the speed
of sound andd s the time-of-flight. (Hammer 2014)

Q 6 20 )

Asthe speed of sound depends othe ambient temperature the temperature ismeasuredby a
sensor on the machineKnowing the actual temperature the following approximation (Eg. 3)can
be used, with T representing theactual ambient temperature in K: (Hammer 2014)

0 ocoH— THOY CXPOL O 3)

In order to differentiate signalsfrom background noise ando identify the individual signals
from each loudspeakerthe correlations between the receivedacoustic sgnalsand thereference
signalsare calculatedon the mobile tags. Furthermore a pealpicking algorithm helps



distinguishing potential reflections from the line-of-sight measurement signalsAgainst thisa
backdrop, the DSR board computesdifferent TOFson eachmobile tag.

At first, a linear frequency modulated(LFM) signal was consideredor the acoustic signalWhile
this works well for stationary tags providing robustness against potential background noise
movement of the tag diminisheghe localization performance dramatically(Hammer 2014)

Oncethe tag is moving a frequency shifarisesdue to the DopplerEffect leading to signa
distortions and, hence, to poor performance of the estimations of the distance and the position.
As toemploy a Dopplertolerant signal, hyperbolic frequency modulated (HFM) signals@re used
which exhibit optimum correlation performance at constant velodties. The compensation of the
Doppler-shift is then obtained throughthe usage of HFM chirgairs (Hammer 2014).

Mobile tags send their individual results to the base station on the moving machinéga RF
transmission. The basestation contains an industrial PGunning Matlab to estimatethe mobile
tags positions based orbilateration and to start and stop the measurements(Hammer, et al.
2015)

2DPASSIVEEVMAGINGRADAR 2D ACTIVETRANSPONDERADAR

TECHNOLOGY

In harsh environments radar technology has beeproven to bea robust technology fulfilling
extended availability requirements. In dirty, dusty and foggy environments, where optical
systems camot be used anymore, radar stilprovides reliable distance and sped
measurements.

Two different radar types were evaluated,taking into accountdifferent aspects of a CAS system.

1 IDRR 2Dpassiveimagingradar with two different modes: narrow field high range or
wide field medium range.
1 iSWR 2D active reflector with wide vertical and horizontal sector, medium range

The 2D imaging radar types can be used to measure distances along a plane waitlopening
angle ofabout 50°. The elevation anglef the 2D imaging radardepends on the distance of the
measured target with about 10° incloserange and about 2° in far rangeMultiple sensors of ths
type can be usedogether being distributed around a mining vehicle to detect walls and other
obstacles around. Thus collision avoidance systems and other qugoting applications can be
realized with this type of sensor

Compared to thepassiveimagingradar the active reflector radar working with switched
reflectors is only able to detect activeéags. Using a center frequencyf 5.8 GHz, the elevation
anglegrows far larger, thusenabling the detection of tagghat are even partly hidden orlying on
the ground next to themachine. This increases the availability and reliability of any CAS system
since, e.g., persons next to a machine still can be detected.

2D passive imaging radar

The iDRR(Figure 7) is a 77GHz radar with a range of up to 10@n and an angular view of up to
50°. The transmit and receive channels are operag simultaneously and share the same
antenna. The achievable range arithe surface reflection angle is depend on various aspecté

2 Digital Signal Processing



the reflecting material, like particle size, water content, metallic surfaces, density and
measurement angle.

Usingthe iDRR sensor it is possible to detect surfacedisplayedlike in Figure 8. The image
shows arectangular grid with squares that represent 1m in length The shown surfaces about
12 m away from the sensorDifferent radar intensities are shown in different grey scales.

Figure7: Scanning imaging radag iDRR.  Figure 8: Visible surface in the radar image

Active reflector radar

With the Switched Reflector Radar iISWReeFigure 9) detection of modulated switched
reflector tags on a 2D plane with 120° (+60°) angular measurement anch@rthogonal detection
angle of 30° (x15°)is possible

Figure9: iSWR radar unit.

Besides the direction/angle measurementthe reader paforms an accurate range/distance
measurement withan accuracy obbout 0.05m and anangular resolution of <1° The 12 channel
sensor arrayprovides measurements up to a distance of 3t at update rates of >100Hz. The
modulated tags increase the overabensitivity of the system, since background clutter and noise
caused by static radar targets are suppressed. Thaobile tagssimply modulate the incoming
radar signal, resulting in a low power consumption of the tag because to additional transmit
power is needed This allows battery operaded tags, lasting several month



EXPERIMENTAIRESULTS

Field measurements for all systemsvere conducted in the RAG test mine in Recklinghausen and
allowed to evaluate the performance of the individual sensor systems under mining conditions.
In the test mine the single sensor systems were mounted on a sigump loader and different
test scenarios lave been evaluated. In the following, the results of these field tasire presented
for sensor subsystems.

EM-BASEDLOCALIZATIOSYSTEM

The EM-based localization system was mounted oaside-dump loader. The frame antenna for

the magneticRSSsystem andthe radar based RTOF module were both included in one housigg
the so called electromagnetic point of detection (EPOD) unit. For the measurements two of these
EPODs were mounted on the siddump loader, one at the front and one at the back of the
machineas shown inFigure 10 and Figure 11, while the RFID antenna was placed at the top of
the sidedump loader above the driver seat. The UCAS control unit was placed inside the vehicle
as illustrated in Figure 12. The mobile tag for theEM-based localization system is depicted in
Figure 13 attached to a corresponding power supply. In addition there are also RFID vehictgs
among one vehicle seltag that is placed inside the machine and that must be found and
identified by the system in order to work.

Figure 10 Front view of the sidedump Figure 11 Second EPOD mounted at the re
loader with the attached EPOBNd the UHF of the sidedump loader.
RFID antenna on top

Four elliptical zones are distinguished in theEM-based localization system: a safe zorfer
distances above 100 m, a cautiomone covering the range from about 10 to 15 m up to about 100
m, a warning zone for distances below 15 m and finally a critical zone at about 5 m around the
vehicle. The critical zone around the vehicle is controlled by the oscillating magnetic envelope
that is created by the two EPODs and whose strength is measured by the mobile tag. If a tag is
penetrating into this zone i.e. a certain magnetic field strength is reached, a stop signal is given
to the driver of the machine. The following warning zone is quervised by the RTOF radar
component of the system and the subsequent caution zone is monitored by the RFID module.
The latter identifies if a person or vehicle tagoreaches the safe zone at distances below 100m.



Figure 12 UCAS antrol unit placed inside Figure 13 Mobile persontag for the BVI-
the sidedump loader. based localization syy&m with attached
power supply.

Loader Position

Figure 14 Sidedump loader and theexperimentally measuredones of th&EM-based
localization system.



At first, the sidedump loader was placed in the entrance of a crossut and thedefined zones
described in the previous section were set up. Due to the specific environment, the warning zone
was set up to start at 10 m from the rear and 15 m from the front of the machine. With one
mobile tag the extensions of the zones were experimentally tesi and crosschecked with a
laser-based distance measurement device. The position of the sidamp loader and the

resulting extensions of the zones are shown iRigure 14. Theentry of a tag into the critical zone
could be detected with an accuracy of less than 0.5 m while for the radbased detection of the
warning zone an accuracy of £ 1 m has been achieved.

For the caution zone (supervised by the UHF RFID systguifferent extensions compared to the
originally intended and setup zone have been found as the UHF waves were able to follow
curves of roadways and could also be received behind junctions without direct line of sight. This
could be related to magnetignaterials within the mine, like the steel rails on the roadway,
supporting the wave propagation. The detection of tags within the caution and safe zone was
less accurate compared to the other zones and also depended on the specific environmental
conditions.

Further tests with the running electrical motor of the sidedump loader were carried out and
could exclude additional influence=f the corresponding EMfields of the electrical motoron the
measurement as no deviations to the previous resultsere detected. Finally, the detection of
tags in the critical and warning zones was provewhile the machine was driving forwards and
backwards. Again, the tagsere detected reliably and with repeatable accuracy entering the
warning and the critical zone and the esulting actions were triggered by the central control
unit.

SOUNIBASED.OCALIZATIOBYSTEM

The setup of thesound basedocalization system consised of six loudspeakers mounted equally
distributed on the side-dump loader as illustrated inFigure 15 and Figure 16. The mobile tags
were mounted on tripods for the stationary measurementgseeFigure 15) and werelater
carried by test persons for the moving tag measurements. The base statjavhich contains the
signal processing electronics and a computer executing the sigralalysiswas placedinside the
side-dump loader.

For the first stationary measurementtwo zones were defined: aritical zone (grey) and a
warning zone (hite). One tag was placed outside these zones, thre®re inside the warning
zone anda fifth one at the border to thecritical zone.The results of themeasurementare shown
in Figure 16 and demonstrate that all tag positionsare estimatedreliably and consistently. The
results for the one tag placed outside the zones at the rear of the mankishow some bias This
problem could be resolved by further calibration measures.

Additional stationary measurements were carried out by placing all tagwithin the critical zone
first and then by placing all tags in the warningone. Therefore, the warnng zone at the rear of
the vehicle wasextendedslightly to be able to place all tags in it. The results are illustrated in
Figure 17 and Figure 18 and prove the reproducibility of the measurements. ltwas illustrated,
that a mobile-tag located in thecritical zone stays in thecritical zone. Furthermore a mobile-tag
within the warning zone stayed in the warning zone and therefore dd not lead to an
unintentional stop of the machine.



Stationary Measurements
Position Estimates
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Figure 15 Setupof the stationary Figure 16 Position estimates for the

measurements ithe test mineThe white stationary measurements.(Hammer, et
rectangles indicate the loudspeaker positions al. 2015)

Alarm Zone Measurements ‘Warning Zone Measurements
Position Estimates Position Estimates
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Figure 17 Position estimates for tags in  Figure 18 Position estimates for tags in the
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Figure 19 Position and velocity estimates of moving tagslammer, et al. 2015)



In addition to the stationary measurements moving tag measurementa/ere conducted. The

sound basedocalization system provides reliable and Doppler invariant results for tags moving

at a quasiconstant velocity as described in the previous sectionFor the duration of the
measurement (about500i OAAQ OEA OAC3O OAI T AEOU E OFokliel OEAA O/
moving tag measurements in the test mindive test persons carrying the mobile tags and har

hat microphones movedin a slow speed @ T —) along a given path set around the machine

and within the space behind the machinerigure 19 presents the position and velocity estinates
(indicated by the arrows) of this test. The resulting trajectory represents the actual path of the
test personsquite accurately.

Finally, distanee measurements weraundertaken. Therefore, the five tags werglaced at points
along adistance between 10 m and 45 madius, starting at the rearright end of the machine and
going along the road way of the mine as illustrated iRigure 20. The results of these
measurements inFigure 21 indicate that the 1Dradial distances to tte machinewere very
accurate even if the 2D position estimateg/ere not representing the precise positions of the
tags.At 10 m the accuracy of the distance measurementas 10 cm, at 20cm it was 25 cmand at
30 m it layat 30 cm. For the fourth tag at40 m the accuracy still lay at 85cm while the fifth tag
ata5mAT 01 AT 80 AA AAOQOA hdHsiembrovitésirelahls requlés Lpkdiah
distanceof 40 metersand theresults confirm the laboratory distance measurements that had

been conducted befee.

yinm
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Figure 20 Setup of the distance Figure 21 Position estimates for the
measurements. distance measurementg§Hammer, et al.
2015)



2DPASSIVEMAGINGRADAR 2DACTIVETRANSPONDERADAR
TECHNOLOGY

2D passive imaging radar

The test setup for the radar measurements comprised of4 iDRRsensors (the mounting is
shown in Figure 22). As it can be seerthe 4 iDRRsensorsare mounted oneachside of the

loader. Figure 23 shows the implemented visualization with a model of the sidelump loader.

The viewing angleof each radar sensor is included in the visualization as an overlay. This setup
allows for wall detection and reconstruction when the vehicle is moving. The radar blind spot
regarding the movement direction of the machine can be overcome by the usage of additional
sSensors.

Figure 22: iIDRR mounting with magnetic holders.

Three different scenarioswere tested: a static scenario (machine and tags not moving), a
dynamic scenario (machine moving) and a dynamic scenario (tags moving). Two different
dynamic scenarios are necessary to show the performance of both the passive radar dmel
active radar using tags.

Static scenario: The front right oriented sensor clearly shows supporting beams of the tunnel.
(Figure 23). The wall itself is hardly visible. What seems to be a variation of the measured signal
at a single location is the evaluation of a set of peaks around a reflecting structure, as the
measured elements. To identify exact positions it is necessary to model detected elements
according to their typical radar signature.
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Figure 23: Static measurement for the 2passiveradar evaluation.

Dynamic scenario, moving vehicle: The vehicle movel quite slowly with about 10 cm per
second.Due to the bumpy roadway, lhe movement direction of the vehiclevas not exacty
straight and the driver needed tocorrect the movement directioncontinuously. However,the
tunnel wall can beidentified clearly (Figure 24). Further model based data analysis and
transforming of the coordinates from the vehicle based to an infrastructure basetbordinate
systemwill stabilize the measurements.

Figure 24: Dynamic measurement fahe 2Dpassiveradar evaluation.

Slow moving scenarios are benefial to identify and track objects in radar measurements. Due
tothel A A E Enmiovemedt the effective reflecting centers are changing slightizombined with
a high measurement ratehis allows for the statistical analysis of the data.While the accuracy
which can be derived by the sensor is specified tod@n, this canonly be reachal in static
measurements. In moving measurementthe imaging radar introducesslight errors, since a set
of single radar measurementss required to form a consistentimage.Therefore it is important to
account for the movement speed of the vehicle (espetly at high velocities). However, it could
be shown that theprinciple detection of passive objects can be effectively accomplished by the
radar imagingtechnique.



2D active imaging radar

The iISWR systemwvas mounted on top of the sidedump loader. In the visualization, the sensors
situated at the grid origin. Theviewing angleis towards the back of the loader, with +/90° to
the side.In the visualization, the tag position is drawn as an overlayinglack square. The cluster
data of the passive radais shown as well.

Static scenario: Figure 25 shows a static measurement situation with the iSWR tag located at
aboutx=5.7m, y = 1m (white arrow). The tagis beingcarried by a person holdng the tagnear

to its body in front of thechest. The iDRR are measuringpproximately at the height of the

EOIi AT60O EEP8 4EA PI OEOEIT xEOEET dédeurgep Adk E A
be seen that the iISWR position is a little bitloserto the machine than the partly overlaid iDRR
clusters. The combination of multiple measurements and a statistical analysalows for the

detection ofthe center point of the reflections with higher accuracy.

Figure 25: Static position scenario. Comparison of iDBIRsters and iSWR tag
measuremeniblack square) The iISWR tag position is emphasized by the white arrow

Dynamic scenario, persons moving: Figure 26 shows three tag with their respective

positions. The tags are carried by humans who are slowly moving. It can be seen that the
position is changing; the direction is marked with white arrows.In the visualization the
measured position estimates (dots) are shown about 8econds, before they fade oufhe
comparison ofthe measured position with the shown clusters of the iDRR sensor shows a
deviation. One of the sensors is not within the measurement range af @©RR sensor. The other
two tags are within the measurement raige of the rear left looking sensorHowever, due to
different delays in signal processing between the different radar types and also due to different
handling times, he detected tags are aheaith time to the imaging radar clustersThe future data
fusion system must consider this delay.

p2
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Figure 26: Dynamic scenario: Comparison of iDRR clusters and iISWR tag measurem
(black squaregading over time). The white arrows indicate the movement direction of t
ISWR tags

Further experiments showedthat the iISWR sensor is able to detect all tags regardless of their
mounting height. The testsshowedthat the tags must have a line of sighioreover,it has been
found that position detection is possible everat almost 90° tothe sideof the sensor However,
this is not representative sincein real underground scenariosthe radar will be mounted within
considerablymore massive housing and this will cause shielding effects.

Radar based collision avoidance

The two radar types are perfectlysuitable for collision avoidance systems. The 2D passive
imaging radar allowsfor detection of all backscattering objects. lenablesalso object
classification and object tracking as longsthe single measurementsorrelate properly. In slow
moving scenarios this is typically the case. Sldwchanging scenarios alsoake it possible to
usestatistical methods to combine single measurementgurthermore, it is possible to filter
ambiguous sensor data ¥ using on site contat knowledge tomodel the measured scene.

The active radar, as tag based systemwiffers detection ofall tags having a line of sight towards
the sensor. Due to the low radar frequency, tagaay evenbe slightly masked. With the limited
antenna size, the ttectionality is limited. This will reduce the effective detection range, but
allows detecting tags within underground tunnels over the full height. Thuslosetags can be
measured regardless their elevation towards the sensor.

CAS often differentiate bewveen warning zones the closer the target the more elevated the
warning level. This concept can be easiintegrated with the presented radar sensors.



CONCLUSION

The aim of the FEATureFACE project is the development of a collision avoidance system which
builds upon different technologies. By that, a diverse redundant system combining the
advantages of each technologg beingcreated. To achieve this, multiple technologies have been
assessed and a concept has been created, which focuses on the most promising single
technologies.These technologies are:

1 multiple EM-based positioning and detection techniques (UHF RFID, Z¥Hz ROF

radar, magnetic field strength localization)
1 sound-based localization using acoustic signals
1 passive and active 2D imaging radar

By using these technologies simultaneously in a combined system, a diverse redundant system is
created. If one system failsthere are at least two other systems which guarantee the functioning
of the system. This increases the safety of the collision avoidance system dramatically.
Furthermore, the technologies are chosen in a way that the disadvantage of one system can be
compensated by at least one other system. While the RFID technology is very robust with regard
to body-shielding effects and multipath propagation it is also rather imprecise. Th&M-based
radar and the soundbasedpositioning system, however, compensate fahe lower accuracy of

the RFID system while suffering from bodyshielding and multi-path propagation effects. By
employing both,EM-based RTOF measurements and sowithsed RTOF measurements, a
physical diverse redundancy is created by employing differermihysical principles.Furthermore,
the 2D active radar introduces a system which is very robust against muiftiath propagation and
operates in a different frequency band than the other systems, introducing yet another
redundancy to the systemThe 2D passie radar system enables the detection of persons even
without tags on them, scevenif in one condition a tag fails, the person can still be detected.

The snsor systems based on these technologi@gere developed in the first half of the project.
The principles of each technology are outlined in this paper, as well as the role of each
technology in the context othe overall FEATureFACE system.

During the development phase, laboratory measurementand field testswere made in order to
verify the envisaged performance of the systems. These measurements are presented in this
paper andtest setups and measurement results are giveit.can be seen that ach sensor system
has its specific advantages and characteristics, wdfi are uniquely important for the respective
role the single system plays in the overall system context.

OUTLOOK

The next steps in this project will attend the optimization of the sensor systems and testing of
these in mining environments. By that, spetic requirements in underground mining can be
incorporated into the system design. An optimization of both, hardware and software modules
will be done.

Concerning the used radar system, the usage of digital beam forming radar will be evaluated.
This is a pomising technology since it allows higher measurement resolutions in distance and
angle.

Furthermore, the integration of all systems into the overall FEATureFACE system will be

prepared. Mechanical and electrical interfaces will be defined and implemerdevhich will allow
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(seeFigure 27) and combine them into one singlevisualization. This combined representation



will provide consolidated information for the position of all tags based on the measurements of
each single system. Based on this information the system will be able to generate a ssggnal if
a person is detectedn the critical zone, which then can be fed to the mining machine in order to
stop the machine immediately.

Signaling:
Warning/ __ __
Alarm | Electromagnetic Observation Unit (EOU) -
&
- N | I |
Position Sound Central 2D active & I
of | based processing passive
tags I positioning unit radar I
I em based I
| positioning
o o

Figure 27: Concept fothe integration of all sensor data.

In the future, the complete system will be integrated on a SANDVIK road header to assess the
guality of the system and to identify optimization potential. By shrinking the subsystems and
integrating them into shared housings, a more efficient and more robust systecanbe achieved.
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