Project Report
ATC-266

Wind Shear Detection Using the Next Generation
Airport Surveillance Radar (ASR-11)

M.E. Weber

12 July 1999
Lincoln Laboratory =
MASSACHUSETTS INSTITUTE OF TECHNOLOGY :’.’:
LEXINGTON, MASSACHUSETTS Q“A

Prepared for the Federal Aviation Administration,
Washington, D.C. 20591

This document is available to the public through
the National Technical Information Service,
Springfield, VA 22161



This document is disseminated under the sponsorship of the Department
of Transportation in the interest of information exchange. The United
States Government assumes no liability for its contents or use thereof.






























In the following subsection we adapt methodologies derived in [2], [3] and [4] to derive a
first order estimate of the safety and delay-aversion benefits that would accrue through
deployment of WSPs at ASR-11 airports. As evidenced by the simplifying assumptions
discussed below, these benefits calculations are not intended to be definitive, but rather, to
provide an order of magnitude estimate of ASR-11 WSP value for comparison to its costs.

2.2 ASR-11 WSP Benefits Estimates

As noted, the 1991 CBA [2] estimated accident-aversion benefits for a number of the larger
airports which have subsequently been scheduled to receive the ASR-11. Eighteen of these
airports (Figure 1) qualified for the WSP enhancement based on the determination that estimated
life-cycle benefits exceeded estimated costs. In the following discussion, we will consider only
this subset of ASR-11 airports, since baseline estimates of the WSP’s safety-related benefits are
not published for the remaining sites.
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Figure 1. U.S. Airports slated to receive the ASR-11. Circled sites are those qualified in an FAA cost-benefit
analysis [2] for the WSP enhancement.

Our approach is to extract the accident-aversion benefits of the ASR-11 WSP from the
estimates published in [2], after scaling to account for the considerations discussed below. Delay
aversion benefits are calculated using the methodology of [4], together with operations counts
and thunderstorm frequency data for the ASR-11 sites considered.















3 TECHNICAL CHALLENGES AND PERFORMANCE EXPECTATIONS

Wind shear detection using the ASR-11 must confront essentially all of the technical issues
that have been addressed in our earlier development and validation of an ASR-9 based WSP. On
top of these, the ASR-11 pulse signaling strategy and low peak-power transmitter result in
additional challenges for reliably measuring the reflectivity and Doppler velocity signatures of
low altitude wind shear phenomena. In this section, we discuss these technical challenges and
provide preliminary estimates of the likely performance of an ASR-11 based WSP.

3.1 Fan-Shaped Antenna Elevation Beam

The ASR-11 antenna beam patterns are essentially identical to those of the ASR-9. Figure 2
plots the high and low elevation beam patterns of the radar. In the absence of a WSP, all
processing functions (aircraft detection and weather reflectivity measurement) are accomplished
using the high beam at ranges less than about 15 nmi, and the low beam thereafter. An ASR’s
1.4 degree azimuth beamwidth is well-matched to weather surveillance requirements. However,
the fan-shaped elevation beams—5 degree half-power beamwidth with a slow “cosecant-
squared” fall-off above the nose of the beam—introduce several major complications.
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Figure 2. ASR-11 antenna elevation gain patterns.






equal to that required for the antenna to scan through one azimuth beamwidth. In contrast to the
ASR-9, the transmitted burst sequence is not registered to antenna azimuth by means of “fill

pulses.”
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Figure 3. ASR-11 pulse transmission sequence (courtesy of Raytheon ESD).

The major effect of this pulse sequence relative to WSP is the constraint it places on the CPIs
available for ground clutter filtering and Doppler velocity estimation. Although we have
developed techniques for coherently processing across the ASR-9’s PRF transitions [5,6], the
ASR-11’s change in RF frequency de-correlates weather returns, thereby eliminating this option.
As noted above, clutter filter transfer functions will be adversely affected by this constraint.

The absence of precise scan-to-scan azimuth registration introduces a secondary issue. The
WSP algorithms for clutter suppression make use of high-resolution clutter residue maps that are
used to select the appropriate filter for each range gate. The manner in which these maps are
generated and used will need to be modified slightly to account for this lack of registration.

3.3 Solid State Transmitter

The ASR-11 uses a bank of solid state amplifiers to generate its transmitted RF pulse. This
technology limits peak power significantly relative to that of the Klystron-amplified ASR-9. To
compensate, the ASR-11 transmits a frequency modulated “long pulse,” of tens of microseconds
duration; a pulse-compression receiver recovers the energy on target so as make up for the
reduced peak power. Out to a range corresponding to the duration of the long pulse, however, the
pulse compression waveform is not usable (the transmitter is still firing). A short pulse at an
offset RF frequency provides surveillance and weather data out to this range and the radar’s
minimum detectable signal level is reduced accordingly.

The reduction of sensitivity at ranges less than this short-to-long pulse transition has
significant performance implications for the WSP since the area of operational concern for wind
shear detection with an on- or near-airport ASR lies predominantly within this radius. As noted
above, sensitivity for “dry” wind shear phenomena is already problematic owing to the low-gain
antenna used by ASRs.

Pulse compression introduces low-level time sidelobes in the receiver output response. For
the ASR-11, these vary from —40 dB to —55 dB, depending on the range at which the pulse
compression receiver is operating. For intense precipitation echoes exhibiting high spatial
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Wind Shear Prokability Density Functions
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Figure 4(b). Probability density functions (PDF) of microbursts and gust fronts measured with Lincoln Laboratory
TDWR testbed. Microburst data representative of a “wet” outflow environment are from Orlando, FL. Data

representative of a “dry” outflow environment are from Denver, CO. The gust front distribution is a composite of
measurements from Orlando, Denver, and Kansas City, KS.

Ground Clutter Probability Density Functions
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Figure 4(c). Distribution of ground clutter equivalent weather reflectivity measured with Lincoln Laboratory ASR-9
testbed in moderate (Orlando, FL) and severe (Albuquerque, NM) clutter environments. Data are from resolution

cells within 30 km of the radar.
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WSP Clutter Filter Transfer Functions
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Figure 5. ASR-9 WSP clutter filter transfer functions.

ASR-11 WSP Clutter Filter Transfer Functions
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Figure 6. Transfer function of WSP clutter filters designed to the ASR-11 five-puise CPlIs.
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Average magnitude responses for ASR-11 WSP clutter filters realizing nominal attenuations
of 20, 40 and 60 dB were shown in Figure 6. Examples of the variation of magnitude response
across the five output samples for one of the filters (filter 3) are shown in Figure 9. The first and
last output pulses typically exhibit smaller signal-to-clutter improvements owing to the greater
asymmetry of the input data samples. Omission of these two output samples may provide better
clutter suppression performance, albeit at the expense of a 50% reduction in the already small
number of pulse-pairs available for Doppler wind estimation. Trade-offs associated with this
option are under investigation.
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Figure 9. Individual pulse-output transfer functions for 63 dB ASR-11 WSP clutter filter.

Owing to the non-symmetrical inputs, these filters are not exactly linear phase. The resulting
phase ripple produces small errors in Doppler velocity estimates. Figure 10 plots the RMS phase
error (averaged across the output samples) for each of the three filters above. In their passbands,
the phase errors are less than 0.1 * (corresponding to a Doppler velocity error of one-tenth the
Nyquist velocity or approximately 2.5 m/s). Since both the magnitude and sign of the phase
errors vary from pulse-to-pulse, they tend to cancel when Doppler estimates are performed
across the CPI; thus, this RMS error is within acceptable limits.
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ASR-11 WSP Clutter Filter Phase Responses

1.57 1 L} 1 1 1
, | : | : — Filter 3: 63 dB
' ' ' : ' — PFilter 2: 39 dB
; ' : ! ’ — Filter 1l: 21 dB
L 256_ ------- e B . e : ________ A bl s = = = = = = < o o = = a = a == lo @ o = a = = = = - o= = = == =
'% . : : :
= . ; : | : :
S 0.9d2 e R Feeeee- % EEEEEEE eeemeoee SCECEEREE Peeoeoe--
s : : : ! ! : '
: Jrm— ) : :
g : N\ VN : .
b : . / ; N :
i . . P : ™
0.62Bp—--=---~-- R IR s R 1 \-\ ------------------------
0 : T : { % o :
g ' 1 //' ] [ ' "\\ ] '
i ' ' 1 ' . [
& : L : B : s :
i // / ' l\ M
1 g 1 1 / 1 1 |\ 1]
. P . / . \ ) '
L PSR A i Limegffmimenil frmenfen s fgmanands Hgumanetannsnmr
' i i i . ] \ [l ' \ '
g F : \ | ' '
[ 7 vy [l \‘\l ' \\ ]
L & 0 N, N
L} P ) l\‘ 1 ] /""
|~ /v. " N ‘\"-\ - e ‘\ —t
. < = | | P | S
-20 -15 -10 -5 0 5 10 15 20

Doppler Velocity (m/s)
Figure 10. RMS phase error for ASR-11 WSP clutter filters.

One of the three available clutter filters or an all-pass response are selected in each range-
azimuth resolution cell using clutter residue maps constructed under precipitation-free
conditions. The selection algorithm chooses the least attenuating filter that provides acceptable
signal to clutter residue power at its output. In contrast to the ASR-9 WSP which performs all
coherent processing at the same average PRF, separate but matched clutter filter banks must be
designed for each of the four ASR-11 transmitted PRFs. The clutter residue maps will be
generated using appropriate combinations of the output power for corresponding filters at each
PRF.

(b) Weather Reflectivity and Doppler Velocity Estimation

The signal autocorrelation function is estimated separately for each of the four CPI’s using
straight-forward dot product operations. Following scan-to-scan smoothing (via the
aforementioned “lags buffer”), these estimates are used for measurement of weather reflectivity
and Doppler velocity. Weather reflectivity is proportional to the average value of the
autocorrelation function at lag-zero minus the system noise power. Appropriate consistency
checks must be performed amongst the zero-lag autocorrelation magnitudes for the four CPIs in
order to reject out-of-trip echoes.
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corresponding sub-image from the preceding scan. The peak in the cross correlation function
determines the local image displacement between scans and is used to set up a gridded “motion

image.”

The storm analysis module contours the reflectivity image and identifies precipitation regions
(“storm cells”) for which motion estimates will be displayed. A speed and direction of motion
estimate is assigned based on extrapolation from the grid points in the motion image. The storm
extrapolated position module delineates the “leading edge” of storm cells and extrapolates this
edge using the associated motion estimate.

The storm motion algorithm operates only on precipitation echoes exceeding 18 dBz and
displays motion estimates only for storm cells with significant areas of echo exceeding 41 dBz.
As a result, the technical differences between the ASR-9 and the ASR-11—which primarily
affect low reflectivity weather processing—are immaterial to this algorithm’s performance. No
modifications are required to utilize the WSP storm motion algorithm for the ASR-11.

Parameters '
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Tracker (XCT) Algorithm
Precipitation
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Extrapolated e A
Position Display =
Products

User Displays

Figure 13. Overview of storm motion/storm extrapolated position algorithm.
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The Mercury boards handle time-series data I/O and perform compute intensive signal
processing operations. All devices on these boards are interconnected via the “RACEWay,” a
high speed crossbar network which allows each device network-wide shared memory access. As
currently configured, the boards provide computing capacity of approximately 300 million
floating point operations per second (MFLOPS). As noted, the smaller CPIs that would be
processed by an ASR-11 WSP result in a reduction of ground clutter filter processing load by a
factor of seven. Since the filtering operation accounts for the majority of the signal processing
load, the number of Mercury boards and/or processors per board could be scaled back for the
ASR-11 WSP.

The Force SBCs are used not only for meteorological algorithm processing but for data
recording, automatic system monitoring/fault isolation and for system “host” functions. The
FORCE card in VME slot 1 performs this host function for the Mercury boards, providing the
software download process as well as allowing them to access disk/terminal I/O services. This
board is equipped with a graphics card and display. It hosts the WSP’s “remote monitoring
functions” (RMF), the associated graphical operator’s terminal and drives displays of the
meteorological base data and algorithm performance monitors. These display functions coexist
on separate virtual windows on the Local Display.

A typical configuration of the user display hardware at the ATCT is shown in Figure 15. This
Local Area Network (LAN) is connected to the WSP VME data processor at the radar site via
Ethernet bridges and a wideband communications line. SUN workstations are used for both the
Air Traffic Controller “Situation Displays (SD)” and a remote operator’s “Maintenance Data
Terminal (MDT).” Attached to each SD via a serial connection are a number of ribbon display
terminals (RDT), currently 12-line by 24 character large-format text displays from DALE
Electronics.

128K Commlink TR
Ethernet XX XX XX X
To Radar Site —g——p Bridge MR
LAH KX XX XXX XX
)
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Display #2
Ethernet
Hub !
e T
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Tracon SD Ribbon
Display #1
14.4 Kbaud Phone Lines
Serial Comm
Server ——_l__{
4 Point-to-Point Connections
MDT/ Trainer SD for Remote Displays
Wind
Sensor

Figure 15. Typical WSP graphical and alphanumeric display hardware at ATCT.
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The long-term FAA strategy for deployment, maintenance and upgrade of terminal radars is
not clearly defined. It is certainly possible that the FAA will at some point choose to install ASR-
11’s at larger airports as an augmentation to ASR-9s, and that at such airports a wind shear
detection capability may be required. For this reason, it seems prudent to continue a modest
engineering effort to develop the requisite technology for an ASR-11 based WSP, and to refine
understanding of its expected performance.

Realistic simulation of ASR-11 signals to support algorithm refinement and validation can be
accomplished using data sets collected with the ASR-9 WSP testbed. These are comprised of
time-series recordings of wind shear phenomena from the ASR-9, and coincident wind shear
“truth” obtained through analysis of pencil beam weather radar data. ASR-11 time series data
may be simulated from the ASR-9 recordings by:

(1) Extraction of five-pulse subsets of the ASR-9’s eight- and ten-pulse constant PRF
blocks. Multiple decorrelated realizations of these “ASR-11 CPIs” can be obtained
for a given range gate using data from successive antenna scans;

(2) Addition of digital “noise” to the recorded time series data to simulate the ASR-11’s
reduced sensitivity within its short-pulse processing interval;

(3) Simulation of pulse-compression “range sidelobes” by convolving simulated ASR-11
base data with filters that replicate the sidelobe structure. This approach was
described in [7].

An examples of an ASR-11 reflectivity and Doppler velocity image, simulated using the above
techniques is shown in Figure 17. The signal processing strategy described in Section 4 has been
applied to the input time series data.

Unfiltered Z - BIESICH Low Beam Filt
- ;

Figure 17. Example of simulated ASR-I reflectivity and Doppler velocity measurements, using time-series data
Jfrom Lincoln Laboratory’s ASR-9 testbed.
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APPENDIX A
PERFORMANCE IMPACT OF CLUTTER SUPPRESSION FILTERS

A key input to the following analysis is the distribution of wind speeds in microbursts and
gust fronts. Figure A-1 summarizes differential velocities for a large fraction of the microbursts
observed over seven years operation of the FAA/Lincoln Laboratory TDWR testbed at various
U.S. locations. The distribution of differential velocities for most years is approximately
exponential. (During the first two years of testbed operations, the relative inexperience of the site
personnel who performed this analysis reduced the number of identified low-velocity
microbursts. For this reason, we discount the observations from 1986 and 1987 in the following

analysis.)
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Figure A-1. Distribution of microburst differential radial velocities measured with Lincoln Laboratory TDWR
testbed.

A fit to the data in Figure A-1 yields the following probability density for outflow speed
“u” (half the microburst differential velocity):

N(u)= (N(ug)/3.)exp(=(u-ug)/3.1) (A-1)
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