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Lab Notes

Airport Surface
Detection Equipment

Occupancy Signal
REL: Runway Entrance Light
THL: Takeoff Hold Light
RIL: Runway Intersection Light

www.RWSL.net

FAROS: Final Approach Runway

RWSL Operational Concept

Runway status lights (RWSL) turns on and off automatically, driven by multi-sensor surveillance.

RELs turn ON when it is unsafe to enter or cross a runway; RELs are visible from taxi hold position.

THLs turn ON when it is unsafe to depart from a runway; THLs are visible from takeoff hold position (and final approach).
RILs turn ON when it is unsafe to cross a runway intersection; RILs are visible from approximately 3,500 feet prior to
runway/runway intersection and may be visible from final approach.
FAROS flashes ON and OFF when it is unsafe to land; FAROS is visible from final approach to runway.

REL
/ (‘ 7 Transponder
Uil ( multilateration

Airport Surveillance
Radar (ASR)

Runway entrance lights (RELS)
RELs mean STOP! The runway is unsafe to enter or cross.

Takeoff hold lights (THLS)
THLs mean STOP! The runway is unsafe for take off.

Runway intersection lights (RILS)
RILs mean STOP! prior to runway intersection ahead.

A typical airport environment supplied with an RWSL system will have four types of status indicators. The REL,
THL, RIL, and FAROS components of RWSL are shown in their relative locations on and near active runways.

Aviation Administration (FAA) to
eliminate runway incursions during
takeoffs and landings.

Runway accidents often develop
so quickly that mediation by air traf-
fic control (ATC) personnel is often
impossible or ineffective. Timely
communication of runway-safety
information directly to pilots is
often required to avoid a runway
incursion or collision. The concept
of notification relies on the ability
to alert at least one of the aircraft or
vehicles in the conflicting scenario.
In some cases, for increased safety,
redundant indications are provided
to everyone involved.

Currently, the most effective
direct notification system at tow-
ered airports is the runway status

lights (RWSL) system, developed
for the FAA by Lincoln Laboratory.
RWSL indicates to a pilot when

a runway is unsafe by turning on
special red lights embedded in the
pavement in full view of the pilot
and other nearby personnel, or by
flashing lights to pilots on approach
to the airport. The RWSL system
operates independently from the
clearances issued by ATC and thus
serves as an independent layer

of safety. RWSL meets a long-
standing, well-defined safety need
to help prevent runway incursions
and accidents by combining current
ground-based radar and multilat-
eration technology with advanced
processing to control in-pavement
lights that directly alert pilots to
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runway collision hazards. Of the
technologies specifically addressing
runway incursions, RWSL provides
the most timely, most effective, and
most highly automated technology
to notify pilots and vehicle opera-
tors on the airport surface of poten-
tial incursions.

Eggert recalls that their ini-
tial work was a pair of prototype
simulations at Boston’s Logan
International Airport. The first
one involved simulated surveil-
lance, pseudopilots (a computer
display that allowed a technician to
control several simulated aircraft),
and a controller. This simulation
allowed the concept to be tested
with realistic controller-pilot com-
munications and aircraft motions.



The second prototype used real,
live surveillance data and showed
runway status light operation as

it would occur, but only on a com-
puter display and on a model board
with fiber-optic lights, not with real
lights on the airfield.

The second simulation involved
real data, a simulated controller,
“pseudopilots,” and a model board
with light-emitting diodes. “We
were given a room in the tower so
we could watch the same data that
the controllers saw,” Eggert says.
The conclusion of the initial work
was that the radar technology at the
time was insufficient to maintain
the necessary high degree of proper
signalling with a minimum of false
alarms (which would reduce runway
capacity). “If something is happen-
ing that would make it dangerous to
continue what they are going to do,
we want them to know,” Shank says.
“Otherwise, we don’t want to inter-
fere with operations because delays
cost money.” However, as technol-
ogy improved, RWSL were installed
at several airports. The first fully
functioning operational prototype
was installed at Dallas/Fort Worth
International Airport (DFW), Texas,
where a prototype Airport Surface
Detection Equipment (ASDE-X)
radar was installed. “It reduced run-
way incursions by 70% when tested
at DFW,” according to Eggert.

The four components of RWSL
(as shown in the sketch of a typi-
cal airport) are Runway Entrance
Lights (RELs), Takeoff Hold
Lights (THLSs), Runway Inter-
section Lights (RILs), and Final
Approach Runway Occupancy Sig-
nal (FAROS). Each of the first three
types of light has only two states:

“On” (lights illuminate red) and
“Off” (lights not illuminated). No
third state exists; RWSL never, for
example, displays green lights. The
fourth component, FAROS, also
has two states: “On” (lights illumi-
nated white over red) and “Flash-
ing” (lights flashing on and off).

e RELs are placed at runway/
taxiway intersections and are
visible to a pilot taxiing toward a
runway. They indicate to the pilot
if it is unsafe to enter or cross a
runway because it is currently or
will soon be occupied by high-
speed traffic, such as an aircraft
taking off or landing, and the
pilot should stop immediately.
(For simplicity of description, the
discussion in this note emphasizes
aircraft-to-aircraft encounters,
but it should be
kept in mind that
RWSL has also
been shown to be
effective in averting aircraft colli-
sions with surface vehicles.)

e THLs are placed on the runways
to be visible to the pilot in posi-
tion for takeoff. They indicate to
the pilot that it is unsafe to take
off because the runway ahead is
occupied by another aircraft. If
a pilot is holding on a runway
when THLs illuminate red, the
aircraft should remain in position.
If a takeoff roll has begun when a
pilot observes illuminated THLs,
the pilot should stop the aircraft
and notify ATC that the plane has
stopped because of red THLs.

e RILs are placed on runways
approaching an intersection with
another runway to indicate to a
pilot in a takeoff or landing roll
that the intersection ahead is
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unsafe to enter or cross because
there is a potential conflict at

the intersection. When RILs
illuminate red, the pilot or vehicle
operator should stop before the
intersecting runway.

FAROS is a flashing signal
imposed on the already-existing

precision approach path indicator
(PAPI) lights, visible to aircraft on
final approach to a runway. They
indicate to pilots that the runway
is occupied, and the pilot should
visually acquire the other traffic
and may have to contact the tower
to verify clearance to land or,
absent that verification, go around
instead of land.
RWSL works seamlessly with
existing and planned ATC proce-
dures. The RWSL system is effec-

It’s easily understood. Red means
stop! People understand that.

tive because an indication of a

conflict is

e Transmitted directly to the
pilot(s) involved.

e Generated by computer logic.

e Is not dependent on the visible
detection by controllers and/or
vehicle or aircraft crew members
to enhance safety during night
operations or periods of restricted
visibility.

¢ Does not depend on the avail-
ability of clear audio channels.

At the request of the FAA, Lin-
coln Laboratory reviewed runway
incursions in the United States
between 1997 and 2000 at 100 of
the busiest airports, concentrating
on those incursions that involved
at least one large passenger jet and
were classified as “high hazard” or
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had a miss distance less than 100
feet. The study determined that
RWSL might have prevented or
mitigated 75% of the 167 identified
incursions. The study suggested
that the efficacy of RWSL stems
from their ability to directly alert
pilots of the runway status with
minimal latency. Furthermore,
RWSL helps prevent the occurrence
of incursions—the predecessors of
accidents—by increasing the situ-
ational awareness of pilots on run-
ways and taxiways.

According to the FAA and
the NTSB, RWSL is a viable and
important technology for reducing
runway incursions. In addition,
RWSL has gained widespread
support among user groups. It
requires no human processing or
warning, does not increase the ATC
procedural workload, and does not
interfere with other pilot proce-
dures and tasks. Pilots, pilot union
officials, air traffic management,
and the airport operator at DFW
all agreed that RWSL works as
intended and has no known nega-
tive impact on capacity, commu-
nication, or safety. NTSB officials
stated that RWSL is a promising
technology for addressing its long-
standing recommendation to pro-
vide pilots with direct warnings of
potential runway conflicts.

As a result of successful opera-
tional evaluations of prototype
RWSL systems at DFW and San
Diego International airports, the
FAA announced in 2007 its deci-
sion to install RWSL at 23 major
airports in the U.S. National
Airspace System. The FAA con-
tracted with industry to produce
the Lincoln Laboratory-certified

system for delivery in 2009 to Los
Angeles International Airport. The
same system has also been deployed
at Boston’s Logan International
Airport. Lincoln Laboratory is cur-
rently working with industry and
the FAA to complete the technology
transfer of RWSL.

“It has been a great project to
work on,” Eggert concludes. “It’s
easily understood. Red means stop.
People understand that.”

“We still have to be very effi-
cient in getting planes into the
air,” Shank says. In case an error
is made, all the pilots have to do
when they see a stop red light is to
contact the tower for further infor-
mation or instructions. “RWSL
makes our safe aviation system
even safer,” Eggert concludes.

CMOS
SiROIC

InP GM Lenslet
APD array array

PHOTON DETECTORS

Ultrasensitive
Two-Dimen-
sional Photo-
detection

What information can be asso-
ciated with the detection of a
single photon?

Where and, more importantly,
when did you see that flash of light?
Specifically, when did that single
photon arrive at the detector?

And how quickly can the detec-

tor recover to see the next one?

GM APD profile

- —-—

oS
4 um >
Polyimide \
passivation \
\
\
ko) \
2 g N % % Phdtons
L R (B R
£ £ o
=
1
1
/
4
4
,
,
~ e
~ -

-
S~ - -

Each pixel of the array comprises a stack of components. Photons arriving from
the right pass through an array of lenses and hit the GM APD array. Each pixel of
the array has its own timing circuit directly behind it, so digital counting signals
are generated at the pixel, thus allowing the pixel to be quickly reset. In this figure,
CMOS stands for complementary metal-oxide semiconductor, ROIC is readout
integrated circuit, and InP and InGaAsP are indium phosphide and indium gallium

arsenide phosphide.
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These questions and others are the
bailiwick of Richard Marino and
his associates in the Active Opti-
cal Systems Group. The solution
for getting answers to these ques-
tions is a focal-plane-detector array
comprising Geiger-mode avalanche
photodiodes (GM APD FPA).

Back in 1991, Marino recalls,
there was a need, expressed by the
Department of Defense, for a very
smart missile that could quickly and
automatically distinguish between a
true target and a decoy. The missile
sensors had to be very capable, and
yet small and light in order for the
missile to be quick enough to engage
the target. The sooner the missile
could identify the target, the sooner
it could divert its path to hit the tar-
get. The sensor system could use a
laser to probe the targets and decoys,
but the performance of the laser
radar (or ladar) was crucial. The
question came down to, “From how
far away can the sensor identify the
target?” and led to the fundamental
question, “How much information
can be associated with the fewest
amount of photons detected?”

The concept of a Geiger-mode
photon-counting detector array that
could measure the three-dimen-
sional shape (resolved in angle,
angle, and range) and orientation of
the target and decoys was proposed.
Such a sensor could reduce the
requirements for size, weight, and
power by maximizing the efficiency
of the optical signal receiver. A com-
pact, intelligent, integrated detector
array was needed. “There’s skepti-
cism even today about the GM APD
technology,” Marino says. The non-
linearity of the GM APD and the
fact that it isn’t counting enough

Lab Notes

Foliage penetration is possible through multiple images from various angles.
Even though an object is completely covered to the eye (e.g., tree foliage above a
vehicle), laser radar signals can visualize any level (distance from the detector)
of information. This sequence of images shows the effect of cropping the three-
dimensional data by successively eliminating pixels above a certain height. The
first image (upper left) contains treetops that are eliminated by the fourth image

(lower right) to reveal a hidden object below the tree canopy.

photons for traditionally “good” sta-
tistics are typical concerns in ladar
sensor engineering. “Engineers

like linear systems,” Marino states.
However, the technology behind

each pixel) and their extremely high
internal detector gain. The indepen-
dent time-of-flight measurement for
each pixel has a timing quantization
of 500 picoseconds (equivalent to

Engineers like linear systems, but photons
are discrete. We use GM APDS as non-
linear photon-to-digital converters.

GM APDs is almost perfectly
nonlinear. “Timing is everything,”
Marino continues. The arrival time
of a single photon at a detector
determines the distance to the cor-
responding spot on the object.
Brian Aull and his associates in
the Advanced Imaging Technology
Group developed GM APD arrays
that have the ability to detect and
time-stamp single photons by using
their unique, independent, digital
time-of-flight counting circuits (at

a 2 GHz effective clock rate). Using
the detector in this binary response
mode, where time of arrival is more
important than signal intensity,
simplifies the signal processing by
eliminating the need for analog-to-
digital converters and corrections to
varying responses to input intensity.
Simplifying the detection process

in this way, and maximizing single-
photon-detection efficiency helps in
reducing the required size, weight,
and power requirements. Marino is
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also concerned with possible false
alarms with such sensitive devices.
In order to reduce unwanted detec-
tions from random background
light, GM APDs are not held in their
wait state indefinitely—they are
turned on only during the expected
detection time (range to objects).

A single GM APD can be
thought of as a photon-to-digital
converter that produces a digital-
logic-compatible voltage transition
in response to a single incident
photon. In this way, GM APDs
completely eliminate many of the
traditional types of noise (e.g., read
noise, amplification noise) involved
in photon detection with analog
receivers. In the GM APD arrays
developed at Lincoln Laboratory,
each pixel is mated to a digital
CMOS (complementary metal-
oxide semiconductor) timing cir-
cuit that measures the arrival time
of the photons.

The independent time-of-flight
measurement for each pixel has a
timing quantization of 500 picosec-
onds (equivalent to a 2 GHz effective
clock rate). One primary application
of the GM APD imager is as a detec-
tor array in a three-dimensional
imaging laser radar (ladar) camera.
A ladar camera uses a very-short-
pulse laser (a typical laser pulse
width is 1 ns) to illuminate an object
and a GM APD optical receiver to
simultaneously image the reflected
light and measure the time of flight
of each photon for each pixel in the
image. The resulting three-dimen-
sional data (2- and y-coordinates
corresponding to the pixel posi-
tion in the array and a z-coordinate
corresponding to its range) can be
mapped, with a color spectrum rep-

These images of a Chevrolet van were obtained from a prototype three-dimensional
laser sensor. In the upper left is a three-dimensional model rendered from the angle-
angle-range data. The other three renditions are point clouds viewed from different
aspects. Rotation of the color-coded image better reveals shapes, sizes, and relative

positions of different parts of the van.

resenting the range in the image to
produce a three-dimensional “point
cloud” depiction of the object. Such
imagery is useful for looking behind
partially opaque material (e.g., foli-
age) as well as for target identifica-
tion and feature extraction.

The second innovation that
made photon-counting ladar sen-
sors so successful was the microchip
laser. These lasers proved effective
in reducing the camera size and
weight while still providing “enough
energy to get the information you
want,” according to Marino. Under
normal circumstances, to produce
sufficient statistics, you need high
intensity or you need to integrate
over long time periods if the inten-
sity is low. With the current micro-
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chip lasers, even a relatively small
transportable or space-qualified
camera has plenty of intensity for
photon detection. Flash ladar, a sin-
gle big pulse, certainly has sufficient
intensity to acquire adequate data,
but these lasers tend to have low
pulsing rates (10 to 100 pulses/s).
If the sensor receiver requires a
strong signal to make a detec-

tion, then there will be noise from
speckle interference in the intensity
data, and multiple pulses are usu-
ally averaged to reduce the effects
of speckle, according to Marino.
“Instead, we typically use lasers that
pulse at a very high rate (10,000
pulses/s or greater) and operate
with less than one photon per pixel
per pulse on average.”



“Signal-to-noise ratio (SNR) is
commonly used to determine the
performance or quality of a mea-
surement, but SNR usually refers
to intensity,” Marino says. The
SNR figure of merit isn’t an obvi-
ous concept in the GM APD data.
“With a GM APD, a photon is either
detected or not—a zero or a one.”
Marino does consider that the error
in range is a measurable value that
can be applied as a figure of merit
for the GM APD.

One application that has been
successfully demonstrated and
utilized is an airborne three-dimen-
sional ladar camera. This device
collects

The wafer above contains twenty
256 X 64 FPA chips.

three-dimensional data of an entire
construction area, perform accurate
land surveying, and create precise
three-dimensional surface models
of solid objects. This sensor tech-
nology in

mutiple  With a GM APD, a photon is either s cur-
three-  detected or not—a zero or aone.  rentform

dimen-

sional data sets from a collection of
viewing angles and then registers
and combines the images, as in

a jigsaw puzzle. By adjusting the
“threshold” of the photons’ return
times, the color coding of the
images can be selected to remove
the obscuring materials (e.g., foli-
age) from the image to reveal the
objects of interest beneath. An
illustration of this process uses data
obtained from a helicopter. Mul-
tiple three-dimensional images are
collected from different viewing
angles, spatially registered to form a
three-dimensional point cloud, and
displayed with color representing
relative height.

The GM APD array cameras
have been used for imaging wide
areas and urban environments, as
well as for detecting change within
an image. Future applications are
wide open. With these cameras, it
is possible to rapidly capture true

could be
used for detection and tracking of
moving objects for border patrol,
for robotic vision, and for naviga-
tion of fully autonomous air, land,
sea, and underwater vehicles.
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