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FOREWORD

This work was performed during the period from August 1979 to June 1980 under

Contract DAAK80-79-C-0278. The project officers were Dr. Robert L. DelBoca and

' Mr. Michael Wilken, DAVAA-E, Ft. Monmouth, N.J. 07703. During the period of this
study, experiments to determine the performance of RF-excited wavegulde lasers and
to compare them with DC-excited waveguide lasers were under way but not completed.
Therefore, the DC-excited laser was selected as the baseline in this study. Since
that time, RF-excited waveguide lasers have been shown to be equal to or better
than DC-excited waveguide lasers in performance. In addition, RF excitation has
advantages in simplicity, controllability, reliability, and resistance to air
breakdown in low pressure environments. Therefore, in future work RF excitation
would be selected as the baseline. In the present study, the selection of RF
excitation would have no significant effect on the weight, volume, or cost of
the recommended design approaches.
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1.0 SUMMARY

A conceptual design and tradeoff study has been performed for a Wire and
Wire-Like Object Detection System (WWLODS). The objective of the study was to
recommend three alternative design approaches for a pod-mounted system to be carried
on Army helicopters, to be capable of detecting 1/8 inch Army field wire, and to
meet a weight goal of 50 pounds, a size goal of 1 cubic foot, and a cost goal of
$50,000 per unit averaged over a production run of 4,000 units. The study estab-
lished WWLODS performance requirements on range, field-of-view, frame time, and
scan pattern based on helicopter flight performance limitations and helicopter
pilot practices. It was found that a WWLODS based on active Infrared Coherent
Optical Radar (ICOR) technology could be designed to meet the weight, volume, and
cost goals, but that its range performance would be short enough to require a
significant limitation on helicopter flight speed. Relaxing the weight limit to
70 pounds and the volume limit to 1.3 cubic feet would allow the design of a
longer-range system with a much higher speed capability, but still within the
production cost goal.




2.0 INTRODUCTION

As set forth in Ref. 1, in future tactical warfare US Army Aviation Units will
have to operate in an environment of very high threat density. This environment
will include intensive electronic warfare (both active and passive) and numerous
small- and large-caliber Anti-Aircraft Artillery (AAA), Surface-to-Air Missile
(SAM), and Air-to-Air Missile (AAM) threats. Night vision devices used by
Egyptian and Syrian forces in the 1973 Middle East war indicate that future battles
will be fought on an around-the-clock basis. The accepted assessment of this threat
environment is that any target that can be seen or detected by the enemy can be
engaged and destroyed. Therefore, aircraft must fly close to the ground and must
use both terrain and vegetation for masking to the greatest degree possible, and
must also move continually in order to avoid detection.

3 Within about 5 km of the Forward Edge of the Battle Area (FEBA), the threat in-
cludes large numbers of small arms, small AAA, and small man-portable missiles,

all capable of line-of-sight operation. In this region Nap~of-the-Earth (NOE)
flight, nominally at zero altitude and speeds of 0 to 40 kts, is required. In

; the holding area, which is farther from the FEBA (5 to 10 km), nominal speeds may

| range up to 100 kts and altitudes may range from 0 to 50 feet, but the flight
patterns are similar to those in NOE operations except that there is more emphasis
on range made good over the ground. Farther back, in the Forward Area Refueling

1 and Rearming Point (FARRP) which is 10 to 20 km from the FEBA, Contour Flight at
altitudes of around 50 feet above the ground and speeds of 80 to 100 kts will be
used for point-to-point travel. 1In the rear area, Low Level flight at an altitude
of 400 feet above the highest anticipated obstacle and at the speed for maximum
range (from about 120 to 160 kts) will be used. In no case will the aircraft alti-
tude exceed roughly 1000 feet above the ground. It is customary for pilots operat-
ing in NOE and Contour conditions to concentrate their full attention on the terrain
outside the cockpit, and to look at instruments only when their attention is
demanded by an annunciator to respond to an abnormal condition. Instrument flight
which requires constant monitoring of a headsdown display is not practical in

[ these circumstances, although it can be used in Low Level flight.

Current Army aviation operations are conducted primarily under Visual Flight
Rules (VFR) conditions in good weather. Only very limited exercises are conducted
at night and in adverse weather. Nevertheless, even in these normally good condi-~
tions, NOE and Contour flight exercises have shown repeatedly that wires and wire-
like objects are very hard to see and sometimes, even if seen, are hard to avoid
because of the lack of the persepctive in looking at a long, thin object. Current
Army experience with operations of these kinds result in the approximately two
wire strikes per month by Army helicopters. It is normal practice for pilots to fly
slowly in NOE and Contour conditions in order to have the best possible chance of
seeing and avoiding wires and wire-like objects because the visual detection range
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is short. Those pilots who have the most experience with lcw altitude operations,
especially pilots who have flown in Korea and in the Federal Republic of Germany
(FRG), tend to fly at the lowest speeds and to express the most worry about en-
countering wires.

In this study, a range of WWLODS de-=igns based on ICOR technology was investi-
gated. It has been demonstrated that such systems can see wires and wire-like
objects at much longer ranges than the human eye. This is true both in good
weather and in night/adverse weather conditions. This capability to see wires at
long range allows flights to beconducted safely at higher speeds than is possible
with visual detection only. This study evaluated the potential for a WWLODS to
enhance the speed and safety of NOE and Contour flight within the given weight,
volume, and cost goals of 50 1b, 1 cubic ft, and $50,000. The evaluation is conser-
vative in that demonstrated ICOR technology and performance are used in the analy-
sis and no extreme avoidance maneuvers are required to meet the performance esti-
mated herein. A number of Army pilots were interviewed to establish reasonable
bounds on the appropriate helicopter maneuvers and pilot response times and on the
flight conditions and sensor parameters that pilots would find useful.

The ICOR technology base is available as a consequence of the exploratory develop-
‘ ment programs that have been extending the state of the art in 10 micron radars over
the past 11 years. In particular, the Army/UTRC Multifunction Laser Obstacle Terrain
Avoidance Warning System (LOTAWS) program (Contract number DAABO7-76-C-0920, Refs. 2
and 3), has demonstrated the viability of airborne heterodyning 10 micron radar with
respect to the detection of 1/8 in. field wire. In the LOTAWS program, a high PRF
short pulse laser was utilized as the transmitter for an optically heterodvned
helicopter borne COy laser radar which successfully demonstrated the essential
characteristics of a Terrain Following/Terrain Avoidance (TF/TA) and Obstacle
Avoidance (OA) system. The most demanding obstacle requiring detection for the
LOTAWS application was 0.32 cm (1/8 in.) Army field wire. The detection of that

small cross section target was demonstrated in flight at ranges In excess o 1200 m.

The ability to successfully detect these small diameter target wires in flight
was a major achievement of the initial flight test program. Comparison of flight test
data with static test results obtained with the aircraft on the ground conclusively
demonstrated that the LOTAWS system performance did not deteriorate in the airborne
environment. A plot of both static and flight wire return data as a function of
angle of incidence for 0.32 ¢(m(1/8 in.) field wire at 400 m is shown in Fig. 2.1.

In addition to the agreement between the ground and flight data, it is important to
note the finite off-axis detectability of this relatively smooth man-made target.
This typical 10.6 um target cross section characteristic results from the combination
of the specular scattering return which decreases very rapidly with increasing

angle of incidence and the diffuse scattering return which is responsible for the
finite off-axis signal. Additional testing supported the multifunction potential

of 10 micron radar. Ground returns substantiating the utility of €O, optical

radar for terrain following are shown in Fig. 2.2. The Multifunction 10TAWS tests
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demonstrated the operational feasibility of precise laser Doppler navigation,
precision hover, and the laser's intrinsic capability for use as a possible target
discriminator/identifier.

From a component viewpoint, an active 10 micron ICOR-based WWLODS will intro-
duce only one new component to existing operational systems. Current FLIR systems
have established the optics, scanners, and cryogenically cooled detectors as viable
components while the multitude of airborne microwave radars has developed the
electronics to support the signal processing, displays, and power supplies to a
high degree of sophistication. The new component is the CO2 laser which intrins-
ically offers high efficiency and extreme versatility with respect to the trans-
mitter output format. It is currently the focus of industry-wide efforts to pro-
vide the laser in rugged, air cooled, high lifetime packages that would be com-
patible with field operation. In particular, the recent advances in ceramic wave-
guide CO, lasers provide the foundation from which one can confidently extrapolate
the first generation of compact flyable 10 micron transmitters compatible with the
requirements of WWLODS.

In the remainder of this report, Section 3.0 summarizes the contract objectives
and the scope of the analysis and design studies conducted. Section 4.0 is a
detailed description of the approach taken in the analysis. Section 5.0 summarizes
the aircraft constraints on and the pilot inputs to the sensor performance. Sec-
tion 6.0 contains a detailed discussion of the way in which the specific sensor
performance requirements on range, field of view, frame time, etc., were established.
Section 7.0 is a description of the laser design approaches and the technology base
available, and Section 8.0 describes the scanner design studies. Section 9.0 des-
cribes the selection of the recommended design approaches and summarizes their im-
portant characteristics. Section 10.0 contains descriptions of alternative program
plans: a lower risk option which has an Initial Operational Capability (IOC) date
late in Fiscal Year (FY) 1988, and a higher risk option which has an IOC in mid-FY
1985 (assuming a program start at the beginning of FY 1981), and also summarizes
a set of noncritical issues which would be important in subsequent phases of the
development of a WWLODS system but do not impact significantly on the study at this
time.
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3.0 OBJECTIVE, GOALS, AND SCOPE OF PROGRAM

objective of this program, as given in the Statement of Work (SOW) is

to define and scope three design approaches for a 10.6 micrometer WWLODS for
use in Low Level, Contour and NOE flight. The three approaches are required to
differ in some significant parameter such as weight, performance, reliability,
cost, schedule, or risk.

major goals for the WWLODS are:

50 pounds

volume = 1 cubic foot

]

$50,000 for a production of run of approximately 4,000 units
= FY1985

system is to be compatible with all future Army helicopters and all Army

operational environments including peace time, war time, urban and open country
environments.

The SOW identifies a number of significant performance and design
requirements:

1. The system must detect 1/8 in. WD-1 Army field wire at all aspect
angles and at all orientations relative to the ground.

2. The performance of the system against TOW and DRAGON control wires
is to be evaluated.

3. Performance is to be evaluated under the following weather conditions:
day and night
4 mm/hr rain
15 mg/m3 fog (100-400 meters visibility, 10 dB/km transmission loss)
AR 70-38 climatic categories 1-7 (category 5, 110 F/85 percent RH,
is critical because of its high water vapor content of 51 grams per
cubic meter)

4. Detection probability, PD = 0.9 minimum with 0.999 desired

5. Probability of false warning of a wire, PFw = 0.05 with 0.01 desired




6. Warm up and operation of the system is to require minimum attention
and there is to be no dedicated operator for the system.

7. The system is to have good "ilities" such as high reliability, good
safety, simple maintainability, minimal logistic support requirements,
etc.

8. To the maximum extent possible, the system is to be compatible with
existing displays or those displays planned for the future Army heli-
copter inventory.

9. The system is to be compatible with all other systems on board Army
helicopters.

10. Considerations of electronic countermeasures, counter-countermeasures,
and nuclear survivability are to be adequately addressed in the system
design.

Within the scope of effort possible under this contract, design details for
a complete system could not be addressed. The major effort was therefore devoted
to those system elements that strongly impact the weight, volume, cost, utility,
and acceptability to the user of the WWLODS. As a result, the first 5 items in
the above list of performance and design requirements received major attention
because they drive major design choices such as laser power, scanner diameter,
scan field of view and format, detector Signal-~to-Noise Ratio (SNR), etc. The
remaining performance and design requirements are items which can, in fact, be
met only by proper consideration in the detailed design process and are, there-
fore, considered in this study primarily in a negative sense, i.e., no choices
were made which are known to be inherently poor in areas 6-10 above.

Design layouts of complete systems were made for the 3 selected approaches
in order to verify the weight and volume estimates (see Section 9.0). In order
to allow realistic consideration of installation and interface problems, a pod
design intended for installation on the UH-60A helicopter was assumed for these
layouts as specified in the SOW.




4.0 STUDY APPROACH

The plan of the study program is illustrated in Fig. 4,1. A review of the
Army helicopter inventory as anticipated for the FY 1985 time frame, based on in-
formation furnished to UTRC by AVRADA, was made. This review identified the heli-
copter performance capabilities, the options available for displaying detected in-
formation to the pilots and those sensors which would be available to interface
with the WWLODS to define the attitude and velocity vector of the helicopter with
reference to inertial space. A number of Army helicopter pilots were interviewed
to obtain pilot inputs on reasonable values of helicopter airspeed (V), climb
angle (Oc), bank angle (eB), ground clearance (Ah), frame time (Tp), respouse
time (Tg), and rotor tilt angle (0r), which could be used in performing maneuvers to
either avoid obstacles or to stop the helicopter. Based on these inputs, a number
of simple flight maneuvers were defined and modeled as combinations of straight
line and circular arc trajectory elements. These trajectories along with the pilot
inputs on speeds, maneuvers and required clearances were used to define the sensor
performance requirements in terms of the range (R), Tp, Field of View (FOV) and
scan pattern requirements necessary to allow the trajectories desired by the pilots
to be flown.

The laser design and performance was defined on the basis of experimental
data which has been generated under this program (see Section 7.0 and Ref. 4) and in
previous and currently ongoing experimental programs at UTRC. The analysis included
an evaluation of the weight and volume of the laser as a function of average power
(P), pulse repetition rate (PRF), and pulse length (1), in the range of approximately
1 to 30 watts of output power, PRF from CW to 100 kHz, and t from 100 to 300 ns.
The laser power supply requirements and design were also defined in this analysis.
The scanner design and performance were analyzed by the Norden Systems (NS) sub-
sidiary of United Technologies. In the scanner analysis, alternative configurations
were reviewed and promising configurations selected. For these configurations the
influence of aperture diameter, D, FOV and scan pattern on Ty, scanner weight and
scanner power requirements were evaluated. Alternative WWLODS configurations in-
corporating various combinations of laser power, laser output format, scanner con-
figuration and aperture size were considered in conjunction with the R, FOV and
scan pattern requirements to establish the variation of SNR with system range, T,
and weather variations as indicated in Fig. 4.1. The analysis of system config-
urations also resulted in a parametric variation of system weight, including the
weight of the pod required to provide aerodynamic fairing, weather protection,
aircraft mounting and the proper geometric relationship among all the system com-
ponents. At this point in the study, information was available on system perfor-
mance capabilities, system weights and system performance requirements, and a
tradeoff evaluation was conducted to select the three recommended design choices.
For these three selected design choices a limited amount of preliminairy design
effort was conducted to address critical issues in the overall system configuration.
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At the end of this preliminary design effort the design specifications, overall
system characteristics and system performance capabilities had been defined

and program planning was conducted. Alternative program plans were generated

for each of the three recommended design approaches. The lower risk path involved
sequential 6.3B, 6.4 and production programs. The higher risk path was designed
to obtain an earlier IOC than could be expected from the lower risk path, and
involved shortening and overlapping of the elements of the low risk program; it

is labeled 6.3B+ in Fig. 4.1. 1In all of these programs,risk is assessed not in
terms.of system performance capability, which was kept constant at the level
demanded by the mission requirements, but in terms of the probability of meeting
the required schedule, weight and cost goals. The higher risk path has a lower
probability of meeting these goals. All programs were assumed to start at the
beginning of FY 1981. Cost projections were made in constant 1980 dollars using
standard industry cost models for conventional structure and electronics components
and pricing analyses of individual components for nonstandard items such as the
laser.
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5.0 AIRCRAFT CONSTRAINTS AND PILOT INPUTS

The helicopter inventory expected to be available in FY 1985 1is shown in
Table 5.1. The WWLODS would be used with all of these aircraft. The inventory
of instruments available on these aircraft is important to the WWLODS because
the scan field of view and scan pattern must be referenced to the local vertical
or to the aircraft velocity vector, depending on the mode of flight. Velocity
vector information would always be available from the Lightweight Doppler
Navigation System (LDNS) which is a component of the instrumentation suite of
all of these aircraft. A 3-axis inertial platform known as the Heading Attitude
Reference Set (HARS) is programmed for the AAH, AH-1S and ASH aircraft and will
be installed in later versions of the UH-60A helicopter, but is not programmed
for the CH-47 vehicle. The current inventory of UH-60A and CH-47 aircraft do,
however, include a vertical gyro which is part of the Vertical Situation
Indicator (VSI) display. Thus, all of the aircraft do have available instrumen-
tation which will provide adequate attitude reference data to the WWLODS for use
in directing the ICOR laser beam through the scan pattern.

The situation with respect to available displays is more complex and less
satisfactory. The options are an Electromechanical Attitude Director Indicator
(EMADI), which is the current standard instrument for instrument flight, and
an Electronic Attitude Director Indicator (EADI) which is a future replacement
for the EMADI; the APR-39, which is a three-inch-diameter Cathode Ray Tube (CRT)
display of radar warning information, and some form of Heads-Up Display (HUD).
The HUD displays are the only ones of real interest in connection with the
WWLODS system because they are compatible with normal Army pilot practices. The
AAH has a helmet mounted CRT known as the IHADSS (Integrated Helmet and Display
Sight Subsystem) which is used for night, NOE, and limited adverse weather
navigation and for target acquisition and designation. It will display Forward
Looking Infrared (FLIR) data and could therefore be adapted to display the data
acquired by the WWLODS. The AAH pilot has available an EADI and an APR-39,
and the AAH copilot has an EMADI. The AH-1S also has a HUD which is available
to the pilot only. It is fed by a CRT and could therefore also display data
acquired by the WWLODS. The UH-60A and CH-47 are not scheduled to have a HUD.
Displays for the ASH are not completely firm at this time, however consideration
will be given to the use of two CRT displays, the EADI and a multi-function
display. Either of these could accept data generated by the WWLODS.

Engine power limitations on helicopter flight performance are not a
limiting consideration in most Army applications except for the limitations
on payload and range imposed by the basic lifting capacity of the helicopter.
All of the aircraft in the Table 5.1 inventory have roughly similar flight
performance capabilities in terms of such parameters as speed for maximum

12
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range (120-140 kts), maximum speed (140~160 kts), and maneuvering limits (2.5 to
3.0 g up and -0.50 g down). It would be expected that Low Level flight would be
conducted at the speed for maximum range and that no maneuvers would normally

be required since the flight altitude is chosen to be above the highest antici-
pated obstacle. Contour flight would be conducted at the speed for maximum range
or less and since it is a low altitude flight condition, maneuvers would be anti-
cipated to avoid obstacles. Power available is not a limiting factor in performing
maneuvers in contour flight because the pilot always has available the option of
trading speed for maneuverability, i.e., performing a transient maneuver to trade
kinetic energy (speed) for potential energy (altitude) or for an abrupt change

in direction, and thus is limited primarily by structural or aerodynamic considera-~
tions in making avoidance maneuvers. Flight performance is not limiting in NOE
flight because it normally does not involve high speed or violent maneuvers;
exceptions to these ground rules, such as rapidly crossing an open field from one
sheltered area to another, require less power than hovering.

In the course of this study, visits were made to Fort Rucker, Alabama, and
Fort Campbell, Kentucky to interview Army pilots, and telephone discussions were
held with pilots at AVRADA and at the Sikorsky Aircraft (SA) Division of United
Technologies Corporation. The general conclusions that can be drawn from these
interviews are as follows:

1. Army pilots always fly as low as possible. In NOE flight they will fly
with their skids in the grass or below treetop level if terrain conditions
and visibility permit.

2. Pilots will spend ar absolute minimum of time monitoring instruments
inside the cockpit while performing NOE and Contour Flight. It is
essential that they be looking out the window at the real world at all
times. A display which required continual or frequent monitoring of a
cockpit instrument would not be acceptable and would not be used. If
some form of HUD is not available, then an audible warning or possibly
a flashing light in the pilot's peripheral vision field would be a minimally
acceptable alternative. A HUD or IHADSS is strongly desired by Army
helicopter pilots.

3. Pilots who have had experience flying in Korea or in Germany expressed
strong concern with the problem of ~~countering wires. In Korea, for
example, wires which span valleys and may have no visible towers were
said to have appeared "overnight'". One pilot recounted an experience
in which he was actually touching a wire and still was unable to see it.

14
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4, There are no hard and fast requirements on the frame time and range
requirements for the sensor. In current operations pilots slow down
when the information available about obstacles is limited by poor
visibility or by confusing background conditions, and they make
maneuvers which provide large miss distances when going over or
around wires because of the limited perspective information available
to them. Thus pilots currently perform a tradeoff between flight
speed and maneuver choices, based on the range, frame time (update
rate) and FOV of the available sensor information, which is visual
information under the usual VFR flight conditions of Army flight
operations.

5. Pilots prefer to fly under wires or around obstacles rather than
over them.

6. The desire to go under or around rather than over is sufficiently
strong that pilots are willing to stop and look around for a period
of time before proceeding, in order to avoid increasing altitude
and unmasking the helicopter.

7. Data on the distance to a detected obstacle and on whether the
obstacle is above or below the current altitude and/or velocity
vector would be very useful information to the pilot.

8. Pilots expressed a strong interest in having available an accurate
Doppler navigation system for finding, returning to, or designating tar-
get location. The possibility that information of this kind could be
obtzined from a derivative of the WWLODS was very appealing to pilots
even though it was not presented to them as an objective of this program.

9. Pilots expressed a great reluctance to see additional weight added
to a helicopter. The utility of current helicopters appears to be
most strongly limited by lack of adequate payload capacity.

Quantitative data on the way pilots want to operate helicopters and on

the information pilots would like to have presented by the WWLODS were obtained
in interviews of 25 pilots at Fort Campbell. These pilots included seven scout
(OH-58), nine attack fAH~1S), five utility (3 UH-1, 2 UH-60) and four transport
(CH-47) pilots. The data gathered were analyzed to determine the mean value,
the standard deviation, o, the median and the mode of each parameter for which
pilots gave adequate numbers of answers. The data were analyzed by plotting
them in the form of a histogram and the median was established by integrating
the histogram data to form a crude cumulative probability curve, and reading
the value of the parameter at the fifty percent probability point.
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Dimensions of the FOV required for the scanner were arrived at by asking
the pilots to define the minimum height and width of a clear window through
which they would be willing to fly the helicopter and by asking them to define
the minimum range at which they would be able to accept information and use it
to choose control inputs. These data are shown in Fig. 5.1 in the form of
histograms. As can be seen from Fig. 5.1 there was a large spread in the
values presented by the various pilots. The minimum range is important for
two reasons, first because it implies a maximum useful pulse length for the
transmitter and second because in combination with the window dimensions it

determines the maximum angular FOV required of the scanner. Since the allowable’

pulselength in nanoseconds is on the order of twice the minimum range in feet,
the smallest value of pulselength required to meet the minimum range requirement
is on the order of 200 nanoseconds. As will be seen in Section 7.0, this is
not a restriction on the transmitter. When the mean values of window height,
window width and minimum range are combined to determine the angular FOV
required for the scanner the resulting dimensions are approximately 15° high by
24° wide. These dimensions represent a lower bound on an angular FOV; as will
be seen in Section 6.0, maneuver requirements impose larger demands on the
scanner FOV capabilities.

The ground clearances used by pilots in NOE and Contour flight are shown
in Fig. 5.2. The mean minimum and maximum altitudes used in NOE flight range
from two to four feet, with a number of pilots expressing an interest in
flying with their skids in the grass or in the treetops. The one data point
at 25 feet was not used in analyzing these data. Mean altitudes in Contour
flight range from about 20 to 30 feet. At the altitudes used in NOE flight it
is possible for the helicopters to fly under many wire spans; however, these
altitudes are low enough so that obstacles such as wire fences, barbed wire
barriers, and tree stumps become a hazard. The altitudes used in Contour
flight are comparable to the height of many common telephone and power
distribution lines and thus the WD-1 Army field wire would be a typical hazard
in this kind of flight.

The speeds used in NOE and Contour flight are illustrated in Fig. 5.3.
The minimum speed in NOE flight is zero. The mean of the maximum speeds quoted
by pilots is 80 kts with a few pilots desiring speeds of 160 to 190 kts for
the dash maneuver across an open space. Thus even in NOE flight it is desirable
to fly as fast as possible; however, pilots are willing to limit their speed
under conditions of limited visibility or restricted maneuverability. The
desired speeds in Contour flight range from about 60 to about 120 kts, which
encompasses the speeds for maximum rate-of-climb for helicopters. These speeds
are dictated by the necessity to maneuver over or around the obstacles
encountered at the low ground clearances of 20 to 30 feet used by pilots in
Contour flight.

16
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Pilot preferences for response time and frame time are illustrated in
Fig. 5.4. The difference between minimum and maximum response times are
negligible and both are around 2.5 seconds. Pilots expressed a preference for
frame times of 2 seconds or less. However, pilots were willing to accept longer
frame times provided that information could be obtained from sufficiently long
range so that proper action could be taken when required, and presented in a
smooth enough manner so that the display would be easy to interpret.
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Times

Mean/median/mode + ©

Min 2.4/2/2 +1.28 Max 2.5/2/2 £1.25
Reponse
time
(sec) 0 1 2 3 4 § 01 23 45
Min 1.75/1.75/2+0.72 Max 1.98/2/12+0.77
Frame
time
(sec) 0 1 2 3 4 5 01 2 3 45

FIGURE 5.4 PILOT SURVEY DATA
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6.0 SENSOR PERFORMANCE REQUIREMENTS

The basic mode of operation of Army aviation is VFR in which the pilot looks
outside the helicopter at all times and uses visual data to avoid the terrain
and large obstacles. The WWLODS must not interfere with this normal mode of
operation and therefore it need only present data on wires and wire-like objects
which the pilot does not see. The data must be presented in such a way that
it does not require the pilot to look inside the cockpit and therefore must
either be displayed on some form of IUD or provided by means of an audible or
peripheral-vision signal.

The fundamental measures of performance of the WWLODS are R, FOV, and TF'
The requirements on these performance parameters are set by the maneuvers used
by the pilot to avoid obstacles. The maneuvers, in turn, are determined by
information available to the pilot, by the helicopter performance capabilities,
and by pilot preferences. In general, helicopter flight performance is not
limiting in these avoidance maneuvers. Pilots frequently do steep banks,
steep pullups, and quick stops and are perfectly willing to perform abrupt trans-
ient maneuvers to trade speed for maneuverability, i.e., to trade kinetic energy
for potential energy or drag energy, within the structural and aerodynamic limits
of the helicopter. Army aviation operations do not usually require maximization
of helicopter range. Therefore, wide variations in speed are accepted and are
normally used.

In the analysis which follows, relatively mild, constant speed maneuvers
are assumed. This provides a margin of safety in the sensor performance
capabilities as estimated herein because much steeper or gquicker transient
maneuvers are well within the capabilities of both the pilot and the aircraft.
This approach also simplifies the analysis and makes the basis for the design
and performance choices made below easier to understand.

The sensor requirements are analyzed in this section for two flight
situations, NOE and enroute or Contour flight. In both cases the Lateral
Field Of View (LFOV) is symmetrical about the helicopter body axis. The
effects of crab angle due to cross winds are discussed in Section 9.0. 1In
the NOE mode of operation the Vertical Field Of View (VFOV) is referenced to
the local horizontal and to the height of the helicopter above the ground, Ah,
as shown in Fig. 6.1, because the velocity vector may vary rapidly through
large angles in this flight regime. Ah is known from the radar altimeter
which is available on all the aircraft. The maximum FOV is set by the window
dimensions and the minimum range, Rmin’ and as discussed earlier is about
15° high by 24° wide.
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The basic obstacle avoidance maneuver in NOE flight is a straight line stop

1 performed by tilting the rotor back through an angle 6¢. The reason for this choice
is twofold; first, the pilot normally does not want to unmask the helicorter and

in fact would like to find the obstacle and either go under it or around it, and

3 second, many of the aircraft would not have a HUD and therefore information on the
location of the obstacle within the FOV cannot be presented without requiring the

3 pilot to look inside the cockpit. Since this is contrary to the basic VFR mode of
operation this choice is not acceptable to pilots. Without a HUD, presence of the
obstacle can best be indicated by an audible or possibly by a flashing light sig-
nal. This tells the pilot that a clear window does not exist and his only option
is then to stop and locate the obstacle visually. Even with a HUD, a pilot in NOE
operations may elect to stop to look around for the best path before continuing hig
flight, in order to prevent unmasking.

The range required for the stopping maneuver is calculated by assuming that
the speed remains constant for time equal- to the sum of Tp + Tp and that a constant
3 deceleration equal to g tan GT then takes place until the speed drops to zero.

A safety margin of 50 ft (2 rotor radii) is added to the distance covered in this
maneuver. The results of calculations of the range required for performing this
maneuver with a 40° rotor tilt angle are shown in Fig. 6.2. This calculation

is conservative because the deceleration actually starts before the end of the
response time and because the obstacle warning could occur anywhere within the
scan frame so that the average effective frame time would be Ty/2. The rotor
tilt angle of 40° is accepted as reasonable by pilots. An increase in the speed
can be allowed if steeper rotor tilt angles are used; for example, at a tilt of
60° the 2 sec Ty + TR curve moves to the right as shown by the dashed line in
Fig. 6.2.

In Contour flight the pilot is less concerned with unmasking and more concerned
with maintaining reasonably constant speed and therefore could go over or around !
an obstacle if the display is adequate to present the data to allow him to make
the proper choices of maneuvers. In Contour flight the pilot always, of course,
has the option to stop if he so desires. In Contour flight the WWLODS will be
operated in the enroute mode and the VFOV will be referenced to the velocity vector,
which is known from the LDNS and the HARS/VG data. The popup maneuver which would
be used to go over the obstacle is shown in Fig. 6.3. The helicopter is initially
flying a constant speed at a constant offset Ah parallel to the ground which has
a slope of 8. The speed remains constant for a time equal to TF + TR and the
helicopter traverses path 1-3 in this time. At the end of TR a pullup at constant
load factor is made following path 3-4. This, in turn, may be followed by a straight
line climb at a constant climb angle, 08¢, for a time Tc along path 4-5. A constant
load factor pushover to level flight along path 5-6 finishes this maneuver. 1In a
! maximum (transient) pullup, steeper climbs could be used and the straight-line climb
segment could be eliminated. Continuation of the pushover to dive angles and
return to flight at a constant offset parallel to the ground on the other side of
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the obstacle is a similar maneuver to the pullup and pushover but is always less
demanding than the pullup maneuver. In this analysis a pullup load factor, UPLF,
of + 1.5 g and a pushover load factor, DNLF, of 0.0 g, where 1.0 g = straight
and level tlight, are used. Army helicopters can typically perform flight maneu-
vers of +2.5 to 3 g and -0.25 to -0.5 g so a considerable margin exists when the
pilot chooses to do more vigorous maneuvers.

The definitions of the sensor range, Rsensr' and VIOV requirements of the

popup maneuver are illustrated in Fig. 6.4. Rg.,,r is measured from the beginning
of the scan frame to the location of the obstacle (distance 1-7). The velocity
vector is assumed to be parallel to the ground and therefore makes an angle Gg
with the local horizontal. The angle between the velocity vector and top of the
clear window, UPFOV, is measured from the end of the frame (2-8). The angle to
the bottom of the window, DNFOV, is mecasured from the point on the climb or pish-
over at which range is equal to R;,, to the top of the obstacle. The VFOV equals
the sum of UPFOV and DNI'OV and is greater than the angle defined by the window

se gr» UPFOV and DNFOV, depend on V, %, Ah, UPLF, DNLF, 6,
Tg, TR and the height of the obstacle, HOBST. A simple computer program was
written to evaluate Rggngy, UPFOV, DNFOV, and VFOV over a range of the above
parameters and the results of a = rvey of the parameter space were reviewed to

dimensions alone. R

select a consistent set of sensor requirements. Figure 6.5 shows the range
requirements for clearing a 100 ft obstacle with Tp = Tp = 2.5 sec, Rpin = 200 ft,
UPLF = 1.5, and DNLF = 0.0. These choices are somewhat conservative in that the
sensor requirements would be less severe for lower obstacles, larger load factors,
shorter Tp, longer Rmin’ etc. The value of 200 ft for ij, used in these calcula-
tions is less than the mean value of Fig. 5.1 so that the VFOV in these calculations
is also conservative. Note that the range requirements are greatest for 6; = + 8
deg, reflecting the extra burden of flying uphill, and are greater for -8 deg than
for 0.0 deg because of the longer pullup/pushover path. The range of 6; from -8

to +8 deg is typical of rolling terrain such as would be found in the eastern part
of West Germany. A tradeoff is possible between VFOV and Ry, .3 i.e., VFOV can be
decreased if Rggopgr is increased. Figure 6.5 corresponds to a VFOV of 20 deg. The
limit of 20 degrees was chosen for VFOV because it provides some margin over the

15 degree value set by the NOE requirement and because it is a reasonable value from
the standpoint of scanner technology.

The upper and lower bounds of the VFOV are shown in Fig. 6.6. At low speeds
the maximum UPFOV is around 18 degrees and at high speeds the maximum DNFOV is
about -18°. Therefore, the 20° VFOV must be capable of an additional roughl:

% 10° motion in the vertical direction. This requirement impacts on the scanner
design as will be discussed in a later section. The LFOV required depends on
the width of the window and on the value of R ;, and is no different from the
NOE requirement.
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An alternative to the enroute popup maneuver is the enroute turn maneuver
shown in Fig. 6.7. 1In this maneuver the helicopter flies straight and level at
constant speeds for a time equal to TF + TR’ and then initiates a constant
bank angle turn. In order to miss an obstacle which was initially directly on
the flight path by a distance equal to half of the clear path required it
must turn through an angle AB. If the maneuver is being performed simply to
change direction then the angle turned through may be larger, as indicated
by the angle ABC in Fig. 6.7. At the completion of the turn the
helicopter must fly straight and level again for a time equal to T_ + TR
in order to provide information that would permit it to avoid another
obstacle if one appears on the new flight path. As indicated in Fig. 6.7,
the sensor range required is the distance from the beginning of the frame to
the far corner of the clear path and the LFOV is determined by the other two
corners of the clear path. The case in which the obstacle is not on the
initial heading of the helicopter is less severe than the one shown, therefore
sensor requirements are derived based on the geometry shown in Fig. 6.7. 1In
this analysis, it is assumed that this maneuver is performed completely in
the horizontal plane. As a result the cnly parameters influencing the sensor
performance requirements are the helicopter speed, the bank angle, ©_, used
in the turn, TF’ TR’ and the width of the clear path. B

The resulting sensor perrormance requirements for eB = 30° TF = 1.5 sec,
T, = 2.5 sec, and clear path = 150 feet are shown in Fig. 6.8. It can be seen
in Fig. 6.8 that for a constant turn angle the required sensor LFOV decreases
and the required sensor range increases as the helicopter speed increases.

It can also be seen that a sensor with longer range would permit flight at
higher speeds and would require a smaller LFOV than would a sensor with

lesser range. The angle AB also decreases with increasing sensor range or
with increasing helicopter speed. As shown in Fig. 6.9, increasing the frame
time to 2.5 sec shifts the whole performance map down and to the,right,

which requires increases in sensor range but permits small decreases in LFOV.
A sensor LFOV of 30 deg provides a minimally useful turn capability if a

range of 1.5 x 103 ft or more is available. A LFOV at 55 to 60 deg makes a
much wider range of turn maneuvers possible and also allows the use of shorter
ranges and slower flight speeds, which are useful in poor weather. The choice
of a bank angle of 30° is conservative in terms of setting sensor requirements.
A steeper bank angle would require less sensor range but would also require
slightly larger values of LFOV,

Other avoidance maneuvers than that shown in Fig. 6.7 could be chosen
by the pilot. For example, in the situation illustrated in Fig. 6.7 the
obstacle would be detected at a range significantly greater than that at
which the maneuver shown in Fig. 6.7 is initiated. Thus the pilot could
have chosen to perform an avoidance maneuver such as an S-turn to displace
his flight path to one side or the other by an amount equal to the required
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miss distance. The S-turn has no LFOV requirements beyond those of the clear
window desired, but requires longer sensor range than the stopping maneuver
used in the NOE mode because the S-turn is performed at constant speed. Other
maneuvers, such as climbing turns, could also be used. Within the scope of this
contract it was not possible to investigate all of these possibilities. The
maneuvers described above represent the limiting cases in terms of sensor
requirements and therefore are used to establish the boundaries within which
the tradeoff studies used to select the three recommended approaches discussed
later are performed. However, the use of these maneuvers in the tradeoff
studies does not constrain the user of the WWLODS to these maneuvers in

actual use. More severe maneuvers, such as transient pullups, would provide
higher speed capabilities or greater safety margins, but an evaluation of their
benefits would require the use of a 6-degree-of-freedom flight simulation which
is beyond the scope of the present program.

The SOW requires that PD’ the probability of detecting a wire or wire like
obstacle in a single resolution element, be a minimum of 0.9, and that PFW’
the probability of a false warning or such an obstacle,be in the range of
0.05 to 0.01. The latter criterion is closely related to the signal processing
techniques used. In the case of a wire against a sky background, the criterion
for the existence of a wire is a series of pulses which generate no return
followed by one or more pulses which do generate a return. 1In this situation,
Prw is very low. The other criterion for recognizing a wire is the return
of two signals from a single pulse, such as would result from a wire separated
from the terrain background by a distance comparable to the spatial pulse length
¢*: where ¢ is the speed of light and t is the pulselength. However, it has
been demonstrated experimentally at UTRC that when bare ground is illuminated
at an angle close to grazing incidence, double returns can be obtained from
sufficiently short pulses even though there is no c¢bstacle in the beam. The
reason for this is illustrated in Fig. 6.10. The diameter of the beam at
range R is equal to 2R)}/D where X is the laser wavelength and D is the
transmitted beam diameter (scanner aperture diameter) and the physical length
of the spot where it intercepts the ground is equal to 2R\/Dsin where 6 is
the angle between the beam centerline and the mean slope of the ground. If,
as shown in Fig. 6.10, the length of the beam intercept on the ground is long enough
comparec to the length of the pulse, then the possibility of a double return
from the ground exists. This would constitute a false warning signal under
the second wire-recognition criterion. In order to avoid this, either the
pulse length, 1, must be greater than 4R}/cD sin & or the angle 6 3 sin @
must be greater than 4R}/cDt. The resulting relationship between range,
grazing angle, and pulse length is shown in Fig. 6.11 for an aperture diameter
of 2 in. and in Fig. 6.12 for a aperture diameter of 3 in. Since the vertical
field-of-view has been selected to be 20°, if the grazing angle is 1°, then
1/20 or 0.05 of the field-of-~view could possibly return double signals from a
single pulse even when there is no obstacle in the beam. This represents a

/
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possible false warning probability, PFW’ of 0.05. Similarly, a grazing angle

of 0.20 represents a potential P_, of 0.0l1l. These conditions represent upper
limits to Ppy Since there is a significant probability that there will be no
region within the FOV in which the grazing angle is small, whereas the probability
that two such regions could exist within the FOV is relatively small. The use

of these criteria in selecting desirable laser pulse lengths will be discussed

in Section 9.0.

The final factor which must be considered in setting the sensor performance
requirements is the scan pattern. The scan pattern requirements are dominated
by the need to fly very close to the ground, at altitudes of 0 to 4 ft, in NOE
flight., 1In this flight regime, small isolated obstacles and low fences are
hazards which must be avoided. 1If the pilot wishes to select a particular
clearance height above the ground then the scan pattern must provide a spacing
of horizontal lines which is equal to 1/2 of the selected clearance height,
as indicated in Fig. 6.13, because the possiblity exists that one scan line
could pass just above an obstacle and if the line spacing were set at the
selected clearance height the actual clearance could be much less than the
line spacing. Thus, the vertical spacing between horizontal scan lines and
the selected clearance height vary with the angular spacing between scan lines
and range is indicated in Fig. 6.13. This horizontal-line scan pattern will
also efficiently intercept the vertical poles which are necessary to support
long horizontal wire spans. Vertical scan lines are also needed to intercept
wires which may be suspended between supports which are farther apart than the
width of the clear window. These lines may be spaced apart at distances on
the order of 50 to 100 ft and therefore require vertical scan lines spaced
at 1 to 3 deg.at ranges of 1000 to 2000 ft. Efficient scan patterns which
meet these general requirements are discussed in more detail in Section 8.0.

Because the FOV is rectangular rather than square or circular and because
the helicopter can bank at steep angles in normal operations, it is necessary
to compensate for aircraft roll motions by rolling the FOV reference axes
in the opposite direction. Most maneuvers will be made with bank angles of
40 deg or less, so that the minimum roll compensation required is 45 deg.
However, a structural load factor of +2.5 g allows a bank angle of 66.4 deg to
be used, so that roll compensation of up to 60 deg is desirable.
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7.0 LASER TECHNOLOGY BASE

Recent development work at UTRC and elsewhere has demonstrated the potential
of utilizing high pressure ceramic waveguide structures as a means of realizing
an efficient, small, rugged, and air cooled laser gain section. Accordingly, we
have used this technology base to estimate the size and weight of a family of CW
and pulsed lasers with average output powers ranging from one to thirty watts. The
discharge excitation assumed for estimating the power supply weight was CW elec-
tric. CW RF excitation is an alternate selection which has promise of providing a
simpler laser structure with improved lifetime and with less complication to the
power supply. However, at this time, there is insufficient information available
to make a reliable determination as to any weight differences between the two
excitation approaches, therefore, RF excitation should be carried along as an
alternative approach in the WWLODS program.

As part of this contracted effort, experiments were conducted with both Al,04
and Be0 square-bore ceramic CO) waveguide lasers to determine fundamental perfor-
mance parameters (Ref. 4). The tests were performed using sealed-off lasers with
36 cm long, 2.3 mm square bores, and 29 cm discharge lengths. Both passive and
active Q-switched data were obtained at pulselengths from 30 to 700 ns and PRF's
from 10 to 200 kHz. Data were also taken for CW laser operation. These data,
together with data from other UTRC programs, form the basis for the scaling laws
and the performance comparisons given in Section 9.0.

There are three basic approaches available to realize the pulsed laser format.
Active intracavity modulation (Fig. 7.1 (A)) yields the shortest pulses but at the
expense of a less efficient laser, increased cost, and complexity. Not to be
ignored is the electronic driver for the intracavity modulator, which can require
power comparable to the laser excitation. A simpler pulsed laser configuration
is realized by employing pulsed RF excitation to realize gain switched spikes at
PRF's on the order of 10 to 20 kHz. The major drawback which makes this other-
wise attractive approach unusable is the long pulse tail, on the order of micro-
seconds, which inescapably accompanies the narrow gain switch spike, which can be
less than a few hundred nanoseconds. The simplest overall pulsed laser candidate
configuration is the passively Q-switched laser (Fig. 7.1 (B)). This transmitter
approach utilizes an intracavity SFg cell to passively Q-switch a (W excited laser
gain section. This is a simple, reliable, inexpensive laser which uses a precise
selection of laser gain characteristics and SFg saturation and recovery character-
istics to yield the desired pulsewidth and PRF. PRF's greater than 100 kHz and
pulsewidths of 150 to 200 nanoseconds have been demonstrated with this technique.
Because it is simple, efficient, and reliable, we have selected the passive Q-
switched laser as the bascline pulsed transmitter for the WWLODS.

The laser analysis also provided impetus for consideration of a CW FM laser
transmitter format (Fig. 7.1 (C)). 1In this scheme a CW excited laser is FM chirped,
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transmitted, and the returned radiation heterodyned with a sample of the current
laser radiation; range information being recovered by virtue of the difference in
frequency that results from the time delay between the reflected and current laser
radiation. This is attractive because it eliminates a separate laser local oscilla-
tor and the attendent frequency locking components and, most importantly, it pro-
vides a more efficient laser because of the absence of intracavity elements. This
difference in efficiency is most pronounced for low power lasers (because of the
lower gain-to-loss ratio) and this efficiency could be realized if a simple length
tuning modulator (a PZT, for example) is utilized for the modulator. For example,
we estimate that a 1 watt average power pulsed laser could yield an 8 watt CW laser
if chirped with a PZT. A 10 watt average power pulsed laser, on the other hand,
would convert to a 30 watt chirp laser. The above significant advantages must be
tempered by the following uncertainties.

a) It has not been demonstrated that a CW chirp modulation format can be
realized with sufficient accuracy to enable wire discrimination to be
realized at a pixel rate on the order of 50 kHz.

b) A signal processor has not been conceived (at least by UTRC) at this date
that can discriminate wires at high pixel rates in the presence of the
potential Doppler ambiguity that will result from the platform motion and
wind-driven background motion of vegetation.

Because of the uncertainties, the FM CW-chirp laser cannot be considered as the base-
line laser for WWLODS. However, in order to evaluate the upper bound of the poten-
tial performance improvements, range calculations were done assuming ideal signal
processing of the FM CW signal, i.e., no loss in SNR due to processing ambiguities.
These results are given in Section 9.0. The potential system performance improve-
ments that could result from its higher power are sufficiently attractive (as dis-
cussed in Section 9.0) that it is recommended that this laser be carried as an
alternative approach that would be selected if the above problems were solved.

The technology considerations involved in choosing laser design approach are
summarized in Table 7.1. The implications of the technology choices on laser weight
are illustrated in Fig. 7.2. The primary factor is the power in the CW laser dis-
charge (scale A). This determines both the power supply weight (scale B) and the
dimensions of the ceramic Jdischarge tube. The tube dimensions determine its weight
(scale C). The spread in the weights in Fig. 7.2 corresponds to the range of con-
ditions from a benign laboratory environment (bottom of band) to a severe military
environment (top of band). Commercially available waveguide lasers can be obtained
that fall on this bottom line. The top line corresponds to a very conservative pre-
liminary design study done by UTRC. For the weight estimates used in Section 9.0,
the weight of the ceramic tube was taken at the middle of the band shown in Fig. 7.2.
The laser power that is obtained for a given weight of tube plus power supplyv is read
from scale D for the FM CW chirp laser and from scale E for the passively Q-switched

laser.
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8.0 SCANNER DESIGN STUDY

The scanner requirements are determined by the mission analysis of Sections 5.0
and 6.0. A baseline set of requirements, selected as a compromise between the
desired capabilities identified in the analysis and the practical limits on scanner
mechanisms, is shown in Table 3.1. These requirements werce used as a standard of
comparison in selecting candidate scanner mechanisms. A discussion of the salient
features of the WWLODS scanner candidates is presented in Section 8.1, and a dis-
cussion of dither mechanism candidates in Section 8.2. Dither mechanisms are used
to produce small, high frequency scan motions which must be superimposed on some
scan patterns in order to fill in long narrow gaps in their basic pattern. Section
8.3 contains the results of tradeoff studies comparing the various scanner candidates
and Section 8.4 summarizes the results which led to the selection of a baseline
scanner for a more detailed investigation and the parameters of the detailed base-
line design.

8.1 Scanner Candidates

The scanner study considered the design and performance parameters and the
scaling relationships of five scanner candidates: (1) dual rotating wedges (1 pair);
(2) dual rotating wedges (2 pair); (3) a dual wedge (1 pair)/turret combination;

(4) a ball joint scanner, and (5) a variable wedge scanner. These candidates, which
are described in the following subsections, were selected for their large aperture
(2 in. - 4 in.) and potential for rapid scan.

Rotating Wedges - 1 Pair

The beam deflection resulting from a dual wedge scanner, diagrammed in Fig. 8.1,
is based on the refraction of light by a prism. Although the exact deviation of the
output beam, relative to the input beam, of a prism, is a function of the angle of
incidence, an approximation for the deviation, &, of a prism in air, is given by:

§ =(n=~-1) a

where n is the index of refraction of the prism material and « is the apex angle of
the wedge. For 10.6 micron wavelength applications, the optimum material choice is
Germanium because of its high refractive index (4.0). A number of other materials
were checked for this application, but all had both lower indices of refraction

and poorer index-~to-density ratios. The latter means that even if a larger angle
prism were used to achieve the same deflection with a lower index material, the
wedge would be heavier than the Germanium wedge.

The use of two identical wedges, rotated by torquers and programmable by en-

coders and a servo loop, allows the output beam to be directed to any angle from
zero to approximately 2¢ compared to the input beam direction. This agility, with
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proper programming, allows any scan pattern to be synthesized, although some patterns

will have much larger torque requirements than others. The programmable nature of
this scanner also means that pitch and roll compensation may be incorporated into
the scan pattern commands so chat no additional mechanism is required in order to
provide this capability. The torque requirements, must, however, be examined for
each case.

Rotating Wedges - 2 Pair

The 2-palr wedge scanner, diagrammed in Fig. 8.2, operates on the same
principle as the l-pair scanner above. The second pair of wedges, does, however,
allow additional versatility in the programming of scan patterns and hence the
possibility of significantly reducing the torque requirements for a number of
scan patterns. For instance if the right wedge pair, marked AZ in Fig. 8.2
is run continuously in a counter-rotating manner, the output beam will be
scanned in a horizontal direction and no reversing torques will be required by
this wedge pair. The EL pair may then be used to slowly scan the horizontal line
up and down with only moderate torques required in reversing the wedge rotations.

Wedge/Turret Combination

The wedge/turret combination scanner, diagrammed in Fig. 8.3, is a combination
of the one pair dual wedge scanner with a single dimension scanning mirror and a
turret. This combination allows additional versatility in programming scan
patterns and hence, the possibility of significantly reducing the torque require-
ments for a number of scan patterns.

For instance, if the wedge pair of Fig. 8.3 is used to generate a horizontal
line scan, the two torquers can run continuously in a counter-rotating manner so
that no reversing torques will be required. The pitch mirror is used to slowly
scan the pitch turret and rotating wedges up and down to generate an elevation
scan. Alternatively, the wedge pair can be used to generate a small, optimized
scan pattern and the pitch scan can be used to direct the pattern over a larger
Field Of Regard (FOR). 1In the configuration diagrammed in Fig. 8.3, the angular
motion of the pitch turret must be twice that of the pitch mirror so as to keep
the wedges and turret centered about the beam. This ""divide by two" relationship
could be avoided if the pitch mirror and turret are designed to rotate as a
unitc about the axis of the telescope output beam; however, this would require
the turret to ride as an outrigger offset from the pod which would entail addi-
tional structure weight.

Ball Joint Scanner

The ball joint scanner, diagrammed in Fig. 8.4, is a moving mirror scanner
which the Norden Systems Division of UTC has found to be particularly suitable
for applications which can use a dedicated scan pattern. In general, a moving
mirror scanner would not be practical for a programmable or variable scan pattern,
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] except for low scan rates, since some sort of torquers would have to scan the
large inertia of the deflecting mirror in two dimensions to provide the desired
scan. This would not meet the WWLODS requirements. The ball joint scanner,
however, provides the scanning motion by means of cams which drive the mirror
about a central ball joint pivot point. Two cams driven from a common drive
motor provide an efficient, dedicated scan pattern. For the WWLODS application,
which can utilize a dedicated scan pattern, the ball joint scanner is simple
and lightweight.

In contrast to the scanners employing rotating wedges, the ball joint
scanner requires a window of some sort to keep atmospheric contaminants from the
beam expander and laser components. If a window is placed on the output side of
the scanner it must be fairly large, if large beams and scan angles are
employed. 1In the wedge scanners, by contrast, the last wedge can also act as
a window 1f care is taken to achieve a seal at the rotary joint. An alternate
window location for the ball joint scanner is in the optical train between the
turning mirror (top left in Fig. 8.4) and the beam expanding telescope located
to the right and out of the figure in Fig. 8.4. 1In this case, the ball joint
mirror and the turning mirror must have environmentally hard coatings which,
although not common, do exist according to 10.6 micron mirror coating vendors.

As stated earlier, the ball joint scanner provides a dedicated scan pattern.
The particular scan pattern will be discussed in the scanner trade-off section;
however, the dedicated nature means that pitch and roll compensation must be
provided by adding additional servo motors and mechanical mechanisms in order to
superimpose these corrections. This can be done, and the discussion below des-
cribes a simple implementation which incorporates both pitch and roll compensation
mechanisms.

Variable Wedge Scanner

The variable wedge scanner, diagrammed in Fig. 8.5, is based on the refraction
of light by a prism. As discussed above, the deviation, 8§, of a thin prism in
air is given by:

] § = (n-1) a

where n is the index of refraction of the prism medium and o is the apex angle

of the wedge. 1In the variable wedge scanner, the prism medium is a liquid con-
tained between two windows in a flexible cell and the apex angle, a, is

varied in order to scan the beam. This type of scanner has been successfully
employed in image motion compensation systems where it has the trade name ''Dynalens'.

In order to be successful for the WWLODS application, this type of scanner
requires a high index, transparent liquid for the 10.6 micron wavelength. During
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this program, an investigation of fluids which might be applicabl: identified CSZ’
CCla, C2C14 and CH212 as candidates with low corrosive and toxic problems. The
analytical chemistry group at UTRC tested the 10.6 micron transmission qualities
of the four liquids and found only CS; promising from the transmission measure-
ments, The index of refraction listed in the Handbook of Chemistry and Physics
for €S, is 1.62, which is relatively low compared to that which is desired

for implementing a large deviation angle scanner. For this reason, this type

of scanner will probably only be useful for small angle scan requirements such as
a dither scan to fill in the gaps in the scan pattern of some other type of
scanner, such as a rotating wedge scanner. Therefore, the variable wedge
scanner was not considered further as a candidate for the main WWLODS scanner.

8.2 Dither Mechanism Candidates

In order to fill in the gaps in raster-type scan patterns, some type of
beam dither mechanism may be required. For example, if a scan pattern were
generated which consisted of only horizontal scan lines, separated by 0.8%, then
long, horizontal wires might go undetected. If a high frequency vertical dither
of * 0.4° were superimposed on the horizontal scan lines, then the gaps would be
filled. The frequency of the dither would, in turn, determine the effective
horizontal scan spacing. For a 209 x 30° scan pattern frame which is covered
in 1.5 seconds in two interlaced fields, the dither frequency required to provide
a 40 effective horizontal scan spacing would be 250 Hz. Similarly, a 0.8°
effective horizontal scan spacing would require a 1250 Hz dither scan frequency.
It is worth noting that the 0.8° or 4° effective horizontal scan spacing is
stated in terms of the output beam scan pattern. If the dither scan is implemented
in the optical train before the beam expanding telescope the peak-to-peak scan
to be provided by the dither mechanism must be M times greater than the 0.8°

to 40, where M is the magnification of the beam expanding telescope.
Candidates to provide the dither scan, if required, are (1) a variable

wedge scanner, (2) a tilting wedge scanner, or (3) a pre-expander galvanometer
mirror scanner.

Variable Wedge Dither Mechanism

The variable wedge scanner shown in Fig. 8.5 is one candidate for a dither
mechanism. The previous discussion detailed the operating principles for this
candidate and indicated that, because of present materials limitations, it is
limited to small scan angles such as dither requirements. It does require that
the window, bellows and fluid be moved at the dither frequency. For this
reason, it is not a preferred approach for a high frequency dither mechanism.
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Tilting Wedge Dither Mechanism

The basic elements of a tilting wedge scanner and its operating region are
diagrammed in Fig. 8.6, The scanning action results from the fact that the

3 deviation of a prism is dependent on the angle of incidence, 8, of the input
beam. The thin prism approximation discussed in earlier sections applies to the
minimum deviation region which is the relatively flat bottom portion of the

T 8 vs 8§ curve in Fig. 8.6, If the prism is operated such that the incidence angle

is in the region of operation shown on the curve, the output beam deviation will
vary rapidly in response to a rotation of the wedge. This mechanism was
initially investigated as a potential scanner mechanism; however, the attainable
range of deflection angles was too small. It is, however, a candidate for a
dither mechanism.

Pre-Expander Galvanometer Mirror Dither Mechanism

In the pre-expander dither mechanism of Fig. 8.7, a galvanometer mirror is
used to dither the beam while it has a small diameter -- prior to beam expansion
by the telescope. In this region, the angular dither amplitude must be larger
than for a post-expander dither mechanization but the beam is smaller and the
angular accelerations are more easily accomplished because inertia of a small
diameter mirror decreases as approximately D3, while the angular motion increases
as D,

In the diagram of Fig. 8.7, relay optics are used to optically couple the
galvanometer scanner to the beam expanding telescope in order to overcome field-
{' of-view problems which occur due to beam displacement in a nonrelayed system.

' Although other combinations of dither and telescope elements are possible, this
r mechanization serves to illustrate the basic concept of small diameter, low
inertia pre-expander scanning of the beam in order to achieve the desired dither
scanning.

8.3 Scanner Candidate Trade-Offs

A major task of the WWLODS scanner study was to assess the capabilities,
weights and requirements of the candidate scanners in order to provide inputs
to the system analysis and aid in the selection of the most promising cundidate
for a more detailed examination. The following sections summarize the results
of these trade-off studies.

Scan Parameters

The scan parameters for the four candidate scanners are summarized in Table
8.2. 1t is seen that scanners involving rotating wedges have large FOV and
FOR capabilities, whereas the ball joint scanner is more limited. This stems
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from a number of considerations which increase the siz:, weight and beam
clearance problems of the ball joint scanner as the scan field is enlarged.
The range of % 159¢t0 + 30° 1is not a rigid limit, but simply indicates a
practical bound on these designs.

The ¥ 50° FOV/FOR limit on the wedge scanners arises from total internal
reflection (TIR) problems which are encountered in germanium at the last wedge-
air interface. The limit occurs for angles somewhat greater than t 50° and
thus this value should be taken as an upper practical limit. A ray trace dis-
tortion analysis of the large FOV wedge case was made and indicated that
although a nearly plane wavefront (WWLODS received beam) passing through a
pair of wedges will change to a slightly greater curvature wavefront, the
distortion compared to a uniform spherical wavefront, which is suitable for
heterodyning, is quite small. Astigmatism changes the divergence of the trans-
mitted beam slightly, but the received beam remains almost perfectly spherical
and therefore quite suitable for heterodyning. Thus, large wedge scan angles
are acceptable from a beam distortion standpoint.

In the design tradeoff studies (Section 9.0) a maximum laser PRF of 100 kHz was
used. The frame time was found to be laser-PRF-limited for most of the scanners
considered; however, the single pair dual wedge scanner was limited by the torque
capabilities and inertias of standard torquers.

The manner in which the pitch and roll corrections are accommodated requires
additional mechanisms for the ball joint scanner; whereas, the wedge scanners
accommodate the corrections in the programming of the torquer command signals.

The additional window requirement column highlights the ball joint scanner
requirement in contrast to the wedge scanners, which provide their own output
window by virtue of the last wedge.

Notes relative to the scan parameters include the fact that wedge scanners
require an additional dither scan mechanism in order to preclude long narrow open
spaces in the scan pattern. Also, large FOV for a ball joint scanner will re-~
quire larger, and hence heavier and more lossy, windows for the window-enclosed
option.

Scan Patterns

Figure 8.8 displays comparative beam scan patterns for the four candidate
scanners. The patterns shown for the one-pair dual-wedge and the wedge-turret
combination represent patterns which have reduced torque requirements for wedge
scanner pattern generation compared to other dual-wedge scan patterns, such as
an X-Y raster pattern centered in the field-of-regard of the wedges. These
low-torque patterns use approximately straight horizontal lines which have their
end points on the circumierence of the field-of-regard. In the wedge-turret
combination case, this pattern remains constant and the pitch correction




0-8-17-31

7/
/

- N\ )
: \ Z
oc

©
55 L
R LE -
it 2
) (s
|y <

e < 3

- 7
: 3

T LLl

Q.

- 00 % %6%% % %%’ T R
RIS -
ROCHXHNIRRD |

0,00, 000 o .m G
R 2 -—
3 LL
,V\\A/nr % V/,A\




CPCTS

capability of the turret mirror is used to satisfy the pitch correction requirements.
In the l-pair-of-wedges configuration, the pattern shown is for the lowest point

in the field-of-regard. As the pitch correction calls for a higher elevation
pattern, the pattern, or a trapezoidal approximation thereto, must be synthesized

by the commands to the wedge torquers. A benefit of these patterns is the wide

scan at the top which can help in looking ahead into turns as discussed in

Section 6.0,

The "two pair of wedges' scan pattern is generated by running one pair of
wedges (azimuth) in a counter-rotating manner to generate a reciprocating horizontal
line scan; the second pair of wedges superimposes an elevation sweep and the
pitch correction as required.

The ball joint scan pattern consists of interwoven scan lines which are
tilted relative to the horizontal and vertical directions. In the case shown,
the scan lines should be tilted at 45° and have a 0.8° spacing. Although other
tilts and spacings are possible, this pattern is representative of the ball
joint scanner candidate. Pitch and roll corrections must be added by means of
additional mechanism.

Weight Versus Clear Aperture

Figure 8.9 presents a parametric comparison of scanner weight as a function
of clear aperture for the four candidate scanners. This comparison includes the
weights of generic scanner components and the structure to hold those components,
but does not include housing weight, which would depend on pod interface and
geometry which was not well defined at the point in time when this comparison
was made. Also, a dither mechanism was not included in the various wedge scanners
since it was not clear if it would definitely be required.

The results of this comparison are that the ball joint scanner has a slight
weight advantage for the 2 in. aperture whereas the l-pair dual-wedge scanner
is superior for the 4 in. aperture case. For a 3 in. aperture, the choice between
1 pair of wedges and a ball joint scanner is even. The 2 pair of wedges and wedge/
turret combination scanners are much heavier than the other two candidates over
most of the aperture range and would only be selected if some feature of their
scan pattern became an over-riding consideration.

Weight Versus Frame Time and FOV/FOR

In addition to the weight versus aperture studies detailed in the previous
section, an examination of the sensitivity of the weight to changes in frame time
and FOV/FOR requirements was made. Table 8.3 summarizec the results of the frame
time examination and indicates that the total scanner weight is not a dramatic
function of frame time. The N/A notation for a 1 second frame time/l wedge pair

combination indicates that this frame time is not achievable with standard catalogue
torquers found during this study.
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----------------- Ball joint scanner — external window

----- Ball joint scanner — internal window
- Wedge scanner — 1 pair
- — Wedge scanner — 2 pair

Wedge turret combination

(Housing and dither
weights not included)
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FIGURE 8.9 SCANNER WEIGHT vs
CLEAR APERTURE
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Table 8.3
SCANNER RELATIVE WEIGHT vs
FRAME TIME

|
|

Candidate 1 Second 2 Second 4 Second |

Scanner Frame time | Frametime | Frame time

Wedges

(1 pair) N/A 1X 0. 90X

Wedges

@2 pair) 1X 1X IX

Ball Joint 1. IX 1X 0.97X
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wedge scanner weights are not sensitive to FOV/FOR over the 30° to 50° range whereas

the ball joint scanner weight doubles. This dramatic increase is due to larger window,
mirror, and structure requirements in order to accomodate the larger scan angles. The
weight of the wedge turret combination varies in the same way as that of wedges (] pair)
in Tables 8.3 and 8.4, for the same changes.

|
|
The weight versus FOV/FOR examination indicated, as shown in Table 8.4, that the

Window and Optical Train Considerations

It is desirable to keep the optical train losses to a minimum so that WWLODS
range or weather margin may be increased. Figure 8.10 presents a comparison of
the one-way losses expected for the four candidate scanners. The peaked shape of
the columns representing the wedge scanner configurations arises from the difference
in attenuation path across the beam when the two wedges are aligned. In the
aligned case part of the beam will pass through the thin portion of two (or four)
wedges while the opposite side of the beam will pass through the thick part of
both the wedges. Intermediate wedge orientations will produce intermediate
losses and loss gradients across the beam. Losses represented in the total bar
include not only the absorption losses in the germanium wedges, but reflection
losses at the Anti-Reflection(AR) coated wedge surfaces. The AR coating reflection
losses were calculated as a function of angle. The only significant coating
loss occurs at the last surface and the worst case angle was assumed for com-
parison purposes. The 2-pair dual-wedge scanner has approximately twice the
absorption losses of the l-pair dual wedge scanner because it has twice the number
of wedges and a total of eight AR coatings. Again, only the last AR coating has
a significant amount of loss.

The ball joint scanner has losses due to mirror reflections and window
absorption. The total column height on the figure corresponds to the case where
the ball joint scanner has a ZnS output window, similar to an output window on a
FLIR svstem. The dashed line represents the open pod (internal window) alternative.
In this case, a smaller, thinner and more efficient window material is used
between the scanner and the beam expanding telescope. Also, the ball joint mirror
and turning mirror of Fig. 8.4 must have an environmentally hard coating and the
scanner mechanism must be sealed to prevent contamination ~- both of which appear
to be feasible.

Window material considerations are compared in Table 8.5. The significant
items include the fact that ZnS has a loss of 15 percent per cm. However, it is
often used because of its good rain erosion properties. Both ZnS and ZnSe are
available in large sizes and domed shapes by virtue of a Chemical Vapor Deposition
(CVD) process for forming the window blanks.

‘ The lowest loss material is ZnSe; however, it has the highest projected cost
and has more of a problem with rain erosion.
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Table 8.4

4 in. aperture

Candidate
Scanner 30° 45° 60°
Wedges
(1 pair) 1X 1X 1X
Wedges
(2 pair) 1X 1X 1X
Ball Joint 1X 1.5 X| 2X
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Germanium is available in large sizes, but must have an environmentally hard
coating applied to the outer surface. Such a coating is being developed.

Power requirements

Table 8.6 presents a comparison of the power requirements for three scanner
candidates having a 2 in. aperture. The single pair of i1otating wedges has the
highest power requirement since the largest torquers must be used to provide the
‘ required angular accelerations. The two-pair wedge scanner requires less power,
F even though it has four torquers, since two torquers may be low torque and run in
: a counter-rotating manner. The ball joint scanner has the lowest power require-
ment since the motor is always running in one direction and the mirror direction
changes are supplied by cams.

8.4 Baseline Scanner Selection and Parameters

In Section 9.0, the process of selecting the three recommended design
approaches is described in detail. To better define the characteristics of the
WWLODS scanner, one system was chosen and a more detailed preliminary scanner
design and parameter assessment carried out. For the lowest weight pod configuration,
the 2 in. ball joint scanner was selected as the most promising candidate. A
mechanical design was prepared for this type of scanner incorporating both pitch
and roll compensation capabilities. The following sections detail the parameters
of the scanner resulting from this design.

Baseline Scanner Mechanism

The mechanical design for the 2 in. ball joint base line scanner is shown in
Fig. 8.11. 1In this design the main drive motor provides both the azimuth and
elevation cam motions. The cams and gear couplings are all contained in an
enclosure and a small amount of oil is included for lubrication to reduce wear
and friction. The pitch correction is accommodated by a small servomotor which
superimposes the desired correction on the elevation cam mechanism. The roll
correction is provided by constructing the scanner mechanism in a ring which may
be roctated about the ball joint/mirror axis. A second small servomotor is used
to rotate the scanner housing relative to its pod mounting surface. *is provides
the desired roll correction of the scan pattern.

In Fig. 8.11, the large motor cross section is the main .. .ve motor and the

two smaller motor cross sections are the pitch and roll correction servometors.
The ball joint appears behind the mirror in the upper left corner. The mirror is
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SCANNER POWER REQUIREMENTS

Table 8.6

2 in. aperture

Candidate Power Voltage
Scanner Required (W) Required
Rotating Wedges 184 28 VDC

1 pair

Rotating Wedges 88 28VDC

2 pair

Ball Joint 2 115V, 400 Hz, 3
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FIGURE 8.11 2 IN. BALL JOINT SCANNER
MECHANIZATION




bonded to an adapter plate on the rod through the ball joint. All three motors
are on the scanner platform and rotate together when a roll correction is applied.
This allows a single umbilical to connect to the scanner and no one motor limits
the clearance as the mechanism rotates. Thus the scanner unit, in principle,

does not have a limit on the amount of roll correction which may be applied.

Scan Pattern and Parameters

The scan pattern which can be generated by the baseline ball joint scanner
is shown in Fig. 8.12. The slope of the scan lines, relative to the horizontal,’
is 15°. This orientation was chosen to yield 0.8° high by 3.2° wide "diamonds"
in the scan pattern. This provides a maximum vertical separation of 0.8° at the
intersections of the scan lines, and a smaller spacing elsewhere, to ensure that

small vertical objects do not escape detection. The wider, 3.2°, horizontal
separation ensures that longer horizontal objects, such as wires, will not be
missed.

The motors and gear ratios have been selected to cover the complete scan
pattern in a 1.5 second frame time, matching the requirement for the signal-
integration case of Section 9.0. It is worth noting that the scan pattern is
covered in a regular, but not unidirectional (top to bottom or side to side),
manner. This means that, for moderate sized objects located toward one edge of
the pattern, the update rate will be more than one per 1.5 second frame. By
contrast, a horizontal raster scan pattern would update twice in rapid succession
for an object near the top or bottom of the frame and then could take 1.5 or 3
seconds to repeat again. The difference between 1.5 and 3 seconds depends on
whether or not the 1.5 second frame rate is obtained by interlacing two scan fields.

The notation of 21.2° effective elevation and 30.4° effective azimuth refers
to the fact that the sharp diamonds on the ends and top/bottom will be somewhat
rounded to maintain reasonable cam features. The effective numbers shown are the
AZ and EL coverage estimated to result when this factor is taken into consideration.

Figure 8.13 presents the overall scan parameters of the 2 in. ball joint
scanner. The 20° x 30° scan pattern may be pitch corrected ¥ 10° for an overall
elevation FOR of 40°. The entire pattern and pitch correction may be roll
corrected by ¥ 60°. As pointed out in the previous section, the basic mechanism
of the baseline scanner is not limited in roll correction; however, only a
+ 609 gear sector was incorporated into the design in order to hold the weight
to a minimum.

Pod Implementation

Although the final scanner/pod design factors in a number of variables
including beam expanding telescope design and location, Fig. 8.l1l4 presents one
possible pod implementation. The baseline scanner mechanism of Fig. 8.14 is
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mounted on a scanner support ring which is fastened to the inside of the tubular
scanner housing shell. The housing shell mates to the main pod, shown in phantom
cn the right of the figure. In this implementation, the end of the pod is sealed
and a window in the middle at the top allows the beam to exit the main pod and
enter the scanner section. The turning mirror is located at the end of the pod
beam tube from the pod and directed the beam onto the ball joint scanner mirror.
The housing shell has a thinner wall than the main pod. It is located outside
of the hard point mounting region and does not have the same structural require-
ments as those imposed on the main portion of the pod.

Baseline Scanner Weight Estimate

Table 8.7 presents a detailed weight estimate for the baseline 2 in. ball
joint scanner and housing, for the pod implementation discussed in the preceding
section. The first subtotal of 3.2 lbs represents the weight of the basic scan,
pitch correction, and roll correction mechanism. The second subtotal of 4.5 1bs
includes the housing, mounting, turning mirror and beam window components. The
scanner total of 7.7 lbs, although it does not include additional pitch, roll
and position readout interface items which would be required for a WWLODS inter-
facing with a headup display as discussed in Section 9.0, compares very favorably
with the 8-10 1lbs estimate arrived at during the tradeoff study described earlier

(Fig. 8.9).
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Table 8.7
2-IN. BALL JOINT SCANNER
WEIGHT ESTIMATE

WEIGHT (LBS) ITEM
MIRROR 018
BALL JOINT 0.04
MAIN MOTOR 0.48
PITCH MOTOR 0.18
ROLL MOTOR 0.18
HOUSING 1.54
CAMS, BEARINGS, HARDWARE, MISC 1.62
MECHANISM SUBTOTAL 12
SCANNER SUPPORT RING 0.5%
HOUSING SHELL 1.9
BEAM TUBE FROM POD 0.72
WINDOW AND MIRROR 0.30
WINDOW AND MIRROR MOUNTS 0.50
MISC HARDWARE 050
HOUSING SUBTOTAL 45
SCANNER TOTAL 7.7L88°

*ADDITIONAL PITCH, ROLL AND POSITION READOUT INTERFACE ITEMS MAY BE REQUIRED DEPENDING ON
FINAL SYSTEM DESIGN. COMBINED WEIGHT OF THESE ITEMS WILL BE LESS THAN 2.3 POUNDS.

90-6-17-93
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9.0 SELECTION OF RECOMMENDED DESIGN APPROACHES

9.1 Selection Procedure

The procedure by which the three recommended design approaches were selected

is illustrated in Fig. 9.1. The design analysis of the laser and scanner, described
in Sections 7.0 and 8.0, make it possible to determine the total weight of the WWLODS
as a function of laser average power (P), type (CV or pulsed), scanner aperture
diameter (D), and scanner type. The selection of a detection probability, Pp, a
false alarm number FAN, and whether or not integration is performed on the received
signal, together with the statistical noise characteristics of the receiver system
and the target signatures, determine the signal-to-noise ratio (SNR) required at the
output of the detector. The choices of laser PRF, laser P, and scanner D, together
with the required SNR ratio then determine the range performance of the WWLODS as

a function of power, aperture size, and system configuration. The laser PRF,
scanner D, scanner type, and the degree of signal integration together determine

the available FOV and Tp. Response time (TR) is determined by the data gathered

in the pilot survey. The combination of range, FOV, TF and TR’ along with the
maneuver requirements established in Section 6.0 then determine the allowable

flight speed as a function of the major parameters of the system: power, aperture
dia, and configuration. It is then possible to combine the speed vs configuration
and the weight vs configuration data to derive plots of speed vs weight for

various configurations. A review of these plots is then the basis for the selec-
tion of the three design approaches which form the basis of the overall system
designs described in Section 9.6.

The system design options considered in this analysis are shown in Table 9.1.
The aperture diameters considered were 2, 3, and 4 in. The laser average power
ranged from 1 to 10 watts for the pulsed lasers and from 2 to 30 watts for the
CW chirp lasers as discussed in Section 7.0. A maximum PRF for the pulsed laser
of 100 kHz was established. However, as discussed in Section 8.0, for the l-pair
dual wedge scanner, the PRF was limited to less than 100 kHz by the maximum scan
rate. The angular scan rate, ¢, is a function of the size of the resolution element
which depends on the aperture diameter and the PRF:

o= F_ (2A/D)PRF

where FC is the fraction of the beam diameter, d, through which the scan advances
between resolution elements. F. is chosen so that a continuous swath with a width
of half the spot diameter is always covered. When there is no integration of the
received energy this results in a spacing of 0.866 d as shown in Table 9.1. When
the energy from two resolution elements is integrated the spacing is 0.433 d. The
SOW specified that the system was to be installed in a UH-60A aircraft. In order
to establish a specific framework for system configuration analysis a pod installa-
tion was assumed.
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Table 9.1

SYSTEM DESIGN OPTIONS

¢ Aperture diameter
2, 3,4in.
* Laser average power
110 W Puised format

2:30 W CW chirp format
o Laser PRF

Maximum of 100 kHz, scanner limit

® Resolution element overlap

No integration
ar2 Adid =0.866

d/2 Two element integration
Adid =0.433

® Pod installation in UH-60A
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The weight of the laser subsystem is based on analysis and experiment (Ref. 4)
and includes consideration of the alternative choices discussed in Section 7.0.
The variation of weight with laser power is shown in Fig. 9.2 for the CW chirp
laser. These weights include all the elements, including power supplies, that would
be required in the pod. Figure 9.3 shows the reduction in power that results when
a passive Q-switch is inserted into the laser cavity to convert to CW output to the
pulse output format. Figure 9.4 shows the weight of the pod, scanner housing and
of the various scanner options as discussed in Section 8.0. A weight allowance
of 2 1b has been added to the dual wedge scanner weights given in Section 8.0 to
allow for the dither mechanism necessary to fill in the long narrow openings in
the dual wedge scan pattern.

The major parameters of the range analysis are illustrated in Table 9.2. The
SNR depends on the =xtinction of the atmosphere (a), the range (R), the laser
average power (P), the laser PRF, the aperture dia, and the heterodyne efficiency,
ng. The remaining parameters in the range performance calculation are the cross
section of the target, which in this analysis is based on the off-axis signal from
a 1/8 in. WD-1 wire, and various system losses including reflection, transmission,
and misalignment losses. All of these factors are lumped together in a constant
(K) and the value of this constant is determined by flight test data taken in the
LOTAWS program (Ref. 2). In the LOTAWS tests the value of ny was around 0.1. For
this analysis a value of Ny = 0.5 was assumed, based on laboratory measurements
which indicate that "} equal to 0.9 or more should be attainable. The weather con-
ditions required to be examined by the SOW are also listed in Table 9.2 along with
the corresponding absorptivities in (103ft)_1.

For this analysis a Swerling 2 target was assumed. The Swerling 2 target is
a rapidly fluctuating target model and was selected to account for the presence of
speckle in the return signal. This is a conservative assumption since other target
models have smaller signal fluctuations and therefore require a lower SNR for a
given combination of Pp and FAN. The SNR requirements are shown in Table 9.3 for
FAN of 105, 107, and 109, Py of 0.9, 0.99, and 0.999 and for the collection of
signal energy from 1 resolution element (no integration) and 2 resolution elements
(integration). The time in sec between false alarms (Tpp) is roughly equal to
FAN/PRF. Two possibilities were evaluated in this analysis. For a FAN of 109 and
with the use of frame-to-frame correlation of wire hits to reduce false alarms, the
effective FAN is 1010 and Tpp is approximately 27.8 hours. With a FAN of 102 and
use of information only from a single scan frame Ty, = 2.78 hours at a PRF of 10°
Hz. The use of a frame-to-frame correlation along with a FAN of 105 requires a
lower signal-to-noise ratio than a FAN of 109 and therefore gives a longer range
capability to the WWLODS. However, since information is required from two frames
the delay times involved in the maneuver requirement (Tg + TR) are longer and
therefore the allowable speed must be reduced.
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Table 9.2

RANGE ANALYSIS

SNR =K e~2%R (p/PRF) (DIR)3 (1)
K =f (cross section, losses, etc.)

K =446 for LOTAWS vs 1/8 in. WD-1 wire

o in (103 §1)—1 PinW D in inches

R in 103 ft PRF in kHz MH=0.5
Weather a (103 1)~ 1

Midlatitude summer day 0.10

MLS day +4 mm/hr rain 0.26

MLS day + 15 mg/ m3 fog 0.70

(100 m-400 m visibility)

110F, 85% RH 1.00

(climatic category 5)

. @0-8-17-14
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9.2 Tradeoff Evaluation

The basic evaluation is performed in terms of the allowable speed corresponding
to the stopping maneuver range requirements in NOE flight established in Section 6.0.
This is compatible with the use of a simple warning system and it would be available
for all the helicopters in the inventory as discussed in Section 5.0.

Figure 9.5 shows the comparison of single-frame detection and frame-to-frame
correlation for the case of a 2 in. dual wedge scanner with no pulse integration.
Frame-to-frame correlation which has an effective FAN of 1010 gives longer ranges,
as can be seen from Fig. 9.5, but when the longer frame times are included in the
range requirements analysis results of Section 6.0, the allowable flight speed is
seen to be either equal to or slightly less than that for a FAN of 107 with no
frame-to-frame correlation. Figure 9.6 shows that the same results are obtained
for a 2 in. ball joint scanner with integration. Based on these results the use of
frame-to-frame correlation was not considered further in the analysis since it
produces no net increase in allowable speed and would require considerable complexity

in the system in order to keep track of wire hits from one frame to the next.

The basic performance capabilities of the WWLODS in terms of system range and
the allowable speed for performing the stopping maneuver described in Section 6.0
are shown in Figs. 9.7 to 9.15 for 2 values of rotor tilt, 30 deg and 40 deg, for
the configuration options of Table 9.1. Performance is shown as a function of laser
power in the range of 2 to 30 watts and is applicable to both CW and pulsed laser
formats for the same average power. Performance is also shown for all the weather
conditions listed in Table 9.2.

When the speed capabilities of Figs. 9.7 through 9.15 are combined with the
weight variations of Figs. 9.2 through 9.4 a speed/weight tradeoff results as shown
in Figs. 9.16 through 9.18. Figure 9.16 shows the results for the ball joint
scanner with an external window. It has a FOR which is 30° wide by 40° high and a
frame size (FOV) which is 30° wide by 20° high. Speed is shown as a function of
total system weight for both CW chirp and pulsed lasers. Figure 9.17 shows results
for a dual wedge scanner with a field of regard having a dia of 120° and a scan
frame 56° wide by 20° high as discussed in Section 8.0. Figure 9.18 shows the
results for a dual wedge scanner which has a FOR with a 600 dia and utilizes
pitch turret to obtain an effective FOR 58° wide by 40° high and a scan frame FOV
58° wide by 20° high. This system has the same range/speed capabilities as that shown
in Fig. 9.17 but has higher weights because of the use of the pitch turret to
relieve the acceleration requirements on the wedges as discussed in Section 8.0.
This system is an alternate to the dual wedge scanner with the 120° dia FOR and
would be considered only if detailed anmalyses turn up severe limitations duc to the wda
scanner acceleration rates required to meet the necessary scan format.
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2 in. Ball Joint Scanner, integration
Frame Time = 1.5 sec
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2 in. Ball Joint Scanner, No Integration
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FIGURE 9.8 NOE SPEED/RANGE
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3 in. Ball Joint $3canner, Integration
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2 in. Dual Wedge Scanner, No Integration
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2 in. Dual Wedge Scanner, Integration
Frame Time =2.5 sec
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3 in. Dual Wedge Scanner, No Integration
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4 in. Dual Wedge Scanner, No Integration
Frame Time =2.5 sec

—-—Range

- Speed, rotor tiit = 40 deg
----- Speed, rotor tilt =30 deg

.- a=0.1 a =0.25 a=0.7 a=1.0
® 200
P10 [ ===="7" == =TT T
o = o= - _— e
S s0-
| _ ] o
j = 20 /’/ ’/,/ /’/ -
C")e — — /'/
© 05F
<]
&
[ o
0.1 A A ' A A ' i !.' - et 1
"1 2 514 2 512 5 1 2 51020 50
Power (W)

FIGURE 9.15 NOE SPEED/RANGE
PERFORMANCE

98




Ball joint scanner with external window

30 deg W x 40 deg H FOR
30 deg W x 20 deg H FOV

Pulsed laser
— — CW laser

O Recommended
design approach

- D=2in.
150 | integration

/ / D=3in. /

Ty / integration
= - / Tg =2.25 sec
© 100
g , / , / D=4in.
=% - D=3in. , no integration
@ i l no integration Tg=1.5sec
' Te=1.13 sec
i D=2in.
L I no integration
Tg=0.75 sec
50 i 1 1 |
40 60 80 100

Weight (Ib)

FIGURE 9.16 NOE SPEED/WEIGHT
TRADEOFF

80-9-11_22




Dual wedge scanner with 120 deg dia. FOR
56 deg W x 20 deg H FOV

Pulsed laser
- == CW laser

O Recommended
design approach

150
- /
D=2in.
:.5 lnlegrat?on / /
= Te=25 sec
D=4in.

T 100 no Integr:tion
5. i // Tg=25sec

N I D=3In.

/ D=2 in no integration
- I no integration Tp=19 sec
50 . | Tp=125sec | . n
40 60 80 100

Weight (Ib) 1

FIGURE 9.17 NOE SPEED/WEIGHT |
TRADEOFF

100




Dual wedge scanner with 60 deg dia. FOR and pitch turret
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One feature common to all the results is that the decrease in required signal-
to-noise ratio obtained with integration more than compensates for the increase in
frame time so that the highest range and the highest allowable speed is always ob-
tained with integration. However, integration is not used with the 4 in. ball joint
scanner or with the 3 or 4 in. dual wedge scanner because the frame time would be
larger than the nominal 2.5 sec indicated by the pilots as desirable, as discussed
in Section 5.0. As can be seen by looking at the lines for no integration, an in-
crease in scanner dia. results in both an increase in range and an increase in frame
time but the net result is an increase in allowable speed capabilities. This would
also be true for those cases where integration is used except for the fact that
the large diameters cannot utilize integration because the frame time would be
longer than 2.5 sec.

9.3 Recommended Design Approaches

The three recommended design approaches are indicated on Figs. 9.16 and 9.17 by
pairs of circles. One recommendation is a two~inch ball joint scanner. This is
the only system capable of performing useful functions within the weight goal of
50 1b. The two circles indicate the performance capabilities of the CW chirp
(upper line) and the pulsed (lower line) lasers. As discussed in Section 7.0, the
passively Q-switched pulsed laser would be the baseline design. However, the
FM-chirp CW laser would be carried as a parallel development because it would yield
superior range and speed capabilities if the modulation and signal processing
problems were solved., Thus the anticipated performance of a 50 1b WWLODS with a
2 in. ball joint scanner would fall somewhere between the 2 circled points indicated
in Fig. 9.16. The CW laser would have an average power output of 14.5 watts and
the corresponding pulsed laser would have an average power output of 2.8 watts.

A second recommended design approach is a 3 in. ball joint scanner with the
maximum laser power available, 30 watts for the CW laser and 10 watts for the pulsed
laser. It has the highest range and speed capabilities of any of the system config-
uration options considered in this analysis. However, it also has a weight of
70 1b. This weight could be reduced to 66 1b if the internal window option
for the scanner design were chosen. However, the external window is considered
as the primary design approach because of its lesser problems with aerodynamics
and with the accumulation of water in rain and fog weather conditions.

The third recommended design approach is a 2 in. dual wedge scanner with the
laser power at the high end of the anticipated range. It has the highest value of
FOR and a 56° wide FOV. These parameters will give it the capability of performing
more flexible turn maneuvers than the ball joint scanner, which is limited to a
30° wide FOV, as can be seen from Figs. 6.7 through 6.9 The weight of this system
is 63.5 1b which is roughly half way between the weight of the small and large
ball joint scanners.
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The characteristics of the 3 recommended design approaches are summarized in
Table 9.4. As can be seen, the weights of the 3 systems are approximately equally
distributed in the range from 50 to 70 1b. In order to reach the 50 1lb weight
it is necessary to accept low laser powers and the minimum scanner diameter. As
a result, this system has the shortest range and the lowest speed capabilities.

The primary evaluation parameter in the initial selection process was the speed
capability of the helicopter in NOE flight in good weather (o = 0.1/103ft). This
performance is always available because it requires no display of position informa-
tion for the obstacles detected and can be utilized in conjunction with a simple
audible warning or flashing light warning system. With a HUD a pilot has the
option of performing a popup maneuver (Figs. 6.3 through 6.6) or a turn maneuver
(Figs. 6.7 through 6.9). The speeds for performing the popup maneuver are comparable
to those for performing the stopping maneuver in NOE flight. For the turn maneuver
bcth the angle through which the flight path is turned and the speed at which the
maneuver is performed are important parameters. The wider FOV available with the
dual wedge scanner gives it the capability of turning through much larger angles
than either of the ball joint scanners. It should be noted that all of these speed
capabilities are based on performing the relatively modest maneuvers at constant
speed. Higher speeds would be possible in every case if more severe maneuvers

such as a transient climb or a steeper bank angle or rotor tilt angle were used.

The degradation in performance as the weather gets worse is also indicated in
Table 9.4 for the NOE flight stopping maneuver. Even in the worst weather conditions
(fog and 110 F 85% RH) the speed capabilities are still respectable. In the case of
fog conditions, the speeds based on the stopping maneuver probably exceed the speed
that the pilot could fly to maintain clearance above the ground even if there were
no obstacles.

Table 9.4 shows the performance capabilities of the WWLODS for the nominal
performance conditions required by the SOW: PD = 0.9 against WD-1 wire. The per-
formance has also been evaluated for a P, of 0.999 against WD-1 wire and for a Pp
of 0.9 against TOW/DRAGON wire. By coincidence the Pp of 0.999 requires an increase
in SNR of 10.5 dB and the dia of the TOW/DRAGON wire is 10.5 dB lower than that of
the 1/8 in. WD-1 wire. Thus the performance for both of these conditions is the
same. The net result is a reduction in range by approximately a factor of 2.25 and
the resulting ranges and the corresponding speeds for the NOE stopping maneuver are
shown on Table 9.5.

Another requirement of the SOW is that the probability of false warning of wire,
PFW’ should be a maximum of 0.05 with 0.0l desired. As discussed in Section 6.0
this requirement leads to a relationship between the WWLODS range and the laser
pulse length for a pulsed system. The range/pulselength relationship is shown for
the 2 in. dia scanners in Fig. 9.19 and the for 3 in. dia scanner in Fig. 9.20. 1In
all cases it can be seen that the nominal pulselength of 150 to 200 nanoseconds
discussed in Section 7.0 is compatible with the false warning criterion. The
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Table 9.5

SPECIAL PERFORMANCE CAPABILITIES

) (a) Against WD-1 wire with Pp =0.999
- ‘ (b) Against TOW/DRAGON wire with Pp=0.9
Dia=0.011 in.= —10.5 dB re 1/8 in. WD-1 wire

Midlatitude summer day, a=0.1/103 ft
40 deg rotor tilt

Laser
power (W) Range NOE speed
Scanner CW (1) (kts)
Pulsed
Ball joint 14.5 740 68
Dia. =2 in. i—-—-———-——}-—-————--—k—-———-—-—
Tg=1.5 sec. 2.8 440 4
Dual wedge 30 940 73
D=2in. el e
Tr=2.5sec. 10 670 55
Ball joint 30 1380 100
D=3in. - —— = = — — = — — — —
TF =2.25 sec. 10 980 77
20-8-17-29
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question of wire discrimination for the CW chirp system is an unresolved signal

processing issue at this time.

The ability of the WWLODS to operate in cross-wind conditions is a function
of the width of the field-of-view. The crab angle 6pp is a function of the cross

wind velocity VC’ and the velocity over the ground VG:

VC = VG tan BCR

The crab angle also depends on the available width of the field-of-view, LFOV,
and the width of the clear window required for pilot safety, W:

LFOV - W
— (2)

CR 2

For the minimum acceptable window width (W) of 24° defined by pilot preferences
(see p. 16 and Fig 5.1), Eq. (2) results in crab angles of 3° for the ball joint
scanners and 16° for the dual wedge scanmer. Substituting in Eq. (1), Vg = 0.05241 Vg,
for the ball joint scanners, and Vo = 0.28675 Vg for the dual wedge scanner. The
resulting crosswind capabilities are shown as a function of ground speed in Fig. 9.21.
It can be seen that the wide field-of-view of the dual wedge scanner gives it a much
greater ability to accommodate crosswinds than does that of the ball joint scanner.
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9.4 Preliminary Design Concepts

For each of the recommended designs, a preliminary conceptual layout was made to
to establish the geometrical relationships of the major subsystems, the mechanical
and optical design requirements, the weight buildup of the complete system, and
the envelope dimensions. Pods constrained to mate with an external location on the
UH-60A were designed in all cases.

The 2-in. dual-wedge-scanner WWLODS is shown in Fig. 9.22. The front section
of the pod is axially symmetric to accommodate the dual wedge scanner. Immediately
behind the scanner is the interferometer volume which contains the germanium du-
plexer, 1/4 wave plate for polarization control, beam-expanding telescope, receiver
including detector, dewar, and cooler to maintain the detector at 77 K, and the
required folding and alignment mirrors. The transmitter and local oscillator
waveguide lasers, built in a common ceramic block, and the laser power supplies and
pulse modulator frequency control and air cooling components are arranged in the
aft section of the pod.

The major structural element is the interferometer housing, indicated by the
crosshatching in Fig. 9.22., The lasers are rigidly mounted to the rear of this
housing, so that it maintains the critical alignments and provides the stiffness
necessary to place the structural resonances at a frequency on the order of 300 Hz,
which is well beyond the primary helicopter vibrational forcing functions. Mounting
points are shown spaced as required for a standard external stores assembly. An
installation on the stub wing of the UH-60A is shown in Fig. 9.23. This installa-
tion suffers a FOV loss in the upper right quadrant due to shielding by the aircraft
fuselage. The compact size and simple shape of this design would also allow
mounting in the nose avionics bay, which would eliminate the shielding limitations
but would require rearrangement of the existing equipment in current aircraft.

The pod and its contents would be built to conform to approved military
specifications. 1Its weight breakdown and overall dimensions are shown in Column 1
of Fig. 9.24. Also shown in Fig. 9.24 are the major characteristics of the other
two recommended designs. As indicated in Fig. 9.24, the ball joint scanner designs
require larger windows and more folding mir--+s than the dual wedge scanner. Because
the WWLODS must be capable of mating with all the helicopters listed in Table 5.1,
signal processing elements to convert the receiver output to input signals for the
various display options, and cable connections to the prime power supply in the
aircraft would have to be custom designed and therefore have not been included
in the weight breakdowns of Fig. 9.24. It is estimated that the total weight of
these items would range from 2 to 6 lbs. All installations would require a control
box containing 1 circuit card, switches and indicators, with an estimated weight of
1 1b, and 1 to 3 lbs of cables. These components could trigger an existing audible
or flashing light signal for a total weight of 2 to 4 lbs. To generate a more
complex display to indicate the quadrant in which the detection occurs (as discussed
in Section 10) would require 1 additional card to read coarse LOS position from the
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FIGURE 9.23 WWLODS INSTALLATION
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scanner and a four-light display such as that in Fig 10.2, and would have a total
weight of 3 to 5 1bs. To interface with an existing video display or HUD would
require 3 additional cards and would result in a total weight of 4 to 6 1lbs.

Most of the items in the WWLODS are standard materials, catalog items, or
nearly identical to elements of existing systems such as LOTAWS. The laser,
however, would be a new development. Therefore, a preliminary design of the laser
was made, major parts were detailed using alternative material and fabrication
techniques (aluminum and steel; casting, forging, and extrusion; and welding,
bonding, and bolting). Vendor quotes were obtained on major parts, including
the BeO laser channels, to provide a basis for estimating both the practicality
of the design and the production cost.
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10.0 PROGRAM PLANS, RISKS AND COST ESTIMATES

Program plans have been formulated to cover the time between the 6.2 program cnd
and the time of Initial Operational Capability (IOC). These plans have been broken ‘
down into 6.3B, 6.4, and production segments. Two alternative plans have been '
developed entailing two levels of risk, one lower and one higher. Both plans are
designed to yield a WWLODS with performance as required by the mission and a system
meeting all mil specs; the risk involved is in meeting the program schedule, weight,
size or cost goals.

10.1 6.3B Program

The objective of the 6.3B program is to demonstrate the performance of the

i complete system and of all the subsystems. The major elements of the 6.3B program
are shown in Table 10.1. At the beginning of the 6.3B program, it is necessary to

perform a detailed concept formulation and design of the complete system so as to

arrive at a quantitative definition of the parameters of all of the subsystems.

Major Issues

s The baseline design, which derives from demonstrated technology, is the
passively Q-switched pulse laser with electric discharge excitation. For this
approach, the issue is obtaining the highest possible efficiency, within the

limits set by the large intracavity losses introduced by the Q-switch, so as to
obtain the highest possible output power. As discussed in Section 7.0, an alter-
native development would be directed at the production of a CW chirp laser with RF
excitation because of its promise of high output power. The issue in the develop-
ment of this laser is the accuracy with which the chirp modulation can be maintained
and the impact which any errors in modulation would have on the signal processing.
The power supply to drive either the RF or electric discharge laser is a straight-
forward development problem whose only issue is minimization of weight. Frequency
controls are required for the transceiver, but these are straightforward systems
which have already been demonstrated at adequate performance levels in the LOTAWS
program.

The scanner selection from among the three recommended d~sign approaches would
be made in the detailed design activity. 1In the case of the ball joint scanner,
the major issues are the design and cost of the window. For the external window
the erosion resistance of the Anti-Reflection (AR) film and the cost of rela-
tively large windows are the issues. For the internal window option the aerodynamic
disturbance which may be introduced by a forward facing opening is a potential prob-
lem. For the dual wedge scanner the preferred design approach requires a FOR with
a 120 degree angle and a FOV with dimensions roughly 20 degrees high by 56 to 60
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Table 10.1
MAJOR ELEMENTS OF 6.3B PROGRAM

Element Issue
Detailed concept Quantitative subsystem
formulation and design definitions
Laser

o Pulsed, RF, 1-10W Efficiency

e CW chirp, RF, 2-30W Modulation

* Power supply Weight

* Frequency controls

Scanner
e 2 in. ball joint
¢ 3in. ball joint
* 2 in. dual wedge

Interferometer

* Beam expander
Duplexer
Telescope
Detector
Frequency monitor

Package

Signal processing
* Pulsed
* CW chirp

Display
* Audio }

¢ Up-down, left-right
* HUD

Integration
Flight test

Window, water fiim
Wedge accelerations, water fiim

Open vs. closed cycle cooling

Multiple installations

@ Wire discrimination/false warmning
* Pulse length vs. false waming
¢ Frequency domain processing

Pliot interface

DT1
oT1
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degrees wide, which is programmable to various locations within the field of regard.
The 1ssue in this case is the magnitude of the accelerations required for the wedges
in order to meet the scan programming requirements and the availability of adequate
torquers. This issue would have to be addressed in the detailed design stage. For
all scanners an issue which must be addressed is the possibility of forming a film
of water on the outside surface in rain or fog conditions. A design which will not
permit the formation of water films must be found since the 1l/e absorption length of
water at 10.6 um is approximately 10 microns, and the WWLODS cannot tolerate such a
large transmission loss.

Noncritical Issues

The interferometer comprises the beam expander, duplexer, transmit/receive
telescope, signal detector and the detector(s) to monitor the laser frequency. A
configuration based on the successfully demonstrated LOTAWS arrang :ment is expected
to be more than satisfactory for this application. The only issue to be resolved
in the detailed design stage is the question of whether an open-cycle Joule Thompson
refrigerator or a closed cycle Stirling cryopump should be used to cool the detectors.
The tradeoff is between initial cost and weight versus reduced weight and life cycle
costs.

Packaging would be a straightforward problem if the WWLODS were to be used on

only a single vehicle. However, the five vehicles on which the anticipated use of
the WWLODS is based, do not have common mounting hard points or even good locations
available for a pod. A pod installation which would fit all 5 helicopters also has
potential limitations in terms of compatibility with helicopter Center of Gravity
(CG), limitations. Thus, an option which would have to be considered ir a detailed
design stage would be the use of self contained packages which could be located in
the various helicopters in the most optimum way.

The main issue in the signal processing subsystem is the ability to discriminate
wires from background objects without creating false warnings. If a pulsed laser
format is used, this issue resolves into a tradeoff between pulse length and false
warnings resulting from grazing incidence on extended targets such as ground or
treetops. For the CW chirp laser, signal processing will be done in the frequencv
domain rather than in the time domain as is the case with the pulsed laser. 1In
addition to the range/Doppler ambiguity common to chirp radars (but resolvable) the
major uncertainty is wire discrimination. It is possible that a loss in effective SNR
would occur in frequency domain processing and this issue would also have to be addressed
in the detailed concept formulation and design phase.

Development of the interface between the display and the pilot would be a major
issue in the 6.3B program. Display options range from a simple audio warning, to a
slightly more complex four-light display that would give up-down and left-right
information, to a head-up display which would give synthetic scene data to the pilot.
A hypothetical scene in which a wire warning would occur is shown in Fig. 10.1. With
the audio warning, the pilot's only option is to stop. A very simple display which
would be mounted on top of the instrument panel glare shield and therefore would
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always be in the pilots field-of-view without requiring him to look away f:rom the
outside world, is illustrated in Fig. 10.2. This would consist of four lignts
which would tell the pilot which quadrant the obstacle or obstacles lie. Addi-
tional information could be provided by having the light corresponding to the
closest obstacle flash or by having the light flash when the range to the obstacle
was equal to or less than a value which could be chosen by the pilot and set into
the system. This display would give the pilot the option of maneuvering over or
around the obstacle rather than stopping, provided that he can identify the ob-
stacle visually.

All the pilots interviewed agreed that if a HUD is available they would pre-
fer the type of display shown in Fig. 10.3. The symbology used here is similar
to that which is familiar to pilots from the VSI/EMADI/EADI instruments currently
in use and all of the data required for forming this display is available to the
WWLODS as discussed in Section 5.0. 1In this display format all the obstacles
detected in a given frame would be displayed. They are shown as circles in Fig.
10.3. Those closer than a threshold value of range, which would be input by the
pilot, would be flagged as indicated by the arms on the two right-hand obstacle
symbols and the closest obstacle would be indicated by either a flashing symbol
or a filled in symbol as indicated by the far right symbol in Fig. 10.3. The posi-
tion of the velocity vector relative to the horizon would also be displayed and in
addition a symbol which would be representative of the actual dimension of the
rotor of the helicopter at the range of the closest obstacle would also be displayed.
A numerical indication of the range, say in hundreds of feet, would also be shown
to the pilot. The operation of this kind of display, in a typical flight profile,
is 1llustrated in Fig. 10.4. When the helicopter is at position 1, frame 1 is
generated showing obstacles A and B with A being closer and nine units of range
away. The size of the aircraft symbol indicates that the helicopter could fly
between obstacles A and B if the pilot wished to. 1If the pilot continues his
right turn, position 2 and frame 2 indicate that all three obstacles are within
the field-of-view of the WWLODS and that the closest obstacle, obstacle A, is five
range units away. At position 3 (frame 3) obstacle A has gone out of the field of
view, obstacle B is two range units away and the flight path is almost parallel to
the line of B and C. The helicopter will pass to the right of the obstacle C with
adequate clearance.

Under the ground rules established in Section 5.0, the audio and flashing
light display options are usable on all the aircraft in Table 5.1, and do not inter-
face with any existing displays. The preferred display can be superimposed on any
HUD and would therefore be usable on the AAH and AH-1S, and also on the ASH if
it has some form of HUD. The use of the EADI, which could accept and present the
preferred display format, is not acceptable because it is a heads down instrument.

The two remaining activities in the 6.3B program are system integration, which
is necessary to assure that a flyable item will be produced at the end of the 6.3B
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program and which is the end item which is examined during Development Test I
(DT I) for Army approval. Provision of a flight test program is necessary to
verify the actual performance of the system and to satisfy the Army requirements
for Operational Test I (OT I).

The structure of the 6.3B program activities is illustrated in Fig. 10.5.
The elapsed time for this program would be 24 months. A great deal of parallel
activity is performed during this time and the integration activity which assures
that all these separate design and development activities are properly interfaced
is an important element of the program. Also note the element labeled display/pilot
interface. This activity should be performed using a computer-driven cockpit simu-
lation and would require the cooperation of Army flight personnel. It would be
an important element in the determination of the actual display type.

10.2 6.4 Program

The elements of the 6.4 program are shown in Table 10.2. The objective of
the 6.4 program is to release to the manufacturing activity a complete definition
of all the parts and procedures required to manufacture, install, maintain and
operate the system. A number of constraints exist in the 6.4 program which are not
found in the 6.3B program; in addition to meeting the performance requirements, the
6.4 program must use mil spec parts and must meet the weight, cost and "ilities"
goals. Timely completion of approval procedures and making of decisions are both
necessary in order to meet the schedule and cost goals. The elements of the 6.4
program listed in Table 10.2 are shown in a time-phased manner in Fig. 10.6. The
process of engineering design and of the redesign to correct any shortcomings found
in the testing programs results in the creation of specifications and drawings for
parts to be manufactured and for purchased parts and materials lists. 1In the
course of the 6.4 program, six to eight complete WWLODS units would be fabricated,
assembled and tested. A variety of qualification demonstrations would be performed
to verify that the WWLODS will survive in the Army operational environments. The
test conditions involve various combinations of temperature, humidity, vibraticen,
shock and altitude and would be performed at the component (box), subsystem, and
system levels. One or more of the preproduction units would be operated in a
reliability demonstration to establish the Mean Time Between Failures (MTBF)
of the components and of the complete system. Another unit would be required
to demonstrate the maintainability of the system and to establish maintenance pro-
cedures. One early activity is the development of a number of program plans
including: safety, reliability, OQuality Assurance (QA), Electromagnetic Compati-
bility (EMC), Survivability/Vulnerabilitv (S/V), Nuclear Hardness Assurance (NHA),
and Integrated Logistics Support (ILS). These plans impact both the design of the
system and the procedures used in the 6.4 program testing and later in the produc-
tion program. Nuclear survivability criteria are met by conducting a Nuclear
Hardness Assurance (NHA) program in accordance with a NHA plan during the 6.4 pro-
gram. This is a detailed design activity and cannot be fully defined at this time.
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However, it can be observed that except for the laser, all the components of the
WWLODS (window, optics, electronics, wiring, structure, etc.) are very similar to
those of current FLIRs and will therefore have very similar nuclear survivability
properties. The laser itself is mostly BeO, along with some mirrors, actuators,
and electronics. BeO is used as a moderator in some nuclear reactors, and is
therefore very hard in the nuclear survivability sense. The other laser components
are similar to FLIR components (optics, actuators, etc.) and will therefore have
similar hardness. Heterodyne detection systems are inherently harder than passive
detection systems because the local-oscillator-~induced detector current will swamp
nuclear-induced detector currents up to a level much higher than that which would
completely hide the signal in a passive detection system. Thus, the nuclear
survivability of the WWLODS can be expected to be at lecast as good as that of the
other systems on board the helicopter, and probably better.

Design of the production tooling or at least some of the major elements in the
production tooling would be started in the 6.4 production program. A major activity
in the 6.4 program is the design of procedures and equipment for factory acceptance
testing. A large number of publications are generated during the 6.4 program.

These include: the operator's handbook and the maintenance handbook; a record
set of drawings, specifications, and parts and materials lists; reports and data
from all the demonstration tescs; and a nomenclature list. Development testing
and operational testing (DT 1L and O7 11} dre also required for Army acceptance

prccedures in the 6.4 program.

10.3 Program Risks

The overall schedule of the lower risk program is shown in Fig. 10.7. The
program is shown as starting at the beginning of FY1981. The 6.3B program runs
for 24 months and culminates with the completion of DT I. A three month flight
test program meeting the requirements of OT 1 follows and the 6.4 program begins
immediately thercafter. The Required Operational Capability documentation (ROC)
would have been produced prior to this time. The 6.4 program follows the schedule
shown in Fig. 10,6 with DT II being completed in 30 months and OT II at the end of
36 months. This carries the program through the first quarter of FY1986. A six
month period for the Development Acquisition In Process Review (DEVA IPR) by the
Army is allowed, at the end of which production begins. The first production item
is delivered 18months after the beginning of production, in the first quarter of
FY1988. A period of 6 months is allowed for Initial Production sample Testing
(IPT) to meet Army requirements and a further 3 months for field installation
checkout and field crew familiarization with initial production units. Fabrication
of aircraft installation kits, which would be done under a separate contract, runs
in parallel with the production activities. This program results in an I0C at the
end of FY1988. This is a low risk program in the sense that the risks of missing
the schedule, weight, or cost goals arc low, provided of course, that unnecessary
delays in approvals and decisions by the Army are not incurred and that adequate
allowance for inflation is made in the cost estimates.
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A program schedule that entails higher risk but has a much earlier IOC is
shown in Fig. 10.8. 1In this program the detailed design, performance configura-
tion, engineering design, preproduction fabrication, conformation to mil specs,
and the other requirements of Tables 10.1 and 10.2 are accomplished in an augmented
6.3B + program. Because of the many simultaneous activities, communication among
the various groups involved can be very good and both the time and cost of the
6.3B + program can be less than those of the sequential 6.3B and 6.4 programs
of the lower risk option. The schedule in Fig. 10.8 calls for a 33 month 6.3B +
program. In this higher risk program, DT I and OT I are not conducted. DT II occurs
in the last 6 months of the 6.3B + program. OT LI begins after 30 months and takes
6 months, ending at the end of FY1983. A 6 month DEVA IPR follows, and production
is started upon DEVA IPR approval. Fabrication of aircraft installation kits also
starts at about this time. The first production unit is delivered 15 months after
production starts. A 6 month IPT is conducted in parallel with a 4 month OT LIA
which includes field installation and checkout, field crew familiarization and
flight testing. IOC occurs at the end of FY1985 and a 6 month Production Valida-
tion In Process Review (PV IPR) starts at this time. The risks in this program
are primarily in the area of schedule and weight. Because of the overlapping
testing and decision making tasks, and the compression of the 6.3B + and production
programs, the possibility of the schedule slipping 12 to 24 months (20 to 40 per-
cent) exists. lowever, even in the worst case, the IOC would be 1 year earlier
than in the sequential lower risk program. The compressed program would also cost
The greatest risk is that
the compressed program would yield a WWLODS weight that would be 10 to 20 percent
higher than that for the longer program. This would also entail a roughly 10 to
20 percent higher production cost in constant dollars, but if the IOC can be pushed
forward by 2 to 3 years as indicated by the proposed schedules of Figs. 10.7 and
10.8, the actual cost in then-year dollars may be less for the compressed program

less up to the time of the first production unit delivery.

option.

10.4 Program Costs

An estimate of the cost of the development program and of subsequent produc-
tion costs (in constant 1980 dollars) was made for the total WWLODS, including
the pod structure and all its contents, on the basis of similar size and weight
radar and electronic svstems produced by UTC's Norden Systems subsidiarv. The

results of this estimate are shown in Fig. 10.9. 1In the range of pod weight

from 50 to 70 pounds, the development cost is estimated at $2.5 to $4M, depending
on the size of the svstem, and the production cost averaged over 4000 units ranees
from about $20 to $30K over the same range ol sizes. The first unit costs would

range from $70 to SLLIOK, These costs are based on current

radar

and similar elcoe-

tronic svstems experience. The cost pridiction technique used does not distinguish
between standard and accelerated program schedules. Items which are not normally
found in such systems, such as the cooled detectors and the precisely machined and
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vibrationally hardened ceramic laser would probably add fixed dollar amounts to
these estimates. Based on current UTRC experience, the laser design and cost study
described in Section 9.3, and vendor estimates of the costs of detectors and cryo-
genic refrigerators, this additional cost would range from $5 to $20k, depending
primarily on the market for detectors at the time of purchase and the productioniz-
ing evolution of the laser. Thus, the $50k cost goal for the WWLODS appears to

be achievable.

The cost of cables, controls, and display interface equipment discussed in
Section 9.4, which would be in the aircraft, would range from $2 to 4k.
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