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Foreword

A dramatic improvement in the flight safety of transport aircraft worldwide has
become possible through the development of sensor systems that detect hazardous wind
changes miles ahead of an aircraft. This development--the result of a unique cooperation
among NASA, the FAA, industry, and academia--involved fundamental breakthroughs in
the understanding and measurement of commercial aviation’s most lethal weather threat:
microburst windshear.

One purpose of the meeting reported in these Proceedings was to spread the word:
we were challenged with a need, joined forces to meet that need, and were enormously
successful. U. S. avionics manufacturers small and large have capitalized on the results of
our research and consulting guidance, and now have mounted independent sensor devel-
opment efforts in the best entrepreneurial tradition. The technology applications include
Doppler radar, lidar (laser radar), and infrared systems, each of which required ground-
breaking advances in state-of-the-art design and signal processing. Many systems are now
in the final stages of FAA production certification and commercial sales.

The meeting had another purpose: to open the next chapter in interagency and
industry cooperation--this time for the development and application of sensors for wake
vortices and for synthetic and enhanced vision systems. This too is reported in these Pro-
ceedings.

The windshear research reported here is the result of NASA and the FAA in 1986
setting a timetable for developing and demonstrating a solution to a problem then respon-
sible for more than half the U. S. commercial aviation fatalities of the preceding decade.
The success of this research, with flight tests completed two years ahead of schedule,
ensures that, in the very near future, all airline passengers will travel with the threat of avi-
ation’s worst weather hazard effectively removed.

-e






Contents

Part 1*
2 i
Table of CONtEnts « -+ «+vceveeoneesansinsstasesnstssassssnscnnnasannens iii
Objectives and Organization . ............soeeeeieiseseecseacecsnecssnns ix
1T B xi
Compiler’s Notes, Layout of these Proceedings, and Acknowledgments . . - . . . .. xviii
Session 1: WINDSHEAR FLIGHT TESTOVERVIEW. | ... .......cccuu.. 1

Chair: R. Bowles, NASA Langley Research Center.

Flight Test of AWAS 1II. B. McKissick, NASA Langley Research Center | 3

Flight Test Evaluation of a Data Link and Aircraft Integration of TDWR
Wind- shear Information. D. Hinton, NASA Langley Research Center ......... 23

A Performance Evaluation of Airborne Coherent Lidar Wind Shear Sensors,
P. Robinson, Lockheed Engineering and Sciences Co. 49

-----------------------

Westinghouse MODAR Flight Test Resulits. W. Patterson and M. Eide,
Westinghouse Electric Corp. ......cvvvrenninrnncceresnesssscnnsoacsosns 67

NASA’s Airborne Doppler Radar for Detection of Hazardous Windshear. E.
Bracalente, NASA Langley Research Center 81

Session 2: WINDSHEAR MODELING, FLIGHT MANAGEMENT,
’ AND GROUND-BASED SYSTEMS. .....c.ccocenecanenes 103

Chair: D. Vicroy, NASA Langley Research Center.

Microbugt Avoidance Crew Procedures for Forward-Look Sensor-

Equipped Aircraft. D. Hinton and R. Oseguera, NASA Langley Research
Center 105

------------------------------------------------------------

* Part 1 published under separate cover.
PRECEOWNG PAGE BLANK NOT FH.MED
_PAGE_ A\ INTENTIGNALLY BLANK



Pilot imulator Evaluation of Forward-Look Windsh Proce-

dures. R. Oseguera and D. Hinton, NASA Langley Research Center ........... 125

Vertical Wind Estimation from Horizontal Wind Measurements, D. Vicroy,

NASA Langley Research Center « . ccveveeeeneresesscenssosnensacsncanns 143
isti P

F. Proctor, NASA Langley ResearchCenter ....coveveieeneeenectencnnannss 177

Future Enhancements to Ground-Based Microburst Detection, M. Mat-

thews, S. Campbell, and T. Dasey, Massachusetts Institute of Technology . ...... 221

Determining F-Factor Using Ground-Based Doppler Radar: Validation and
Results. D. Elmore, D. Albo, and R. Goodrich, National Center for Atmos-

phericResearch ... ..oiiiiiiiiiii i ittt iiiretensennonenans 241
Evaluation of Iconic vs. F-Map Microburst Displays. M. Salzberger, R.

Hansman, and C. Wanke, Massachusetts Institute of Technology. -« ccevceeeee. 287
Session 3: AIRBORNE WINDSHEAR DETECTION SYSTEMS. ........... 307

Chair: S. Harrah, NASA Langley Research Center.

Successful Infrared Prediction of Low Level Windshear. P. Adamson, Tur-
bulence Prediction Systems., ... ... .iiveeirernerneestnensenseancsssncnss 309

Overview_and Highlights from Super-position Testing of the MODAR
3000, B. Mathews, F. Miller, K. Rittenhouse, L. Barnett, and W. Rowe,
Westinghouse Electric Corp. [Because it deals primarily with certification
issues, the text portion of the material furnished for this presentation has
been moved to Session 4, under the title “Certification of Windshear Perfor-
mance with RTCA Class DRadomes.”]. . e icieiiienanccnereeancnscannnes 351

Wind Hazard Detection with a CO, Airborne Laser Radar, R. Targ, Lock-
heed Research and Development Co., P. Robinson, Lockheed Engineering
and Sciences Co., and R. Bowles and P. Brockman, NASA Langley

ReSCATCh CeNEr oo v e v e v vuseocoacssonsssssncesssssnsssnsesessssassnans 367
CLASS (Coherent Lidar Airborne Shear Sensor) Windshear Detection Sys-

tem. P. Forney and L. Celmer, Lockheed Missiles and Space Co., R. Callo-
way and P. Brockman, NASA Langley Research Center, and F. Austin,
Lockheed Engineering and Sciences Co...ovvveenevrerecnrectcanansancanns 395

iv



RDR-4B Doppler Weather Radar with Windshear Detection Capabil m D.
Kuntman, Bendix-Allied Signal Co..«coveeeereeceresnsercensensscssnnonas 417

The Collins Windshear Program. R. Robertson, Rockwell-Collins Co. «vs covon .o . 429

Part 2

Session 4: CERTIFICATION OF PREDICTIVE WINDSHEAR DETEC-
TION AND AVOIDANCE SYSTEMS. .......civeiiiinnnnnannn erieaane . 443

Chair: D. Hinton, NASA Langley Research Center.
The FAA View. R. Passman and F. Rock, FAA ........ #eteseetenoenssonnes 445

G. watzcr, Rcsearch Trlanglc Insntutc, and D. Hinton and E Proctor,
NASA Langley Research Center. « « v vveevennresersseeneeesosasenacesanns 447

li h i i -
tem, C. Britt and G. Switzer, Research Triangle Institute, and E. Bracalente,

NASA Langley Research Center.« e oveeeeveeeriernsontossnsnensncasnns 463" Zem

Airport Surveillance Using a Solid State Coherent Lidar, M. Hufaker,
Coherent Technologies, InC. ... coviiiiiiiiiiiierirereneneonsenenaanas 499 *?‘

Session 5: FUTURE AERONA UTICS TECHNOLOGY RESEARCH

PROGRAMS. -« cviererieennennenanans Ceeetescenstenssenssacseannas 525 =@

ivil Tran ti M. Lewis, NASA Langley J—
ResearCh Center oo vv v ieecenneneensnecsaeeaenssenseaasnnsoncansanens 52657
Terminal Area Productivity. G. Steinmetz, NASA Langley Research Center, . . .. 541 o T
Session 6: DEVELOPMENT AND APPLICATIONS OF SENSORS FOR wa
AIRCRAFT WAKE VORTEX DETECTION AND AVOIDANCE. ........... 543 7!

Chair: R. Bowles, NASA Langley Research Center.

gt
b S
r 4



ristics of Civil Aviation A heric H R. Marshall and J.
Montoya, Research Triangle Institute, and M. Richards and J. Galliano,

Georgia Tech Research InSttute ., . . v o evveveeeveenenesennocosacansnennns 545'%}
round-Based Wake Vortex Monitoring, Prediction J
Campbell and J. Evans, Massachusetts Institute of Technology. ......... ceeen. 56977
Aircraft Wake RCS Measurement. W. Gilson, Massachusetts Institute of 7
Technology «ovvr it iii ittt iinistanseeenosesecasossanssasnanas 603" |

Doppler Radar Detection of Yortex Hazard Indicators, J. Ncsvcn E. Hudson,
and R. Stegall, Government Electronic Systems, Martin Marietta, and J. B
Freedman, MITRE COrp. + «ccvvrennenececannsesacassseassosssasnanscses 6517

Remote Sensing of Turbulence in the g;igg Atmosphere with 2-micron
Lidars, R. Martinson, Lightwave Atmospherics, Inc., and J. Flint, Schwartz
Electro-Optics, Inc

Session 7: SYNTHETIC AND ENHANCED VISION SYSTEMS. +1-v++vu.us 10790

Chair: T. Campbell, NASA Langley Research Center.

ESAS (Enhanced Situation Awareness Systems). A. Lambregts, Boeing /
Commercial Airplane Co..c v+ evveeeererrennenesosassansssccscnsassnsnss 70?
Overview of Westinghouse Enhanced Vision Technology Activities, W.
Patterson, Westinghouse Electric Corp...ovvvtireerirerincceceraeceacennss 725;
Evaluation of Candidate Milli Wave S for Synthetic Vision. N. \
Alexander, J. Echard, and B. Hudson, Georgia Tech Research Institutes s« oo oo oo 7477
Passive MMW Camera for Low Visibility Landings, M. Shoucri, TRW N
Applications Technology Div.. e ¢+ et eveeeennnnaesceercreroceccsscsnnnns 765 /
, 4
Synthetic Vision System Flight Test. L. Jordan, Honeywell Technical Center- - - - « . 787"
Enhanced Synthetic Vision Systems. C. Taylor, Lear Astronics Corp............ 799

vi



Transcripts Of The Audio Recordings Made During The Question &

Answer And Panel DiscUSSiONS . ......c.ccoveeennvesnnsnssieasncsssonss 805
About these TranSCrpPtS. . cvveveernesnsesnersasseseasscssenssnsssnnnns 806
Jargon and Acronyms in the TransCripts. . . ..o veveeeeirerecenesecnccsnnnns 807
Panel and Question & Answer Discussions, Sessions 1and2........ccc0.... 811
Panel and Question & Answer Discussions, Sessions3and4........ .00t 820
Question & Answer Discussion, Session S .......coceveiiieinnrecsreenens 844
Panel and Question & Answer Discussions, Session 6. c«ccevevsecveceecares 845
Panel and Question & Answer Discussions, Session 7. .....ccvieieveceennns 851
Closing Remarks . . ..o iviirieiieiienneneststscersssosacnanasasnsans 858
APPENDIX: Names, Affiliations, and Addresses of Attendees .............. 859

vii



Session 4:
CERTIFICATION OF PREDICTIVE
WINDSHEAR DETECTION AND
AVOIDANCE SYSTEMS.

Chair: D. Hinton,

NASA Langley Research Center.

o P72

PREGEDING PAGE BLANK NOT FiLMED



Session 4:
CERTIFICATION OF PREDICTIVE WINDSHEAR DETECTION AND AVOIDANCE SYSTEMS.

Chair: D. Hinton, NASA Langley Research Center.

The FAA View. R. Passman and F. Rock, FAA

G. Switzer, Research Triangle Insti-

i ied : i em., C. Britt and G. Switzer,
Research Tnangle Insututc and E. Bmcalente NASA Langley Research Center

. B, Mathews and L. Bamnett, Westing-

house Electnc Co

) Surveillance Using a Solid State Coherent Lidar. M. Hufaker, Coherent Technologies, Inc.



The FAA View.

R. Passman and F. Rock,
FAA

[This presentation consisted of comments only;

no visuals are available for these Proceedings]
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Abstract

Described is an introduction to a comprehensive database (e.g., Switzer
et al 1993) that is to be used for certification testing of airborne forward-look
~windshear detection systems. The database was developed by NASA Langley
Research Center, at the request of the Federal Aviation Administration (FAA), to
support the industry initiative to certify and produce forward-look windshear
detection equipment. The database contains high-resolution, three-dimensional
fields for meteorological variables that may be sensed by forward-looking
systems. The database is made up of seven case studies that are generated by
the Terminal Area Simulation System (e.g., Proctor 1987a, 1987b), a state-of-
the-art numerical system for the realistic modeling of windshear phenomena.
The selected cases contained in the certification documentation represent a
wide spectrum of windshear events. The database will be used with vendor-
developed sensor simulation software and vendor-collected ground-clutter data
to demonstrate detection performance in a variety of meteorological conditions
using NASA/FAA pre-defined path scenarios for each of the certification cases.

Included in the following are a brief outline of the contents and sample
plots from the database documentation. These plots show fields of hazard
factor, or F-factor (Bowles 1990), radar reflectivity, and velocity vectors on a
horizontal plane overlayed with the applicable certification paths. For the plot of
the F-factor field the region of 0.105 and above signifies an area of hazardous,
performance decreasing windshear, while negative values indicate regions of
performance increasing windshear. The values of F-factor are based on 1-Km
averaged segments along horizontal flight paths, assuming an air speed of 150
knots (~75 m/s). The database has been released to vendors patticipating in the
certification process. The database and associated document have been
transferred to the FAA for archival and distribution and are available from the
FAA.
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06/20/91 ORLANDO MICROBURST

N-S 1 KM AVERAGED F FACTOR AT 50 M AGL

CASE #2-37
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CERTIFICATION METHODOLOGY APPLIED TO THE
NASA EXPERIMENTAL RADAR SYSTEM

Charles L. Britt, E. M. Bracalente & G. F. Switzer

5th Combined Manufacturers and Technologists
Airborne Wind Shear Review Meeting

September 28-30, 1993
Radisson Hotel
Hampton, VA

OVERALL RESEARCH OBJECTIVE: Low altitude wind shear has been
identified as a major hazard to aircraft safety during landing
and take-off. The FAA is requiring all commercial carriers to
install a windshear hazard detection system on all aircraft in
their fleet by 1995. The FAA, in 1986, in cooperation with NASA
established a joint program to assess a variety of sensor tech-
nologies and develop those with significant potential for commer-
cial application. One of these technologies was an airborne
Doppler radar. An experimental Doppler wind shear radar was
developed by NASA and flight tested during 1991 and 1992.

. APPROACH: The specific objective of the research is to apply
selected FAA certification techniques to the NASA Experimental
wind shear radar system. Although there is no intent to certify

the NASA system, the procedures developed may prove useful for
manufacturers that plan to undergo the certification process.

The certification methodology for forward-looking windshear
detection radars will require estimation of system performance in
several FAA-specified microburst/clutter scenarios as well as the
estimation of probabilities of missed and false hazard alerts
under general operational conditions. Because of the near-impos-
sibility of obtaining these results experimentally, analytical
and simulation approaches must be used.

ACCOMPLISHMENTS : Hazard detection algorithms were developed
that derlved predictive estimates of aircraft hazard from basic
radar measurements of weather reflectivity and radial wind veloc-
ity. These algorithms were designed to prevent false alarms due
to ground clutter while providing accurate predictions of hazard
to the aircraft due to weather. A method of calculation of the
probability of missed and false hazard alerts has been developed
that takes into account the effect of the various algorithms used
in the system and provides estimates of the probability of missed
and false alerts per microburst encounter under weather condi-
tions found at Denver, Kansas City, and Orlando. Simulation
techniques have been developed that permit the proper merging of
radar ground clutter data (obtained from flight tests) with simu-
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- lated microburst data (obtained from microburst models) to esti-

- mate system performance using the microburst/clutter scenarios
.~defined by the FAA.

SIGNIFICANCE: The methodology described is specific to the
detection techniques and algorithms used in the NASA experimental
system. However, it will serve as a guide for calculations on
other systems proposed for certification by various manufacturers
of windshear detection systems. The methodology for calculation
of false and missed alert probability will be included as an
Appendix in the "General Certification Methodology and System
Level Requirements for Airborne Windshear Predictive Systems"
document published by the FAA.

FUTURE PLANS: A technical report will be issued documenting the
techniques developed and the predicted performance of the NASA

experimental system using the FAA-defined microburst/clutter
certification scenarios.
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Certification Methodology Applied to the NASA Experimental Radar
System

Charles L. Britt
E. M. Bracalente
G. F. Switzer

VIEWGRAPH TITLES

S8lide 1 - Title of the Presentation. NASA and Research Triangle
Institute personnel participated with the FAA and interested
manufacturers in the development of techniques for certification
methodology for forward-looking windshear detection systems.

The certification process presents unique problems because of the
near-impossibility of testing the proposed systems in a realistic
environment. While the NASA tests of the experimental system
demonstrated the possibility of observing numerous hazardous
windshears in flight tests, the windshears observed were not
generally located in areas of severe ground clutter as may be
encountered on a landing approach or takeoff. Also, safety and
operational factors prohibit flight tests through hazardous
windshear at low altitudes and slow aircraft speeds.

Slide 2 - Objective of the Study. The methodology finally
developed by the FAA and NASA for certification of predictive

windshear systems is being applied to the NASA experimental radar
system to test the methodology.

Slide 3 - Sketch of the general methodology used to evaluate
system performance using real and simulated data. The success of
the NASA system and microburst simulation approach led to a
certification methodology consisting of a combination of flight
tests and simulation. 1In this concept, illustrated in the slide,
ground clutter data will be collected by the manufacturers of
systems being considered for certification at several severe
clutter locations (e.g., Washington National, Newark, and Denver)
and will be merged with simulated microburst data generated by
the NASA TASS weather model. The merged data will then be
subjected to the signal, data processing, display, and alert
algorithms of the proposed system (using actual hardware) to

determine the success of the system in meeting the FAA-specified
performance goals.

‘slide 4 - Illustration of the technique used by NASA in
developing the computer code for merging real clutter data with
simulated weather data. Modules from the NASA windshear
simulation program (ADWRS) are incorporated into the radar flight
data processing software.
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S8lide 5 - Example of a radar reflectivity map of case 2-37 of the
FAA certification test cases. This map shows the "true"
reflectivity from the TASS microburst database at a particular

instant of time with no radar processing and no ground clutter
incorporated.

S8lide 6 - Radar reflectivity map similar to slide 5 (case 2-37)
except the TASS data has been processed by the algorithms used in
the NASA experimental radar system. This map shows the
reflectivity from the TASS microburst database at a particular

instant ‘of time with normal radar clutter filtering but with no
ground clutter incorporated.

Slide 7 - Radar reflectivity map similar to slide 6 (case 2-37)
except the real ground clutter data from Philadelphia has been
merged with the TASS data and has been processed by the
algorithms used in the radar system. This map shows the
reflectivity from the merged databases at a particular instant of
time with normal radar clutter filtering.

Slide 8 - Hazard (F-factor) map of merged data (case 2-37) taken
at the same time as the reflectivity map of slide 7. Two
hazardous areas have been detected with a maximum averaged F-
factor of 0.14. The windshear alert is given at a distance of
approximately 8 km. from the hazard.

Slide 9 - Plots of wind velocity and hazard factor calculated
from the merged data sets (case 2-37) as a function of radar
range. The calculation is made along-a azimuth line that passes
through the hazardous windshear area shown on the radar F-factor

map of slide 8. Radar calculated and "true" values are shown for
comparison.. :

Slide 10 - Example of a radar reflectivity map of case 5-40 of
the FAA certification test cases. This map shows the "true"
reflectivity from the TASS microburst database at a particular

instant of time with no radar processing and no ground clutter
incorporated.

S8lide 11 - Radar reflectivity map similar to slide 10 (case 5-40)
except the TASS data has been processed by the algorithms used in
the NASA experimental radar system. This map shows the
reflectivity from the TASS microburst database at a particular

instant of time with normal radar clutter filtering but with no
ground clutter incorporated.

Slide 12 - Hazard (F-factor) map of merged data (case 5-40) taken
at the same time as the reflectivity map of slide 12. A
hazardous areas has been detected with a maximum averaged F-
factor of 0.14. The windshear alert is given at a distance of
approximately 3 km. from the hazard.
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8lide 13 - Plots of wind velocity and hazard factor calculated
from the merged data sets (case 5-40) as a function of radar
range. The calculation is made along a azimuth line that passes
through the hazardous windshear area shown on the radar F-factor
map of slide 13. Radar calculated and "true" values are shown
for comparison. Because of the low reflectivity of this
microburst, the true and measured values do not compare as
favorably as those shown for the wet microburst case of slide 9.

Slide 14 - Hazard Index definitions used in calculating the
probability of false and missed hazard alerts.

Slide 15 - Probability density functions showing areas of the

density corresponding to probabilities of false alerts, missed
alerts and detection.

Slide 16 - Outline of the procedure used to estimate the
probabilities of missed and false alerts.

Slide 17 - Methods of reducing false alerts used in the NASA
experimental system. These methods must be considered when
calculating the various probabilities.

Slide 18 - Plots of the standard deviation of the hazard (F-
factor) measurement for the NASA system as a function of the
radar range for three values of weather reflectivity.

Slide 19 - Probability density functions for F-factor and
reflectivity (at three locations) used in the calculations.

Slide 20 - Averaged cumulative probabilities (log scale) of a
missed detection of a hazardous windshear at Denver, Kansas City,
and Orlando for microbursts with reflect1v1ty exceeding 0 dBZ.
The probabllltles of false hazard alerts is estimated to be less

than 10°® when using the algorithms implemented in the NASA
systen. -
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PROBABILITY DENSITY FUNCTION
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Overview and Highlights
from
Superposition Testing of MODAR 3000

by

Bruce Mathews, Fran Miller, Kirk Rittenhouse, Lee Barnett,
and William Rowe

Westinghouse Electric Corporation
Electronic Systems Group
Baltimore, MD

5th (and Final) Combined Manufacturers'
and

Technologists' Airborne Wind Shear Review Meeting

Radisson Hotel, Hampton, VA

Superposition testing of detection range performance forms a digital
signal for input into a simulation of signal and data processing equipment and
algorithms to be employed in a sensor system for advanced warning of
hazardous windshear. For suitable pulse-Doppler radar, recording of the
digital data at the input to the digital signal processor furnishes a
realistic operational scenario and environmentally responsive clutter signal
including all sidelobe clutter, ground moving target indications (GMTI), and
large signal spurious due to mainbeam clutter and/or RFI respective of the
urban airport clutter and aircraft scenarios (approach and landing antenna
pointing). For linear radar system processes, a signal at the same point in
the process from a hazard phenomena may be calculated from models of the
scattering phenomena, for example, as represented in fine 3 dimensional
reflectivity and velocity grid structures. Superposition testing furnishes a
competing signal environment for detection and warning time performance
conflrmatlon of phenomena uncontrollable in a natural environment (g
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MODAR 3000 Super Position Yields Simulated
Microburst Detection

Newark Clutter

Superimposed Simulated Result

Eigure 1 Superposition ¥ields Simulated Microburst Detection in Urban
Alirport Environment

The range-Doppler power spectral density for clutter along a single,
instantaneous antenna line of sight is recorded at the output of the FFT along
with the antenna pointing angle and any other radar configuration and/or
geometry necessary information. The range gated Doppler power spectral density
of the microburst is calculated from the radar range equation using a fine
‘three dimensional grid database and descriptions of the radar operation either
from bench testing characterization and/or in-flight measurements. These plots
show contours of signal-to-noise from 0 to 50 dB. with contours every 5 dB.,
for an upper bar scan in urban airport clutter.
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The clutter signal recorded should represent the amplitude and phase
stabilities and amplitude levels of the equipment conditions for the intended
function and installations. The sensor system includes many other aircraft
system assets besides the receiver-transmitter-processor unit. A pulse Doppler
radar 1is preferably dependent upon INS data for clutter positioning and
antenna pointing. Furthermore, pulse-Doppler radar performance is sensitive to
the level of returns from antenna sidelobe directions. In all cases, this
level is dependent upon antenna and radome characteristics.

In response to the practices and wishes of the commercial airlines, the
RTCA committee on windshear has revised the MOPS for weather radar radomes.
Essentially, the airlines have reacted to the introduction of a radar with
windshear detection capability and a call for better radomes by insuring that
existing (older) weather radomes and practices are not invalidated by a
statement of new, improved standards. Especially older aircraft with allegedly
satisfactorily maintained radomes may exhibit degraded transmissivity and
antenna sidelobe performance in exception of present standards. A class "D",
category 2 radome has been defined as a two way transmissivity of 1.4 dB. loss
and sidelobe degradations up to -20 dB. relative to the mainlobe, respectively
(see fig. 2). This has the desired effect of prescribing new standards which
the practices of the airlines can and apparently do comply with.

Figures 3 and 4 show the installation configuration of the MODAR 3000
weather radar with predictive windshear. To support certification,
Westinghouse has modified a BAC-1-11 radome to conform to the definitions of
the RTCA class "D", category 2 radome. An otherwise class "A", category 1
radome, i.e. a low loss and properly maintained radome of minimal antenna
pattern distortion was "patched" with coarse fiberglass layers to simulate a
history of ©repair producing insertion/dispersion losses and sidelobe
degradation over the aperture window of the windshear mode operation. The
repalr was non-symetrically located and consisted of three overlapped layers
of cemented fiberglass near the nose, within the scan area of the windshear

mode. Layvers were applied until the average transmissivity was suitably
degraded.

Several attempts were made at achieving the sidelobe levels. As was
remarked in the RTCA meeting by aircraft and radome companies, class "D",

category 2 sorts of distortions are difficult to realize from properly and
purely localized radome repairs.

First attempts included modification of the antenna amplitude
distribution by slot taping to raise the sidelobe levels. These first efforts
produced antenna sidelobe levels which exceeded -20 dB. levels in both azimuth
and elevation. However, the weather radar performance in either weather or
windshear introduced continual display of red-yellow reflectivity 1levels at
all range scales, even over non-urban clutter areas. That radome degradation
was judged to be too severe as surely it should have prompted a request for
maintainence action. The current class "D", category 2 modifications utilize
only radome modifications and employ no degradation of the antenna amplitude
distribution. This has produced azimuth degradations (see fig. 5) raising the
general sidelobe level 3 to 5 dB. and a pronounced increase in the near
sidelobes on the side of the “repair", up to =19 d4dB. In the elevation
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figure 2 Airline Ewxample RTCA Class D,category 2 Radome

The RTCA class D,category 2 radome states that a degradation in the
antenna sidelobe levels to within -20 dB. of the mainlobe should be
acceptable. This also asserts that the dynamic range of weather radars need
not be 50 dB. This is tantamount to a -40 dB. two way antenna sidelobe
isolation rather than some -70 dB. min. two way isolation available from the
phased array antenna.
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figure 3 MODAR 3000 Installation on the BaC-1-11

Front View - BAC1-11 MR 3000 installed With Degraded (Class D) Radome

A$32408-02 CDSAA
figure 4 RTCA Class D,categoryv 2 Radome

A spare radome for the BAC-1-11 was modified by cementing coarse
fiberglass asymetrically near the nose.

This furnished a decrease in the
transmissivity and an increase in the antenna sidelobe for antenna pointing
within the windshear mode window.
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figure 5 Azimuth Antenna/Radome Pattern

Plots show a pronounced increase in the antenna first and near sidelobes.
The degradation varies somewhat over the #30 degree scan window.
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dimension (see fig. 6), the general sidelobe level has also been raised, but
the peak distortion is in the azimuth plane.

In-flight testing with this class "D" radome, most urban airports will
introduce some sidelobe level 1leakage, evident on the weather display as
spurious green spotting and/or smudge. Approaches into Newark, NJ from the
southwest, however, produced displays with persistent, spatial correlating,
small red and yellow spotting.

Westinghouse has been developing the MODAR 3000 to be certified with a
Class D,category 2 radome. For the more prudent user of better and properly
maintained radomes, certification to Class D,category 2 1levels of radome
performance would provide a sense of field degradation margin on detectability
and false alarm performance. For the operator of older aircraft, an
opportunity to equip with predictive is afforded.

To date, Westinghouse has collected clutter data for development purposes
with the Class D,category 2 radome and has been evaluating detection
performance degradations. Clearly, a class A radome will offer better warning
time performance, especially against "drier” events, than a class D,category 2
radome, and, at this time, the prospects for detection certification of the
class D,category 2 radome must beée tentative. However, at the time of this
paper, Westinghouse has completed flight test in Orlando with the FAA, with
demonstration of 28 seconds of warning time on a must alert level hazard with
this radome. Again with the FAA on board, Westinghouse has flown the BAC-1-11
and class D,category 2 radome into Newark, Washingtion National, and
Philadelphia for the purposes of simulation path clutter collection.
Westinghouse will claim FAA certification credit for demonstrating false alert
free performance with a class D,category 2 radome during those flights. In
summary, Westinghouse will claim certification credit for the flight test and
false alert performance requirements for class D, category 2 or better
radomes. By definition, a class E, category 2 radome will have the same
sidelobe specifications but poorer transmissivity. Credit for class E,
category 2 radome performance for certification might be claimed by using the
clutter data collected with a class D, category 2 radome with a greater
insertion loss in the weather return calculation.

The video shows the outputs from the superposion simulation expected for
certification run cases. This video shows weather reflectivity and windshear
hazard icon/anunciation with contours of true hazard against the NASA Denver
multiple microburst during take-off using BWI class D, category 2 radome
clutter data with a hazard located at 3 n.mi. The first segment is in the
absence of clutter. The case begins just prior to brake release. The pilot's
display initially shows only weak weather reflectivity and truth hazard
contours. However, after scan-to-scan correlation, the simulation produces
icons which conform generally to the size and shape of the hazard contours
before/during brake release, giving the pilot warning well before he would
have been committed to take-off. As the aircraft rolls down the runway and
approaches in range, the truth hazard contours and the icon change. The radar
begins to lose detection ability at nearer range, indicated by a scan without
an icon, but the subsequent scan does furnish an additional icon. The next
segment shows the same run with class D, category 2 radome clutter. There are
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additional indications of green and yellow reflectivity due to leakage of
ground clutter through the antena sidelobes. However, the radar performs
detection and persistence in a fashion indistinguishable from the clutter free
run, except the scan of icon recovery at near range is not produced.

The video also shows the format for certification presentation of results
(see figure 7). The scenario is depicted in a plan view using N-S or E-W truth
hazard contours of the dataset at the closest altitude. An in situ trace,
based on the NASA in situ algorithm, is accumulated from the winds of the
database at the position of the aircraft as a function of case run time.
Warning time credit will be claimed from the difference in time at first

warning (light and sound anunciation) and time of in situ encounter of the
hazard edge.

For certification credit of icon scoring, the display will probably
require modifications for slightly larger icons and coasted or otherwise
artificial persistence of icons at nearest ranges.

At what point will airlines find sidelobe degradations unacceptable for
in-route weather? Operation of an antenna and radome combination with the peak
degradation only in the azimuth plane produces a weather map display of
multiple distracting hazardous area portrayal which would seem very
distracting in a high workload approach environment. A manufacturer of pulse
Doppler radars and the community regulating their safe use must ultimately
assume that user airlines will find it in their best interests to comply with
some minimal standard of radome performence. In the case of a windshear
detection capability, certification of detection and false alarm performance
with a radome demonstrating compliance with the transmissivity and sidelobe
degradations of class "D", category 2, especially with this instance of a BAC-
1--11 modified radome, suggests that some predictive windshear capability may
be obtained within the current "art* of radome maintenence. Furthermore, the
pilots and crew on board aircraft with such radomes would have long been
monitoring the symptoms of sidelobe degradations and might sense departures in
the sidelobe performance from weather only observations.
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Eig. 7 Certification Simulation End Product

Each simulation run is summarized by the plan view of the upper right,
which shows the arrangement of NASA database E-W or N-S path hazard contours
at the altitude closest to the scenario. The aircraft path will be described
by a series of arrows, indicating its start and path through the event. The
lower left furnishes a stripchart of NASA in situ hazard factor calculated
from the database winds at the aircraft position as a function of time. The
pilots display will show the weather reflectivity and icon at the time of
initial position, some simulation runs may include production of a scan-by-
scan sequence of the display as the event is approached for the judging of
human factors. Credit for warning time is taken from the time difference of
anunciation and in situ encounter, as delineated by markers on the in situ
trace. True hazard contours along the expected flight path may be overlayed
for observer orientation, but icon scoring will be a separate output.
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PROGRAM SUMMARY

OBJECTIVE:  ASSESS THE UTILITY OF SOLID-STATE COHERENT LIDAR TO THE TASS
PROGRAM

APPLICATIONS: WAKE VORTICES; DRY AND WET MICROBURST WINDSHEAR; GUSTS;
VERTICAL AND GENERAL WIND PROFILING; CLOUD CEILING

e TASK 1: SYSTEM PERFORMANCE MODELING
CONCEPT DEFINITION

SYSTEM SIZING

MEASUREMENT PLANNING

ALGORITHM AND GRAPHICS DISPLAY DEVELOPMENT

o TASK 2: FIELD DEMONSTRATION MEASUREMENTS
- EXISTING MOBILE 2.09 pm COHERENT LIDAR SYSTEM
- KENNEDY SPACE CENTER
- STAPLETON INTERNATIONAL AIRPORT

+ TASK 3: DATA ANALYSIS AND ASSESSMENT
o TASK 4: SYSTEM DESIGN SPECIFICATION
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1e+00

19° PPI 30 MINUTES PRIOR TO LANDING
MEASURED RADIAL VELOCITY

5.38

4.3+

5.38

5.38
1e+00

Jan
]

1

2115 1.08 g.00 1.08  2.15

4.30 3.25  4.30 5.38
RANGE (km)

>

19 1993 08: 3 AZIM 094.455 ELEY 019.000

0 . 8
RADIAL VELOCITY (m/sec)
SCAN RATE = 59Ysec PULSE WIDTH =~ 185 nsec
RANGE GATE = 100 m PULSE ENERGY - 27 mJ
NGATES - 128 PRF =5 Hz
D=8cm

Navg =3
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SPECTRAL SIGNATURES FOR DC10 WAKE VORTICES

RANGE-RESOLVED DOPPLER SPECTRUM (T + 24 sec)

(+30m/sec to -30 m/sec)

1e+00

1.76

0.0 DC10
k NEARRW —» %
r %81 UPPER DIPOLE

0.4

0.34

0.24
-3.08
1e441

-2.40 -1.80 -1.20 ~0.60 0.0 ‘ 0.68 . 4 3.00
h FREQUENCY (Mitz)
Jun 17 1993 9:52:49 0150 AZI_M“47270.002 ELEV 3.341

~45
PSD MAGNITUDE (dB)
OCAN RATE = 0.6 fsec PULSE WIDTH ~ 185 neac
RANGE GATE = 100 m PULSE ENERGY = 9 mJ
NaATES - 128 PAF ~SHz
Navg - 3 D-8em
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RHI @40°NEAR COLORADO FRONT RANGE

MEASURED RADIAL VELOCITY - TIME SLICE 1

o (POSITIVE AWAY FROM LIDAR)
@
2.3¢
2.00 '3
e 12 m/sec HORIZONTAL SHEAR LAYER i
1.8% \
1.624
H
E 1.3%
1
&
Hiwg  150°
=
k 0.92
n
0.69] 10 m/sec WIND GUST
8,461
0.2
°'Mz.‘3°xo 1.85 1.39 0.46 2.00
e RANGE (km) .
| Mar 09 1993 20:41:23 0183 AZIM ©040.000 ELEV 059.797
-10 0 10
RADIAL VELOCITY (mvsec)
SCAN RATE = 2%sec PULSE WIDTH = 185 nsec
RANGERES =5%5m PULSE ENERGY = 27 mJ
NGATES=126 PRF =5 Hr
N =? D=8em
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RHI @40°NEAR COLORADO FRONT RANGE

MEASURED RADIAL VELOCITY - TIME SLICE 2
(POSITIVE AWAY FROM LIDAR)

ie+00
2.3¢
2.8%4 -1 200 600
12 m/sec HORIZONTAL SHEAR LAYER !
1,651 ™~ -
1,624
H
E o
I
G
Haiss{  150°
7
K %%
m
0.694
0.461
8.2
T K . . K . 8.0 0.45 oz .33
it RANGE (km) ,
; Mar 09 1993 20:41:59 0357 AZIM 039.993 ELEV 000.760
-10 ' 0 10
RADIAL VELOCITY (m/sec)
SCAN RATE = 2%ec PULSE WIDTH = 185 nsec
RANGE RES = 55m PULSE ENERGY = 27 mJ
NGATES=|26 PRF =5 Hz
N =3 D=8cm

AVG
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2° PPI SHOWING NUMEROUS INHOMOGENEITIES
MEASURED RADIAL VELOCITY

. ' (POSITIVE AWAY FROM LIDAR)
1. 181
0.8
0.59
0.304
0.301
0.59
0.8%
1.18
1.48 7 v T v ¥ 7 T T T
1‘;31 1.18 0.89 8.59 .30 9.00 0.30 0.59 .89 1.18 1.48
- RANGE (km)
; Jun 28 1993 15:31:49 1056 AZIM 354.880 ELEV 2.000
Lo e o
-8 0 8
RADIAL VELOCITY (m/sec)
SCAN RATE = 1.7%/sec PULSE WIDTH = 105 nasc
RANGE GATE - 100 m PULSE ENERGY = 28 mJ
Naareg - 58 PAF ~5Hz
Navg =8 O-8em
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MEASURED RADIAL VELOCITY
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4.304
3.2
2.15
R
A 1.08
N
go.o
k 1.08]
n
2.15]
3.23
4.901
s.sxse'fgo 4.30  3.23 215  1.08  0.00 1.08  2.15 3.23 4.30  5.38
RANGE (km)
J'un 09-1993 15:26:56 0220 AZIM 030.803 ELEY 002.000
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Fava =4 D=8om
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350° RHI SHOWING OUTFLOW DIPOLE

MEASURED RADIAL VELOCITY

or (POSITIVE AWAY FROM LIDAR)
13
M 120°
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340° RHI 23 MINUTES LATER

MEASURED RADIAL VELOCITY
et (POSITIVE AWAY FROM LIDAR)
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N ava” 8 De=8cm
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STAPLETON MEASUREMENTS—SUMMARY

RELIABLE WAKE VORTEX DETECTION FOR EACH MEASUREMENT
- LIDAR DETECTS WAKE EVERY TIME (~250+ LANDINGS)

LARGE VORTEX DATABASE IS BEING COMPILED

- THREE SCAN PLANES (ASPECT ANGLES)

- LARGE AMOUNT OF METEOROLOGICAL DATA

-. CORRELATIONS BETWEEN ENVIRONMENT AND WAKE PERSISTENCE

MULTIPLE SCAN PLANES CAN BE USED TO DETERMINE AXIAL FLOW SIGNATURE
- TRANSVERSE FLOW MODEL PREVIOUSLY VERIFIED

- AXIAL FLOW SIGNATURE IMPORTANT TO MAXIMIZE COVERAGE AREA WITH SINGLE-STATION
LIDAR

MEASUREMENT GEOMETRY NOT IDEAL

- MINIMUM ELEVATION ANGLE OF 0.5° (8-15 m MINIMUM MEASUREMENT HEIGHT)
- ELIMINATES ASPECT ANGLES BETWEEN 85° AND 45°)

- ALTERNATE LOCATION NEAR NWS CONSIDERED FOR JUNE MEASUREMENTS
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PRELIMINARY PERFORMANCE ASSESSMENT

PULSED SOLID-STATE LIDAR BEST DEVICE FOR DETECTING AND TRACKING WAKE
VORTICES
- PULSE LENGTH 20-75 m TO MATCH WAKE DIMENSIONS

- HIGH PRF SYSTEMS (>50 Hz) NEEDED TO MEET SPATIAL SAMPLING REQUIREMENTS (2 m)
- PULSED OPERATION PERMITS MEASUREMENT TO RANGES OF A FEW KILOMETERS
- RELIABLE ESTIMATES OF VORTEX LOCATIONS AND PERSISTENCE CAN BE ACHIEVED

HIGH RESOLUTION WIND PROFILES VALUABLE FOR IN AIRPORT ENVIRONMENT
(MICROBURST AND WIND GUST DETECTION AND TRACKING)

- LARGE AREA OR SECTOR SCANS ON DEMAND ‘

- VOLUMETRIC SCANNING WITH SUFFICIENT PRF

- VERTICAL WIND PROFILES ON DEMAND

MODEST SYSTEM REQUIREMENTS

- 10-20 mJ PULSE ENERGY; 10-15 cm APERTURE; 100-300 Hz PRF
- EXISTING OR NEAR-TERM DIODE-PUMPED 2 um TECHNOLOGY
- CAPABLE OF FULL AIRPORT COVERAGE 10-15 km

3D VELOCITY 'IMAGES' ARE FEASIBLE
- XYT DEMONSTRATED WITH 5 Hz PRF: AX = 35 m; AT= 10 sec
- HIGH PRF SYSTEMS PERMIT XYZT WITH AX < 50 m; AT < 10 sec
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High Speed Civil Transportation Research.

M. Lewis,
NASA LangleyResearch Center
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INTEGRATED HIGH-SPEED CIVIL TRANSPORT PLAN

The NASA HSR Program is Enabling Technology Development and Validation
and Not Product Development

0, | ——
2500 L
TECHNOLOGY DEVELOPMENT |'/ "AIRFRAME & ENGINE -
2000 |- (54.9 BILLION) PRODUCT
DEVELOPMENT
(§20-25 BILLION)
1500 | nousy | [
PARALLEL INVESTMENT
($3 BILLION)
1000 |-
NASA
NASA  HSRPHASEIl
HSRPHASE! (1.5 BILLION)
500 | ($0.4 BILLION)
1990 = 1982 1994 1996 1998 2000 ? 2002 2004 1 2006
GO-AHEAD CERTIFICATION
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Syste ms

HSR-PHASE Il =

Objective: Provide validated flight deck
systems technologies and
certification guidelines to enable
industry development of:

e Synthetic vision

e Next-generation flight deck
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HSRHPHASE I =

issues & Problems

« RESTRICTED VISIBILITY
— Approach & Landing
— Ground Operations
- Collision Avoidance (VFR, As Well As IFR)

-« COCKPIT LOCATION

— Optimization Of Flight Deck Volume/Shape
— Cockpit Motion
— Taxi Guidance & Control

« UNIQUE OPERATING REQUIREMENTS

- Systems Management (Fuel, Temperature, Radiation)
— Noise Management
— ATC Integration

« LACK OF CERTIFICATION GUIDELINES
— Synthetic Vision
— Non-Evolutionary Cockpit
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'Constraints of Two >
' Person Cockpits “smprasern

Advanced Subsonic vs. Mach 2.4 HSCT

Advanced Subsonic e Advanced

T HSCT

Current '

(i |\ >, IMproved
Technology

” Economics
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Flight Deck Volume/Shape
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Benefits of Integrated
Flight Deck Systems

‘ [FSREPIHIASIE [ =
High-Level Synthetic
Info. Management Vision Payoffs

B « No Nose-Droop

(Saves 1,500-2,000 Lbs.;
5,000 Lbs. In TOGW)

-« Additional Row of Seats
(2% Gain In Revenue)

g - All-Weather/All-Site Operations
(Schedule Reliability & Reduced
Fuel Reserve)

» Minimum Special ATC Handling
(No Throughput Impact)

(- Next-Generation Cockpit
{ (Technology Step-Change: Fewer
Crew-Related Incidents)

Precision Fit. . Highly Integ. . geduced Certification Time & Costs
Management Displays & Controls
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Terminal Area Productivity.

G. Steinmetz,
NASA Langley Research Center

[This presentation consisted of comments only;

no visuals are available for these Proceedings]
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Session 6:

DEVELOPMENT AND APPLICATIONS
OF SENSORS FOR
AIRCRAFT WAKE VORTEX
DETECTION AND AVOIDANCE.

Chair: R. Bowles,
NASA Langley Research Center.
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Session 6:

DEVELOPMENT AND APPLICATIONS OF SENSORS FOR AIRCRAFT WAKE VORTEX DETEC-
TION AND AVOIDANCE.

Chair: R. Bowles, NASA Langley Research Center.

Characteristics of Civil Aviation Atmos-pheric Hazards. R, Marshall and J. Montoya, Research Triangle Insti-
tute, and M. Richards and J. Galliano, Georgia Tech Research Institute

Ground-Based Wake Vortex Monitoring. Prediction, and ATC Interface. S. Campbell and J. Evans, Massa-
chusetts Institute of Technology

Aircraft Wake RCS Measurement. W. Gilson, Massachuseitts Institute of Technology

Wake Vortex Detection at Denver Stapleton Airport with a Pulsed 2-micron Coherent Lidar. S. Hannon and
A. Thomson, Coherent Technologies, Inc.

Doppler Radar Detection of Vortex Hazard Indicators. J. Nespor, E. Hudson, and R. Stegall, Government
Electronic Systems, Martin Marietta, and J. Freedman, MITRE Corp.

Remote Sensing of Turbulence in the Clear Atmosphere with 2-micron Lidars. R. Martinson, Lightwave
Atmospherics, Inc., and J. Flint, Schwartz Electro-Optics, Inc.
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Characteristics of Civil Aviation 24°

_Atmospheric Hazards.

R. Marshall and J. Montoya,
Research Triangle Institute,
and
M. Richards and J. Galliano,
Georgia Tech Research Institute
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Characteristics of Civil Aviation Atmospheric
Hazards
R. E. Marshall, M. A_ Richards, J. A. Galliano, and J. Montoya

Abstract

Clear Ar Turbulence, wake vortices, ary fal, and volcanic ash are
hazards fo avil awation that have not been brought fo the forefront of public
attention by a calasirophiic accident. However, these four hazards are

responsible for major and minor nyuries, emotional rauma, sigriicant arearalt
aamage, andin route and terminal area inefficiency.

Mostinpurtes occur during clear air turbulence. There /s signiicant
arcralt damage for any volcanic ash encounter. Rolls induced by wake vorijces

oceur near the ground. Dry hail offen gopears as an area of weak eclio o the
 weallerradar.
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This paper will present the meteorological, eleciromagnetic, and spatio-
lemporal characteristics of each hazard, A description of a typrcal aircralt
encounter will eacl; razard wil be givern. Analysed microwave and milimeter
wave sensor syste/ms fo aetect each hazard wil be presented
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Ground-Based Wake Vortex Monitoring. 34
Prediction, and ATC Interface.

S. Campbell and J. Evans,
Massachusetts Institute of Technology
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5th (and Final) Combined Manufacturers’ and Technologists’
Airborne Wind Shear Review Meeting
September 28-30, 1993
Hampton, Virginia

“GROUND-BASED WAKE VORTEX MONITORING,
PREDICTION AND ATC INTERFACE ”*

Steven D. Campbell and James E. Evans

Lincoln Laboratory
Massachusetts Institute of Technology
Lexington, Massachusetts
Telephone: 617/981-3386, E-mail: sdc@1l.mit.edu

This talk will discuss three elements of a proposed Wake Vortex Advisory
Service: monitoring, prediction and ATC interface. The monitoring element is needed to
ensure safety by wamning controllers of hazardous wake vortex conditions. Such
conditions exist when wake vortices persist in the approach/departure flight paths due to
advection or to atmospheric conditions which prevent their decay. The prediction
element is needed to provide ATC supervisors with advance warning that wake vortex
separation conditions are about to change (i.e., require increased or decreased wake
vortex separation). The ATC interface element is needed to provide controllers with
adaptive wake vortex separations. The use of these adaptive wake vortex separations
~ would lead to increased airport capacity under most conditions, while maintaining
_safety under conditions of wake vortex hazard.

A data gathering program is proposed to begin in the summer of 1994 at a major
airport. A 10.6 pm CO, CW lidar system will be developed for characterizing the
behavior of wake vortices in an operational airport setting. Wide—area weather data will
be gathered by an Integrated Terminal Weather System (ITWS) testbed. Interface to the
terminal ATC system will be accomplished using the TATCA (Terminal Air Traffic
Control Automation) Interface Unit (TIU), which would allow wake vortex separation

symbology to be inserted onto a TRACON controller’s Full Digital ARTS Display -
System (FDADS) radar screen.

The proposed program would take advantage of the synergy between the Wake
Vortex, ITWS and TATCA programs in achieving an integrated Wake Vortex Advisory
System. An interim product of the program would be a characterization of the wake
vortex separation requirements for different classes of aircraft in an operational setting.
The ultimate aim of the program would be to achieve fielding of the proposed system.

* The work described here was sponsored by the Federal Aviation Administration under Air Force
Contract No.F19628-90-C-002. The United States Government assumes no liability for its content or
use thereof.
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Radar Measurements of Aircraft Wakes at Kwajalein, R.M.L

William H. Gilson
Lincoln Laboratory, Massachusetts Institute of Technology
244 Wood Street
Lexington, Massachusetts 02173-9108

ABSTRACT

A series of multi-frequency radar measurements of aircraft wakes at altitudes of 5,000 to 25,000 ft. was
performed at Kwajalein, R.M.L, in May and June of 1990. Two aircraft were tested, a Learjet 35 and a
Lockheed C-5A. The cross-section of the wake of the Learjet was too small for detection at Kwajalein.
The wake of the C-5A, although also very small, was detected and measured at VHF, UHF, L-, S-, and
C-bands, at distances behind the aircraft ranging from about one hundred meters to tens of kilometers. The
data suggest that the mechanism by which aircraft wakes have detectable radar signatures is, contrary to
previous expectations, unrelated to engine exhaust but instead due to turbulent mixing by the wake vortices
of pre-existing index of refraction gradients in the ambient atmosphere. These measurements were of
necessity performed with extremely powerful and sensitive instrumentation radars, and the wake cross-
section is too small for most practical applications.

, This work was sponsored by the Office of Naval Technology. The views expressed are those of the
author and do not reflect the official policy or position of the U.S. Government.
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DOPPLER RADAR DETECTION OF VORTEX HAZARD INDICATORS

I.D. Nespor, B. Hudson, R.L. Stegall and J.E. Freedman*
Government Electronic Systems
Martin Marietta MS 108-102
Moorestown, NJ 08057

*Current Affiliation: The MITRE Corporation, McLean,VA
ABSTRACT

Wake vortex experiments were conducted at White Sands Missile Range, NM using the AN/MPS-39
Multiple Object Tracking Radar (MOTR). The purpose of these experiments was twofold. The first
objective was to verify that radar returns from wake vortex are observed for some time after the passage of
an aircraft. The second objective was to verify that other vortex hazard indicators such as ambient wind
speed and direction could also be detected. The present study addresses the Doppler characteristics of
wake vortex and clear air returns based upon measurements employing MOTR, a very sensitive C-Band
phased array radar. In this regard, the experiment was conducted so that the spectral characteristics could
be determined on a dwell to-dwell basis. Results are presented from measurements of the backscattered
power (equivalent structure constant), radial velocity and spectral width when the aircraft flies transverse
and axial to the radar beam. The statistics of the backscattered power and spectral width for each case are
given. In addition, the scan strategy, experimental test procedure and radar parameters are presented.

INTRODUCTION

The need to provide protection against wake vortex-induced turbulence hazards necessitates imposing large
separations between heavy jets and other aircraft, resulting in a major constraint on ATC system capacity.
In truth, an actual wake vortex hazard is rarely present—occurring only when ambient winds along the
approach path are too weak to rapidly dissipate the vortices. Since today’s ATC system lacks a sensor
system that can indicate presence or absence of the wake vortex hazard, it must always be assumed that the
hazard is present and the cost of reduced capacity is borne in the interest of safety. Previous research with
microwave doppler radar has suggested the potential of this technology to monitor the winds and detect
turbulence even in clear air conditions. This capability, if combined with the flexibility produced by the
beam agility of phased array antennas, offers hope for an operational sensor system that can support an all-
weather fail-safe solution of the vortex problem. This solution could be accomplished in the following
three ways. First, radar can provide doppler wind field measurements covering the terminal area which,
when combined with data from other meteorological sensors present, can enable highly accurate
mesoscale, short-term wind condition forecasts. These forecasts looking 20 to 30 minutes ahead provide
the lead time needed for air traffic controllers to adjust traffic separations to the vortex hazard as indicated
by forecasted wind speed and direction in the final approach corridor. Second, the radar could perform
continuous real-time monitoring of the wind conditions actually occurring along the final approach path,
providing a means for verifying the forecasted hazard level and if necessary alerting the controller to
increase separations. Third, for ultimate protection, the radar could provide a means for actually detecting
the vortices and determining decay rate and motion and, if necessary, alerting the controller to wave-off the
approaching aircraft.
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The above described possibilities have stimulated interest in including wake vortex protection as a
functional requirement for the FAA’s recently announced Terminal Area Surveillance System (TASS).
Encouraged by such interest, the Martin Marietta Co. has conducted an informal series of cooperative
experiments with the White Sands Missile Range (WSMR) exploring the feasibility of including vortex
protection functionality in an advanced multifunction terminal radar as envisaged for TASS. The aircraft
test vehicles were limited to small jet aircraft (A-7), as heavier aircraft were not available. The sensor used
was the AN/MPS-39, a C-Band pulse doppler phased array radar originally developed by MM for the
WSMR range instrumentation complex. The AN/MPS-39 is an excellent tool for exploring how beam
agility can be exploited to provide prediction, detection and location of vortex hazards for a multifunction
airport radar. This paper reports on the experimental results. It first reviews the physical basis underlying
the application of microwave radar to the vortex problem, then describes the test radar and the experimental
setup. It then goes on to present results, recommendations for further work, and finally conclusions.

WAKE VORTEX AND OPTICALLY CLEAR AIR PHENOMENOLOGY

Scattering from fluctuations in the refractive index of the atmosphere has provided a very powerful tool in
the application of radars to clear air turbulence (CAT) investigations. It has been clearly established [1] [2]
and widely accepted that high powered, very sensitive microwave radars can detect echoes caused by
backscattering from inhomogeneities of the refractive index in the atmosphere. The backscattered power is
related to the intensity of the fluctuations in the refractive index within a narrow range of turbulent eddy
sizes centered at one-half the radar wavelength. This region is known as the inertial subrange of the
turbulence.

The theory of scattering of electromagnetic waves from refractive index in homogeneities has been
developed by Tartarski. [3] For homogeneous and isotropic turbulence, Tartarski has shown

that the structure constant can be expressed as Dp(r) = an r2/3. The scattering mechanism from
homogeneous and isotropic turbulent media is similar to Bragg scatter in that a radar of wavelength A
scatters from a particular component of turbulence with eddy sizes equal to A/2 [4]. Ottersten [5] has
derived the following expression relating volumetric reflectivity to the intensity of refractive index
variations:

n=0.38Cp2A-1/3 ey

where an is the structure constant and is a measure of the intensity of the refractive index fluctuations,
and A is the radar wavelength. It has been established by Chadwick [6] et al. that the scattering model for
clear air turbulence is applicable to scattering from wake vortex induced turbulence. In other words, the
vortex induced turbulence is created at scale sizes of 5-10 meters during the wing tip roll-up process and
/then fractures to smaller sizes as the vortex dissipates. When the vortex induced turbulent scale size
dissipates to the point where it becomes on the order of half the radar wavelength, the radar backscattered
power then becomes proportional to the refractive index fluctuations.

For turbulence associated with wake vortices, the characteristics of the vortex are generated primarily by a
discontinuity in the air flow traversing the wings. This causes a vortex flow to be shed along the wing
tips. The velocity gradients that are generated across the width of the vortex core are the primary
contributor to the refractive index fluctuations. The entrainment of the heat emissions and water vapor
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from the engines leads to increased fluctuations in the refractive index of the vortex as it propagates
through the atmosphere behind the aircraft producing it [7].

Continuous real-time monitoring of the low-altitude wind speed and direction has been demonstrated with
the AN/MPS-39 radar. We believe the sensitivity of this radar to monitoring wind speed and direction
results from refractive index inhomogeneities caused by convective cells produced by the heating of the
earth’s surface, as well as particulate scatter from small millimeter sized particles such as dust and insects
which may be lifted by buoyant air parcels rising from the heated surface of the earth. Due to the size and
nature of these particles, they are accurate tracers of air motion up to the boundary layer. It should be noted
that there may be seasonal and geographical variations in the scattering mechanisms that produce the radar
echoes for mapping the low altitude winds. This is an area that needs to be investigated further.

DESCRIPTION OF MULTIPLE OBJECT TRACKING RADAR (MOTR)
Background

The AN/MPS-39 Multiple Object Tracking Radar (MOTR) is a new precision instrumentation system
designed to support range safety, weapon development, operational test and evaluation, and training
exercises involving multiple participants. The first MOTR was delivered to the U.S. Army’s White Sands
Missile Range (WSMR) in May 1988 where it underwent extensive field testing culminating in final
government acceptance in December of that year. Since then three other MOTR radars have been delivered
to various DoD test ranges around the country. A photograph of the radar is shown in Figure 1.

Technical

The MOTR’s transmission lens phased array antenna, mounted on an elevation over azimuth pedestal,
enables it to accurately track up to ten targets while simultaneously processing two surveillance beams.
Accuracies better than 0.2 mil rms angle and 1.0 yd rms range are achieved while tracking a 20 dB or
greater signal-to-noise ratio target. A 5.0 dB or better signal-to-noise ratio is obtained while tracking a 6
inch diameter sphere with a 1.0 micro-second pulse width at 100 kiloyard range. MOTR is fully coherent
and has built-in clutter suppression capability. The radar is mobile, and its design is based on Inter-Range
Instrumentation Group (IRIG) timing, transponder, and frequency standards. Table 1 lists important
MOTR system parameters.

As can be seen from Table 1, the radar has the following unique features that make it very well suited for
vortex detection experiments:

1) High peak transmit power of 1l MW for high sensitivity.
2) Antenna beamwidth of 1° for good angular resolution of targets.
3) Very IOW antenna sidelobes -45 dB rms for reduced sidelobe clutter contamination.

4) Variable pulsewidth between 0.25 psec and 1 psec. This corresponds to variable range
resolutions of between 37.5 meters to 150 meters.
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5) The ability to electronically steer the beam reduces ground clutter contamination.
6) High system stability for high doppler resolution.
Modifications

MOTR software was extensively modified to support the wake vortex experiments and these changes have
permanently been made part of all existing systems. MOTR additions consisted of a new mode to enable
disk recording of 36 range gates of coherent in-phase and quadrature sum channel data and angle scan
modifications to permit dwells of up to 256 pulse repetition intervals.

WSMR WAKE VORTEX EXPERIMENTAL OVERVIEW

During January-February of 1991, the AN/MPS-39 MOTR at WSMR, NM was used to conduct wake
vortex detection experiments. Weather conditions during this time were characterized by mild daytime
temperatures, rising to 55-60 degrees Fahrenheit on the average, with generally light winds. In general,
during the winter months, the two dominant type air masses influencing WSMR weather are modified
Maritime Polar and Modified Continental Arctic. The modified Maritime Polar was the system that
dominated the weather patterns during this time. No precipitation in the region occurred during the days
when fly-bys were being conducted.

Experiments were conducted using A-7 fighter aircraft flying out of Holloman, Air Force Base. Figure 2 is
an elevation view of the geometry of the experiment. Figure 3 shows the location of the two space points
that the aircraft flew through relative to the radar. Space Point 1 was located 3 kyds directly north of the
radar, and space point 2 was located 3 kyds directly west of the radar. The aircraft flew a clockwise
racetrack flight pattern and was vectored to the appropriate space point and altitude by the WSMR control
tower. The experiment was set up such that the radar looked axially behind the aircraft for vortices as it
flew through space point 2, and looked transverse to the aircraft flight direction as it flew through space
point 1. The aircraft flew at an approximate speed of 180 knots with both flaps and landing gear down to
simulate as close as possible a landing configuration. Each mission was composed of three separate data
collection modes. These consisted of a pre-mission, target mission, and post mission data collection mode.
The pre-mission data collection mode was performed approximately 15 minutes before the aircraft arrival.
The intent was to record data on clear air returns prior to the aircraft’s arrival. Data was then collected for
at least 30 seconds immediately before the aircraft flew through the beam and for at least one minute after
the aircraft flew through the beam. Another post-mission data collection mode was then taken for two
minutes to determine the ambient wind conditions after the fly-by. Before and after each mission, a call
was placed to the WSMR weather station located a half mile from the radar so that the temperature,
humidity, pressure, wind speed and direction both at the surface and aircraft altitude could be monitored
and used in subsequent data analysis. Visual observations were made of the two space points with
personnel using binoculars during the entire mission. Two observers were employed; one monitored space
point 1 and the other space point 2 for birds, insects, etc., flying through or around the beam.

Figure 4 shows the scan pattern employed by the radar for the axial passes (looking due west to space
point 2) The radar electronically scanned a 3x3 array, the aircraft was vectored through the top middle
beam. This scan strategy facilitated vortex detection even when the cross winds were strong enough to
blow the vortex into the adjacent beams or, as they sank into the lower beams, when the wind conditions
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were calm. Figure 5 shows the scan pattern employed by the radar for the transverse pass when the radar
was looking due north to space point 1. For this scan, the radar electronically scanned a 6x1 array. The
aircraft flew through the third beam from the top. This allowed for some uncertainty in the aircraft’s
altitude as it flew through the beam, and also allowed the vortex to be detected as it sank into the lower
beams.

Data collection modes for clear air mapping were very similar to the vortex scan modes discussed above
except the tests were conducted without an aircraft fly-by. Data was collected for up to three minutes in
this mode at space points 1 and 2.

DATA ANALYSIS AND RESULTS

Table 2 compares the vortex characteristics of the A-7 aircraft used for this experiment against other well
known aircraft types. As Table 2 indicates, the circulation strength of the vortex produced by the A-7 is
significantly less than all the other aircraft presented. This is primarily a function of the lighter weight of
the A-7 aircraft. With this in mind, this section presents the spectral characteristics of what is believed to
be a vortex detected when the A-7 aircraft flew through space point 2 (axial to the beam). While several
passes were conducted on this day with the A-7 aircraft, the pass presented herein represents the only data
set collected to date that has been usable. This is because of experimental problems that occurred on the
other passes on this day. Subsequently, constraints on range or aircraft availability have prevented us from
reproducing these results. In addition, spectral characteristics from a very windy and a calm clear air day
are presented.

Wake Vortex Spectral Processing

The experiment was set up such that 36 range gates were spread out over a 2 kyd range interval.
Essentially, there were 18 range gates on either side of the designated space point. The radar was operating
with a 1 microsecond pulse and a 1280 Hz pulse repetition frequency. For each range gate, 128 I & Q
samples were recorded for each of the nine or seven beams at a given space point. Thus, the dwell time for
each beam was 0.1 seconds, and each beam was revisited every 0.9 seconds over the course of a given
data collection period. A 256 point FFT was then performed for each of the 36 range gates for all nine
beams over the entire data collection interval. The time series data was weighted by minimum three-term
Blackman-Harris weights to push the sidelobes below -70 dB. The periodogram at each range gate was
then used to estimate the first three central moments such that

N
P = Y S(v) )

i=1

where P is the estimate of backscattered power and N is the number of spectral lines. The backscattered
power in dBsm was then converted to an equivalent structure constant Cp2.
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where V is the mean velocity estimate and N is the number of spectral lines.
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where W2 is the spectrum width estimate, ¥ is the mean velocity estimate and N is the number of spectral
lines.

It should be noted that care was taken to remove the undesired ground clutter spectral components before
each of the first three central moments were computed. This was accomplished by removing four spectral
lines on either side of the zero velocity component.

Figures 6(a) through 6(c) show “waterfall” or Doppler history plots of a vortex produced by the A-7
aircraft as it was flying axially through the top left radar beam. These plots consist of the time history of
the spectral characteristics for three range gates. For these plots, negative velocities represent motion
toward the radar and positive velocities represent motion away from the radar. Time increments between
each spectrum are (0.9 second. On this day at the time of this mission, it was exceptionally calm at the
surface and winds were reported between 1 - 2 knots at 800 feet, the approximate altitude of the aircraft.
. There were no birds or insect swarms reported from the visual observations made during the course of this
mission. Figure 6(a) shows no vortex in range gate 14, but it does show the target saturating the receiver
as it goes through the beam at this range gate. This figure also substantiates the wind conditions reported
by the WSMR meteorological station. Also note that there were approximately 10 seconds of data collected
before the aircraft flew through the beam. No spectra induced by vortices shed by the A-7 are evident after
the aircraft flies through the beam for this range gate. The dark narrow spectral lines centered around zero
velocity are ground clutter. However, for Figure 6(b) which is a spectral history for adjacent range gate
15, vortex induced spectra appear about 8 seconds after the aircraft leaves the beam at 18:07:22 GMT.
Figure 6(c) which is the spectral history for range gate 16, shows a larger amplitude in the spectra and
again no wind induced spectra before the aircraft flies through this gate. It appears that the vortex is in this
gate for approximately 10 seconds. The two spectra, one on each side of the zero doppler, may be
evidence of vortex perturbations in either direction. These have been observed from the axial structure of
the vortex by other researchers [10]. In addition, the axial flow perturbations are generally small
compared with the flight speed. Near the center of the vortex, there may be perturbations on the order of
15% of the flight speed. For the spectral plots presented here the radial velocities were approximately 5
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knots( about 5 percent of the flight speed). However, we reiterate that relating the complex vortex physics
to the spectral characteristics is somewhat difficult. The spectra produced by the vortices appear in the
succeeding range gates 17 and 18 as well for this upper beam.

Figures 7(a) through 7(e) show Doppler History plots for the beam directly below the upper left beam
considered above. The first range gate where the vortex induced spectral characteristic occurs is number
13. We believe the vortex produced by the A-7 aircraft is sinking into the lower beams and into the closer-
in range gates. This is consistent with results reported by other investigators [8] [9]. For Figure 7(a), the
first evidence of vortex induced spectra occurs at 18:07:43 GMT approximately 21 seconds after the time
the vortex appears in the upper beam. It should also be noted that the target returns shown in the plots for
this beam are caused by the aircraft flying in the angular sidelobes of the antenna. For adjacent range gate
14 in Figure 7(b), the spectral amplitude is larger. In range gate 15 in Figure 7(c), two sets of spectra
appear. One set of spectra occure earlier than the spectra in the upper beam and the other occurs later. The
earlier spectra occur at approximately 18:07:26 GMT. The coherent return appears about 17 seconds
earlier than it did in the upper beam. It is expected that the vortex returns would occur earlier in time at the
farther out range gates in the lower beams because the aircraft flew through the lower beams earlier in
time. In range gate 16 in Figure 7(d), the spectra occurring at the later time begins to decay while the
spectra occurring earlier in time but at farther out range gates begins to grow. At range gate 17 in Figure
7(e), the spectra occurring later in time are almost fully dissipated while the spectra occurring earlier is
larger in amplitude. By range gate 19, the spectra occurring earlier dissipates as well. Both sets of spectra
lasted for about 10 seconds.

Figures 8(a) and 8(b) are Doppler History plots for the lowest beam. The first gate where vortex induced
spectra occur is in range gate 12. The time associated with this spectra is approximately 18:07:45 GMT
which is about the same time that was observed for the spectra in the beam above. This could be expalined
by the overlap of the antenna beams at the 3 dB points. Figure 8(b) shows the spectra getting larger in
amplitude and width, which is indicative of increased backscattered power for that gate. The spectra last
for about 12 seconds and are spread out spatially over range gates 12 to 17. The apparent radar cross
sections of the vortices presented for each of the three beams ranged from -65 dBsm to -80 dBsm. The
equivalent structure constant, Cp2 ranged from -116.7 to -135.4 dB. The apparent cross sections tended to
increase as the vortex dropped into the lower beams. This might mean that the vortex grows spatially as it
decays and occupies more of the pulse volume as it dissipates with time. The larger spatial extent of the
vortex within the pulse volume could possibly explain the larger apparant cross sections in the lower
beams.

The mean velocities tended to range from 1.1 m/s to 4.5 m/s. Spectral width tended to stay relatively
constant and ranged from 2.75 to 3.7 m/s. We believe the data presented for this A-7 axial case to be
consistent with what has been generally reported about vortex characteristics. However, specific radar data
sets of axial looks at aircraft are nonexistent to the best of our knowledge. This makes making definitive
statements difficult.

Clear Air Spectral Processing

Figures 9(a) through 9(c) show Doppler History plots of data collected on a very windy day on 5 May
1991. The wind direction at the surface was from the west at 270 and the wind speed was 15 knots with
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gusts reported to 25 knots by the WSMR meteorological station. At 800 ft., the wind speed was reported
at 25 knots with gusts to 30 knots. The radar was pointed due east and scanning a 3 x 3 pattern. The radial
wind velocities of each of the three time history plots correlate very well with the speed and direction
reported by the WSMR meteorological station. The plots show that the winds are moving away from the
radar as one would expect with the prevailing westerly winds and the radar scanning due east. In addition,
Figures 10(a) through 10(c) show the histograms of the first three central moments for the data collected
that day. Figure 10(b) shows the average radial velocity to be at -428.04 Hz which corresponds to a wind
speed of 23 knots moving away from the radar. This again correlates quite well with the meteorological
station’s report. Figure 10(a) shows the average structure constant to be -139 dB for this very windy day.
In addition Figure 1i(c) shows the average spectral width was 91.5 Hz which corresponds to 2.5 m/s or 5
knots. '

Figures 1 1(a) through 1 1(c) show Doppler History plots of the data collected on a relatively calm morning
on 6 May 1991. The wind direction at the surface was from the south at 190° and the wind speed was 5
knots. At 800 ft., the wind speed was reported at 8-10 kts. The radar was pointed due north to space point
1 and was scanning a 6 x 1 pattern. The Doppler History plots show very little activity for the three highest
beams except for occasional gusts. Figures 12(a) through 12(c) show histograms of the first three spectral
moments for the data collected on that day. Figure 12(b) shows the average radial velocity to be at -103.9
Hz which corresponds to 5 knots away from the radar. Figure 12(a) shows the average structure constant
to be -143.5 dB, and Figure 12(c) shows the average spectral width to be 95 Hz which corresponds to 5.2
knots.

DART Plot Description

The Doppler History Plot was cumbersome to use when initially examining the data since it only provided
information on one small segment of the scan volume. Several additional data representations were tried
for visualizing over a larger volume. We learned that one of the dimensions that was necessary to include
was time. We finally settled on a representation we called a DART (Doppler-Amplitude-Range-Time) plot.
Figure 13 shows this plot. Using three axes and color, variations in amplitude and frequency of the
spectral peak over range and time are easily seen allowing quicker identification of a potential vortex for
more detailed analysis and a visualization of clear air phenomenon. Color indicates the doppler bin that the
peak of the power spectrum occurs in. If the velocity is unambiguous, motion toward the radar is indicated
by blue, motion away from the radar is indicated by red, and near zero velocity is indicated by green. The
vertical axis is the amplitude of the peak of the power spectrum expressed in dBsm/doppler bin, ie., the
received energy is referenced back to the scattered. Time is shown on the horizontal axis and the 36 range
bins are shown on the axis coming out of the page. When an aircraft flies through a beam it shows up on
the DART plot as a high amplitude ridge. The order that the range bins is shown can be reversed so that
both sides of the ridge can be seen. The DART plot is generated by estimating the power spectrum, as in
the Doppler History plot, for each range gate. The doppler bin with the peak amplitude is located and the
doppler bin is color coded. A varying color line is then drawn connecting the peak amplitudes of the 36
range bins with values less than -100 dBsm being shown at -100 dBsm in black. The processes are
repeated for each time sample.

RECOMMENDATIONS FOR FUTURE EXPERIMENTS
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In the course of this experiment, it has become clear that there are a number of useful areas for continued
investigation. The effort thus far has demonstrated the highly variable and dynamic characteristics of
vortex induced turbulence and optically clear air returns. We recommend the following areas for future
investigation:

1) Carry out a series of experiments that insure the repeatability of the radar vortex returns presented
in this paper and extend the experiments to include the more representative heavy commercial
aircraft such as an MD-11 or Boeing 747.

2) Carry out experiments that will identify wake vortex signatures of heavy commercial aircraft and
distinguish them from ambient winds.

'3) Establish the reliability of monitoring wind speed and direction from ambient winds so that the
conditions for wake vortices stalling can be predicted. A long-term investigation for determining
wind speed and direction at low altitudes by microwave radar should be compared to a
meteorological network of wind sensors to validate the reliability of monitoring winds.

4) The maximum range of detection should be established for heavy commercial aircraft.

5) A thorough study should be carried out to determine how well microwave radars detect vortices in
rain, fog and other kinds of precipitation.

SUMMARY AND CONCLUSIONS

The experiments reported herein were an exploratory, limited scale feasibility investigation. They were
performed by piggybacking on other scheduled WSMR missions so that resources could be obtained
inexpensively. As such, we had to use aircraft that were already at WSMR which limited the aircraft
population to A-7 jet fighters. Access to a heavy jet capable of producing the hoped-for very strong vortex
radar echoes could not be provided without a formal testing program. Nevertheless, the tests did show
definite evidence of detection of weak vortex echoes on an axial view for even the small A-7 aircraft which
has an expected vortex backscatter cross section two orders of magnitude less than a heavy jet such as a
MD-1I or Boeing 747. Also, the ability of microwave pulse doppler phased array radar to efficiently
monitor low-level wind conditions in clear air was demonstrated. We find that these results point toward
the feasibility of a multifunction radar playing an important role in TASS as a wide area indicator of wake
vortex hazards. We believe the evidence and ultimate benefits to be substantial enough to warrant a serious
FAA testing program that would: 1) validate and develop further the role of microwave radar as a vortex
hazard indicator, and 2) establish appropriate operational concepts.
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Table 1. MOTR System Parameters

Parameters Value

Radar Frequency C-Band (5.4 to 5.9 GHz)
Antenna:

Directive Gain 45.9 dB

Beamwidth 1.05° ;

Scan Volume 60° cone plus cusps
Transmitter Power:

Peak 1.0 MW

Average 5.0 kW
Range 0.5 to 8192 kyd
System PRF (Selectable) { 80, 160, 320, 640, 1280 Hz
Object PRF (Selectable) | 20, 40, 80, 160, 320, 640, 1280 Hz
Pulsewidth (Selectable):

Non-Chirp 0.25, 0.5, 1.0 us

Chirp (Expanded) 3.125, 12.5, 50 s

Chirp (Compressed) 0.25 us
Pedestal Servo: N

Position Servo Rate-aided Type 2

Mazximum Rate:

Azimuth 800 mils/s
Elevation 300 mils/s

Maximum Acceleration | 200 mils/s/s
Tracking Filters: :

Coordinates Cartesian (XYZ)

Types Alpha-Beta, Alpha-Beta-Gamma

Bandwidth PRF/2 to 0.1 Hz
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Figure 1. MOTR in Operation (US Army Photograph)
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FIGURE 5 1 X 7 SCAN PATTERN USED FOR TRANSVERSE PASSES
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Figure 6(A). Doppler time history plot for A-7 fly-by,
upper beam, range gate 14, axial case.
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Figure 6(B). Doppler time history plot for A-7 fly-by,
upper beam, range gate 15, axial case.
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Figure 6§(C). Doppler time history plot for A-7 fiy-by,
upper beam, range gate 16, axial case.
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FIGURE 10(a) HISTORGRAM OF STRUCTURE CONSTANT FOR WINDY DAY
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FIGURE 10(s) HISTOGRAM OF RADIAL VELOCITY FOR WINDY DAY
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Session 7:
SYNTHETIC AND ENHANCED
VISION SYSTEMS.

Chair: T. Campbell,

NASA Langley Research Center.
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Session 7:
SYNTHETIC AND ENHANCED VISION SYSTEMS.

Chair: T. Campbell, NASA Langley Research Center.

ESAS (Enhanced Situation Awareness Systems). A. Lambregts, Boeing Commercial Airplane Co.

Qverview of Westinghouse Enhanced Vision Technology Activities, W. Patterson, Westinghouse Electric
Corp.

Ev. ion of i illimeter Wave Sen for ic Vision, N. Alexander, J. Echard, and B. Hud-
son, Georgia Tech Research Insitute

Passive MMW Camera for Low Visibility Landings. M. Shoucri, TRW Applications Technology Div.

Synthetic Vision System Flight Test. L. Jordan, Honeywell Technical Center

Enhanced Synthetic Vision Systems, C. Taylor, Lear Astronics Corp.
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Evaluation of Candidate MMW Sensors for Synthetic Vision

Neal T. Alexander, Brian H. Hudson, and Jim D. Echard
Georgia Tech Research Institute
7220 Richardson Road
Smyma, GA 30080

The goal of the Synthetic Vision Technology Demonstration (SVTD) Program was to
demonstrate, and document the capabilities of current technologies to achieve safe aircraft
landing, take off, and ground operation in very low visibility conditions. As part of the
technology evaluation process, the Georgia Tech Research Institute (GTRI) was a primary
participant in two of the major thrusts of the program: (1) sensor evaluation in measured
weather conditions on a tower overlooking an unused airfield and (2) flight testing of sensor
~ and pilot performance via a prototype system installed in a test aircraft.

GTRI supported tower testing of six different millimeter wave (MMW) radar sensor
configurations and two infrared (IR) sensors at an instrumented tower facility at Wright-
Patterson AFB in the 1991-1992 time frame. Sensors tested included a Honeywell 35-GHz
MMV imaging radar, a Norden 95-GHz MMW target detection and tracking radar, a Lear
Astronics 94-GHz MMW imaging radar, a 3-5 micron Kodak IR imaging camera, and a 3-5
micron Mitsubishi IR camera. The tower tests were performed under varied meteorological
conditions including clear, fog, rain, and snow. As tower-test contractor, GTRI provided
engineering services, including test planning, equipment preparation, field-test support,
sensor data analysis, sensor performance modeling, and technical documentation of test
results.

Three of the sensors evaluated in the tower tests were subsequently utilized in the flight-test
evaluation program, which was performed during 1992 using a functional prototype SV
system mounted in a specially configured Gulfstream II aircraft. During these flight tests, the
observed performance of the prototype SV system was documented in actual and simulated
weather conditions. The prototype system evaluated under this program included both a
MMW radar sensor and an IR imaging sensor to detect and image the runway and
surrounding area, as well as both a HUD and a head-down display to present the images and
flight symbology to the pilot. GTRI's primary role in the flight test program was to perform
analysis of raw radar data frames (snapshots). The effort focused almost exclusively on data
snapshots captured by the Honeywell MMW radar. GTRI also participated in experiment
design and test planning, characterization of the radar sensors, radar modeling, radar
calibration, and weather data analysis.

_ The presentation first briefly addresses the overall technology thrusts and goals of the
- program and provides a summary of MMW sensor tower-test and flight-test data collection
 efforts. Data analysis and calibration procedures for both the tower tests and flight tests are
~ presented. The remainder of the presentation addresses the MMW sensor flight-test
. evaluation results, including the processing approach for determination of various
performance metrics (e.g., contrast, sharpness, and variability). The variation of the very
important contrast metric in adverse weather conditions is described. Design trade-off
considerations for Synthetic Vision MMW sensors are presented, and the presentation

concludes with recommendations for future research to address the remaining unresolved
issues.
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M. Shoucri,
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Ground Tracking of Aircraft in Airfield

774

VISIBLE LIGHT IN FOG
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Synthetic Vision System Flight Test.

L. Jordan,

Honeywell Technical Center
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Runway/Taxiway Detection Results
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Runway/Taxiway Detection Results
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Enhanced Synthetic Vision Systems.

C. Taylor,

Lear Astronics Corp.

799



90-, laded
Bunaop malney

1eayg puip auIoqIy 'd109 sojuossy JeaT
sisibojouysa) pue aoueping Buipue snowouolny ‘iabeuepy wesboid
(SJainjoesnuepy pauiquiod Yis Jojfel suyo

Swa)sAg UoISsIA
o1)9YjuAsg / pasueyu3

800



jensiA ‘Nyi14 pueg jenq ‘Jepey Bujuiquo) Ag abew }seg «
uoisng Josuag —

uonewjuos abeuw) :alej4 niyyl asueping awil-jjnd «
UMOpYoNo| 0] adsueping —

pauoddng (1eayspuipy shid) suonoung juaiind |y «

Jepey Bunsixg o] }) UQ-ppy Jtepey buibew] «
Jepey X/M d4npady uowwon —

suoijejnBai Bunsixa o) sabueys ou salinbay «
sjuswalinbay Yvrav4 bunsixg ulypm Ajpanuz -

pieog sjuswaiinbay suonesadQ 03 93nqLIIUOD OYM
‘J¥SN PUe sJdle) 1y [eloJoWWo) OM] Sapnjou] wea) «
uaALI(qg Jawoisny —

a1}sI|eay pue [esnoeld

we.iboid wea] 9Ty SolU0l)SY JedT

801



(AI1qIsIA piemiod [euoijudaAuod oN) LOSH «
Jelodly adA] jeioadg —

Rjigedes ixe] '@ 92UBPIOAY UOISINIU| [ 3]9€}SUO SOPINOI] «

anssj| uy ||3S Bulures] ; Asuaainy jojid «

jjodxe] Jayjeapi-|lv SpIAOId Jouue) pue|ojny/SdO UdAT «
Yeaolly AlejljiiN puy [eloJawwo) 314 pJemiod -

sapjijioed }so|\ 3V Ajjiqede) Jayjeap -]V SoOpiroId «

g1 | @dAL U 92ueWIOUdd JOYJEIA BE JeD SI [BOS) Jlseg «
Jesodly AlejljiiN puy [eldJawwo) o] }1joljday —

fAingeoddy

wel1bold wea] Y SIIU0I)SY JedT

802



g

Kemuny uQ sp.ig azig-uoabld
saJnjonsg [re3ea/sabp3/sybi «
ajqediseq AlybiH uonnjosay ZHOYE «
001< IV S)ybi auleyuan/ebp3 .
00v< 3V Aemuny / Aeusy b1 »
008< 3V Juswoliaug Aemuny ajqeziubooaay »

(6od uj soneg Apubls
Ajjenjoy) @suewlopad Buibew| ajqeying Buipiroid
JO a|qedes Jepey (99uaiajiau] MoT) IdMOd MO «

sao10y9 ABojouydsa] oiseg swiyuod —
(zov essaD 1aVIN ‘sayseoaddy 002) 3saL 3blld «
(M110e4 359 Josuag g4VdM) 31SOL 419MO| «
(a191yaA 3s0 Jepey) 1saL plold «

uonepuno4 }sd] puy juawdojaaag pllos uQ jing —

Jepey ZHOY6 ‘MO (MWO0Z) 19MOd-MO] »

welbold wed | oy SoIUO0I)SY Jed7]

803



ABojoquiAs ANH UMM Paldno) Jepey ainjiady-jjews
wiol4 obew) Buisn sayseoaddy Boy/pullg Injssadang -
€661 U] A)jeay V S| UOISIA padoueyu3 .
subisag uononpouadalid
BulALIg JUSWIUOIIAUT dlisljedy KjjeuonesadQ
u| paJayjes uopew.oju] JO aseqeyeq anbiun -
yoeoaddy Aioje|nbay / snoo4 I8wioysny anbiun -
(1 UOIOIN Z1-8/S-€ PasNd puy Jepey Buibew
ZHOY6 9A1IY) slosuag Buibew) jo uojjeuiquio) anbiun -
uoisn4 J0suas

| @dueping Buipue] snowouolny / UOISIA pasueyul
uj Slapea JUsWUIBA0S puy Aisnpu| JO wea] snbiun —

Arewwing .

804

welbold wed] 5y SOIUOIISY JedT



