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SECTION 1 INTRODUCTION AND SUMMARY

1.1\ OBJECTIVES AND SCOPE OF THE AGFCS DESIGN STUDY

The Advanced Gun Fire Control System (AGFCS) program is a multi-phase
program to investigate, through analysis, manned simulation and flight test
evaluation, technical approaches which exhibit the potential of providing
significant improvement in the effectiveness of present gun fire control
systems employed in the aerial attack phase of the air superiority mission. .
Phase I, the AGFCS Definition Study, was a three-way, competitive gun fire
control system definition study considering the overall general design,
effectiveness, complexity, and mission requirements of a post-1976 time
period air superiority aircraft. Several systems and their performance
parameters, requirements, risks and error budgets were defined. Systems,
from a simple baseline system to more complex systems, were defined in
sufficient detail to allow subsequent detailed specification.

~= The purpose of Phase II, the AGFCS Design Study, was to design an

Augmented Tracking System (ATS) for possible fabrication and flight test
evaluation in a later phase of the AGFCS Program. The ATS is defined to
be the tracking sensors, the computer and the software used to process the
tracking signals. The task of the ATS is to determine the target-dependent
variables which are required to solve the lead angle equation in a director
mechanization of the AGFCS. The ATS will ultimately serve as the core of
an advanced gun fire control system.

- b
This report describes the results\Qf the AGFCS Design Study. 1In the
remainder of this section, the principal results are summarized in a discus-
sion of the rationale and selection process used in the determination of the
ATS configuration, subsystems and subcontractors. Subsequent sectious
coincide with the task definitions in the contracted statement of work and
describe the individual study items in detail.

Section 2 presents the general features of the ATS including a descrip-
tion of pilot utilization in a complete AGFCS configuration, a discussion of
its automatic search/acquisition capability, a description of the ATS Kalman
tracking filters and director gun fire control equations, and a summary of
the ATS error budget.

Section 3 summarizes the principal ATS subsystem design features and
interface requirements. Detailed design descriptions are presented in
appendices.

Section 4 presents the ATS performance analysis. Included are detailed
discussions on the ATS sensor math modeling, Kaiman filter design, error
sources and system performance considerations.

Section 5 summarizes the program planning activity which was undertaken
throughout the study. It includes options regarding follow-on procurement,
fabrication and testing of ATS hardware.

PRECEDING PAGE;HLAMQNOT FIn
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VOLUME 11 Presents a functional description of the ATS angle sensor,
the Bendix ASCOT (Adaptive Scan Optical Tracker). Also presented in VOLUME
17 are detailed discussions of ASCOT design considerations. Since many of
the design features incorporated in the ASCOT are proprietary to the Bendix
Corporation, VOLUME II s submitted under limited rights provision.

VOLUME III presents a detailed description of the ATS range sensor, the
General Electric Solid State Radar (SSR-1).

VOLUME IV presents documentation of the ATS software design. Computer
flow charts and their descriptions are given in sufficient detail to allow
assembly language programming in subsequent AGFCS program phases.

1.2 ATS CONFIGURATION

The ATS was configured as the basic element of a modular advanced gun
fire control system similar to that described in the AGFCS Phase I final
report. he general configuration of the overall AGFCS is depicted in
Figure 1, identifying the ATS configuration as a modular subsystem, and
including various augmenting and modifying system elements for growth
potential. The salient features of the selected ATS configuration are the
use of a strapdown, non-imaging electro-optical (EO) sensor in the angle
tracking system and a strapdown, range~only radar in the range tracking
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system. Specifically, Figure 1 identif es the baseline ATS and its principal
subsystem and software features as:

o Principal Subsystems
o Bendix ASCOT (Adaptive Scan ‘)ptical Tracker)
o GE Solid-State, Range-Only F idar (SSR-1)
o ATS Digital Computer

o Strapdown Gyro/Accelerometer Package (SGAP)
o Software Features

o Angle Tracking Filter

o Range Tracking Filter

o Director Gun Fire Control Eqiations

It is noted that, while the strapdown g 'ro/accelerometer package (SGAP) is the
selected baseline approach to the measu-ement of ownship body rates and
accelerations, provision is made in the ATS software to accept measurements
from a gimballed inertial measurement s:t as an alternate mechanization.

Each of the hardware and software elemeits selected for the ATS configuration
is described in detail in Sections 2 and 3, together with their interface.

In this subsection some of the principa . considerations leading to their
selection are summarized.

1.2.1 ATS Hardware Configuration Consilerations

The selected ATS sensors can be ch.iracterized by the following features:
1) a strapdown design approach is used ‘hroughout; 2) the angle sensor is an
electro-optical (EO), non-imaging devic.; and 3) the range sensor is a range-

only radar. Each of these features and their principal alternatives is
discussed below.

1.2.1.1 Selection of Strapdown Rather Than Gimballed Sensors - Some of the
principal reasons that strapdown sensors rather than gimballed sensors were
selected for the ATS are:

o Strapdowr sensors are inherently less cemplex than ginballed s-ncors
A strapdown ATS will, therefore, be less expcensive, meore easil:
maintained, more relicble, weigl less and take up less space than
its gimballea counterpart.

o Strapdown angle sensors and rang sensors with sufficiently wide

fields-of-view for air-to-air gu nery were available for ATS
development.
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reasons
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imaging

Stabilization of the strapdown angle sensor is conveniently and
accurately accomplished through the use of a medium quality strapdown
gyro/accelerometer package (SGAP). The SGAP provides high data rate
measurements of ownship body rates for sensor stabilization without
the need to derive rates from inertial platform data.

Growth potential exists for employing flight control system quality
gyros and accelerometers for the SGAP as their requirements increase
for fly-by-wire and control configured vehicle (CCV) applications.
This would provide a hardware base for integrated fire/flight control
systems.

The strapdown AGFCS approach is consistent with a low-cost, light-
weight approach to air superiority aircraft.

Selection of EOQ Rather Than IR Angle Sensor - Some of the principal
that an EO rather than IR type sensor was selected for the ATS arec:

EQ devices require smaller entrance aperturecs (optical windows) which
increases their installation flexibility and reduces the aerodynamic
drag penalty.

The EO centroid of a target (particularly for the case of a non-
imaging sensor) more nearly matches the target center-of-gravity
than does its IR centroid.

The EO target centroid (particularly for the case of a non~-imaging
sensor) is more stable. This is particularly evidenced during
angle-off changes. These changes generally cause the IR centroid
to drift across the target yielding erroneous line-of-sight rates
which are difficult to discriminate in the tracking filter.

EO sensors require no special environmental control as opposed to
the cooling requirements of an IR sensor. The fast reaction time
required during air-to-air gunnery poses particularly demanding
problems with IR sensors unless they are maintained at operating
temperature throughout a major pertion of the mission. This, in
turn, poses weight problems depending somewhat on the approach to
the cooling task.

Since the EO target signature is more closely correlated with target
projected area, it can be made less sensitive to range changes. For
this reason it 1s alsoc more amenable to stadiametric ranging
techniques.

Most of the advantageous features of IR (e.g., visib
& 5

clouds, at night, and during other poor visibility c o
not applicable to the requirements established for the AGFCS, parti-
cularly the initial austere version.

Selection of Imaging Rather Than Imaging Angle Sensor - A non-

rather than an imaging EO sensor configuration was selected for the

following reasons:




o The non-imaging approach requires no storage of data prior to error
processing, whereas all imaging approaches require the storage of
data to generate an image prior to producing an error signal. Elimina-
tion of the data storage requirements permits higher tracking loop
data rates for non-imaging sensors resulting in reduced lock-on times,
increased maintain-lock capability under very dynamic conditions,
and decreased system complexity.

o Non-imaging sensors are basically less sensitive to sun glint and
other preferential optical targets within the overall target shape.
As a consequence, their noise characteristic tends to be more
continuous without the step changes (discontinuities) which appear
to be characteristic of most imaging sensors, both EO and IR.

o The combination of high data rates and continuous wide-band noise
permits a significant system improvement by employing a high-
frequency analog tracking loop closure in conjunction with a
rudimentary digital prefilter and low-frequency Kalman filter
processing.

o Because of its relative simplicity, a non-imaging approach is less
expensive, more reliablie, and more easily maintained than an imaging
approach.

o If an image is desired for the purpose of aiding in target identifica-
tion and attitude cueing (which are desirable features in conjunction
with a Helmet Sight/Display), or if an image is desired to enhance
system evaluation during flight test, one can be provided by a
parallel optical path and an associated imaging system for display
purposes without disturbing the basic advantages of the non-imaging
tracking systems.

1.2.1.4 Selection of Radar Rather Than Laser Range Sensor - A radar rather
than a laser type sensor has been selected for the initial austere ATS for
the following reasons:

o Radar is a well-established technology with demonstrated performance
capability in air-to-air ranging with little or no aid from external
sources.

o While laser technology is becoming well established in air-to-ground
applications, the narrow beams involved require highly accurate
pointing from an external source to achieve air-to-air ranging.
Alternately, the beam can be spoiled to relieve the pointing
accuracy requirement but this results in decreased range capability
or increased power requirements and associated increased size, weight,
and system complexity.

o A directly applicable low-weight, low-cost Radar system existed in
a hardware state which permitted the direction of maximum effort in
the AGFCS Phase II study to the design and development of the more
critical angle sensor.

15




While a variety of generally applicable Laser Rangers exist in a
hardware state, they all require a significant degree of development
for application to air-to-air ranging which would detract from the
current emphasis being placed on the angle sensor development.

Radar ranging provides either a conventional Lead Computing Optical
Sight (LCOS) mode or a range-designator Tracer Sight mode in the
event of failure of the angle sensor and prior to lock-on of the
angle sensor.

Since a Laser Ranger would depend on the angle sensor and the angle
tracking filter, the only back-up to a full operating Director

Mode would be a no-range tracer mode, or a fixed-range LCOS mode.

A no-range tracer mode provides poor aid te the lock-on task. A
fixed-range LCOS mode, while it provides suitable aid to the lock-on
task, yields an ineffective gunnery solution prior to transition

to the Director mode.

In addition to the considerations listed above, the following additional
considerations become pertinent when growth potential is considered:

(0]

In a growth potential version, Radar can provide a wider field-of-
view than that required for the angle sensor, particularly with a
gimballed or phased-array antenna. This provides range/range-

rate signals during the acquisition phase of gunnery encounters
which are useful for pilot displays and for automatic range control
systems.

A Laser Ranger is restricted to the field-of-view of the associated
is

angle sensor. Therefore, a wide field-of-view range capability
achieved at the expense of a large optical window with its attendant
installation problems and high aerodynamic drag penalties.

Radar permits a more convenient modular approach, employing different
antenna configurations and transmitter powers, to yield desired per-
formance characteristics over a wide range of applications.

Since Radar systems ¢
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provide a more effecti
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errors in both the computed line-of-sight angles of the strapdown
sensor and the gimbal angle readouts of the Laser Ranger affect the
correlation between the two line-of-sight orientations. This requires
an increase in laser beam width to ensure sufficient target radiation
for range measurements.

o The above situation can be alleviated by a common mounting of the
angle and laser sensors. However, this precludes the use of a strap-
down approach for the angle sensor and leads to a significant increase
in system complexity. While this configuration represents a viable
approach to a growth potential system, it does not appear to show
promise of a low-cost, low-risk system to the same degree that is
expected for the selected ATS configuration.

1.2.2 ATS Hardware Subcontractor Selection

As a result of the hardware considerations summarized in the previous
subsection, ATS hardware subcontractors were selected to provide: 1) a strap-
down, non-imaging EO angle sensor and 2) a strapdown range-only radar. The
angle sensor selected was the Bendix Corporation ASCOT (Adaptive Scan Optical
Tracker); while the range sensor selected was the General Electric Solid State
Radar (SSR-1). Both of these systems provided the basic sensor requirements
demanded of the ATS application, particularly the wide fields-of-view demanded
of strapdown sensors, and the technical maturity required for timely fabrica-
tion for flight test in later program phases.

Summaries of ASCOT and SSR-1 design features are presented in Subsections
3.2 and 3.3 respectively. Both can be fabricated within six months.

1.2.3 ATS Software Configuration Considerations

The selected ATS software configuration can be characterized by the
following features: 1) the ATS utilizes three Kalman tracking filters, two
independent Angle Tracking Filters and a Range Tracking Filter; 2) filtering
is accomplished in a set of roll-stabilized line-of-sight (LOS) coordinates;
3) filter coordinate updating utilizes a four-element quaternion representa-
tion in conjunction with Angle Tracking Filter and SGAP outputs; and 4) Kalman
tracking filter state variables are selected for convenient interface with
the ATS angle and range sensors.

The basic approach to the ATS Kalman tracking filter design was developed
during the AGFCS Phase 1 definition study, Reference 1. Modifications were
made to accommodate the strapdown angle and range sensors. The tracking filter
design approach is discussed in detail in Subsections 2.4 and 4.3.

The utilization of Kalman Range and Angle Tracking Filters in the ATS is
considered a highly important feature of the ATS design. First, through the
use of optimal filtering design techniques, estimates of the target's posi-
tion, velocity and acceleration are obtained during gun attack situations
with sufficient accuracy to significantly improve gunnery performance.

Second, because of the adaptive gain features of the Kalman filter gain com-
putations, the high Angle Tracking Filter gains at initial target acquisition,
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coupled with the use of stabilized pointing commands, is expected tc sub-
stantially improve the acquisition capability of the strapdown ATS angle
sensor. Finally, a significant advantage in employing a Kalman tracking
filter in the ATS is that the filter's increased memory and prediction
capability permits effective operation for -significant intervals without
measurements by employing extrapolate tracking modes. During acquisition
periods, when oscillatory steering characteristics cause the target to
periodically leave the respective sensors' fields-of-view, no loss of tracking
capability results with such extrapolate modes. While a momentary decrease
in accuracy occurs during such periods of no measurements, the basic tracking
system accuracy is quickly restored soon after measurements are restored,
without the need for recycling through the original search/acquisition/
tracking sequence. Thus, full system accuracy can be anticipated in most
cases prior to times of gunfire. In any case, the periodic loss of measure-
ment inputs has little or no impact on system operation regarding pilot tasks
or system transients.

The significance of the extrapolate tracking modes is that the basic
requirements of coarse tracking and present position estimation over a wide
field-of-view are satisfied without imposing physically large field-of-view
requirements on the sensors themselves. Furthermore, the requirements of
precision tracking, present position estimation, and future position predic-
tion are satisfied by the selected strapdown ATS configuration over the
smaller field-of-view associated with actual periods of gunfire.

1.3 ATS PERFORMANCE SUMMARY

ATS performance considerations are presented in Subsection 4.4. A
principal consideration in the ATS design was its performance under dynamic
conditions. Dynamic design and analysis was performed using a CDC 6600
digital computer simulation of the ATS Range and Angle Tracking Filters in
conjunction with the MCAIR Terminal Aerial Gunnery Simulation (TAGS) program,
Reference 1. TAGS provides realistic relative geometry and adjustable
measurement noise conditions for filter testing.

1.3.1 Effect of SSR-1 Error Sources

The principal error contributions of the SSR-1 radar are: 1) a random
error which varies as a function of radar signal-to-noise ratio and range glint
effects, and 2) a systematic error which can be as large as 80 feet at short
range (500 feet) if not compensated. For the relatively short ranges pertinent
in air-to-air gunnery combat (less than 3000 feet), the range glint term
predominates the random radar errors and
(lo) of error. This error source in combination with the ATS Kalman Range
Tracking Filter results in target state estimation errors (lo) along the
line of sight of approximately: lZ 4 feet in range; 2) 10 feet/second in
range rate; and 3) 20 feet/second“ in range acceleration.

results in approximately 12 feet

3 =

The short-range systematic error is compensated for in the lange Tr
ter insofar as it is predictable. Compeansation reduces this erro

ack-
fal 2
35 feet at 500 feet of range. At 1000 feet this error contribution is
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-
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negligible and the total range bias error is approximately 20 feet. The
predominant effect of a range bias error is in the estimated range state of
the Range Tracking Filter. The range measurement bias reflects directly
into an error in estimated range; there is no effect on either the estimated
range rate or range acceleration. A secondary effect of range bias error

is an error in estimated target velocity normal to the line-of-sight as
computed in the Angle Tracking Filter. This error is given by the product
of the line-of-sight rate with the range bias error. For example, a range
bias error of 20 feet will produce, approximately, a 3 feet/second error in
estimated target velocity with a 10 degree/second line-of-sight rate.

1.3.2 Effect of ASCOT Error Sources

The error contributors of the ASCOT are not as well defined as those
of the SSR-1l. Analysis indicates that the effect of atmospheric and
receiver noise are negligible in comparison with even small amounts (.5 feet)
of glint error. Glint error denotes here the displacement of the contrast
centroid as measured by the ASCOT from the geometric centroid of the target.
While the ASCOT is designed to minimize the glint error, its magnitude is
unknown and, hence, the ATS angle tracking accuracy is impossible to quantify
accurately until experimental rec.lts zzc obtained in follow-on effort.

However, it is possible to provide some indication of ATS angle tracking
performance. An error budget of 2.5 milliradians(lc) has been established
as an upper limit to the error in the measured angle sensor pointing direction
at maximum firing range (3000 ft). This measurement error in combination
with a matched ATS Angle Tracking Filter and 10-sample prefiltering will
provide pointing errors (lo) of less than 1.5 feet and errors in estimated
velocity normal to the line-of-sight of slightly more than 10 feet/second for
range conditions of 3000 feet and less.

1.3.3 Effect of SGAP Error Sources

The predominant errors of the strapdown gyro/acceleration package (SGAP)
selected for the ATS design are deterministic errors which are sensitive
to both ownship body rates and acceleration. For the nearly constant body
rates and accelerations which exist during gunnery solutions, these errors
result in an effective bias on each of the rate gyros' measurements. The
primary effect of rate gyro bias is to bias the estimate of relative velocity
normal to the line-of-sight. This error is given by the product of ¢
gyro error and range. The maximum rate gyro error anticipated is 1.5 milli-

radians/second resulting from command rate scale factor error. Thus at
maximum range (3000 feet) the error in estimated velocity due to gyro bias
will be about 4.5 feet/second.




ECTION 2 ATS CONFIGURATION DEFINITION

2.1 GENERAL

Detailed ATS subsystem design and interface considerations are discussed
in Section 3. The following subsections describe the operational features of
the ATS, particularly its automatic search and acquisition capability, a
general description of the ATS Kalman tracking filters, the director sight
algorithms and ATS error budgets.

2.2 ASSUMED SCENARIC APPLICABLE TO ATS CONFIGURATION

The ATS configuration is postulated on gunnery situations in which the
attacking pilot successfully accomplishes the acquisition phase without
assistance from the AGFCS, and has the target in the general field-of-view
applicable to gunfire with a fixed gun. Up to this time it is postulated
that his sight display will be a Damped Tracer Line with no measured-range
designator. Upon achieving the above encounter geometry situation (which
is within the field-of-view of the range sensor), measured range is auto-
matically obtained and a corresponding reticle added to the Damped Tracer
Line. Prior to range lock-on, the angle sensor search field is centered
on the gun cross. After range lock-on, the angle sensor search field remains
centered on the gun cross if measured range exceeds the maximum effective
gun—-firing range. (This is done because gun-cross tracking is the convention-
al acquisition technique employed while outside of firing range.)

When the target moves into the search field of the angle sensor
(depending on the pilot's skill in flying the Damped Tracer sight), the
angle sensor will lock on, convert to its tracking mode, and supply data
necessary to perform a Director Line sight computation. When the Directo
Line becomes available, the Damped Tracer Linme is blended with the Director
Line (including the blending of the respective reticles) such that the
display transitions to a Director Line Sight. If angle lock-on is not achiev-
ed when the measured range is less than the maximum effective gun-firing
range, the angle sensor search field will be centered on the Damped Tracer
Line reticle. This permits attack with the Damped Tracer Line sight, while
retaining the potential for subsequent angle lock-on and transition to a
Director Line sight.

During the transitioun from Damped Tracer to Director, the pilot will

also transition from a Damped Tracer steering technique (i.e., bringing

the target and reticle slowly through successive coincidences, attempting
to decrease the amplitude of the excursions with each tracking cycle) to a

Director steering technique (i.e., bringing the target and reticle into
coincidence and attempting to maintain a situation). During this
transition, the pilot's firing logic will be a blend of those applicabl

<
a Damped Tracer and to a Director sight. After the transition, the pilot
will employ the sight as a Director, firing at the time of target/reticle

coincidence.

o
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It is apparent from the above that, for the basic AGFCS configuration
described, pilot skill remains an important ingredient in the problem,
depending to some degree on the size of the angle sensor's search field.
This will, of course, remain the case for any fixed-gun system in which the
pilot retains the terminal steering or gun-pointing task.

The pilot steering task would be relieved somewhat if a Helmet Sight
were added to the AGFCS, since the angle sensor's lock-on and the transition
to a Director reticle would be possible without the prior requirement of
Damped Tracer steering. The pilot steering task would be further relieved
with the addition of a gimballed gun or the use of an aircraft employing
independent fuselage control capability since, after director computation is
achieved, the precision gun pointing would be accomplished automatically.
The pilot steering task would be relieved almost completely if, after
director computation is achieved, the attack aircraft were flown automati-
cally through the flight control system.

To best establish the adequacy of the proposed AGFCS configuration, it
is useful to consider the potential advantages of an increased total field-
of-view. Relative to the angle sensor, it is clear that lock-on could be
achieved sooner with a larger total field-of-view. However, this would
occur only if the sensor's search field could be positioned in the viciaity
of the target by some external method. Only through the use of a Helmet
Sight, or some other similar cueing device, would this be possible. The time

required to search a large field-of-view to locate a target with an EO sensor
is prohibitive.

To further consider the adequacy of the limited field-of-view of the
selected ATS hardware, let us assume that an angle lock-on at a larger
target bearing is achieved as a result of a larger sensor field-of-view.
It is of little value to effect a corresponding director computation at the
large bearing angle, unless the system is to be used either: 1) to automati-
cally steer the aircraft in an acquisicion mode; or 2) to direct a gimballed
gun having large degrees of freedor to a corresponding gun-pointing solution.
In all other cases, the director information is available for a considerable
time prior to one's ability to make effective use of it. Furthermore, even
in the case of a fixed gun or a gimballed gun with a small amount of freedom,
automatic steering would be equally or more effective if it were based on the
line-of-sight data alone until the target is closer to a gun solution.
Accordingly, for an AGFCS which includes a Helmet Sight (as it might
for an ultimate AGFCS), it would be better to base such automatic steering
commands on the Helmet Sight measurements rather than on an automatic
tracking system.

From the above discussion it is clear that the only significant
advantage of a target lock-on at high bearing angles is that the tracking
function is initiated and the director computation already available when
the target is brought into the gun firing field-of-view. However, if the
time from search initiation to director computation is kept suitably small,
this advantage can be of little value in view of the corresponding penalty
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in system complexity. The critical requirement, therefore, of a system
with limited field-of-view sensors (such as the ATS configuration), is that
the search/acquisition/tracking sequence must be accomplished in a minimal
time. Accordingly, this feature has been given primary attention in our
design efforts.

2.3 ATS AUTOMATIC SEARCH/ACQUISITIQN CAPABILITY
i

As mentioned in the previous subsection, it is expected that under
normal circumstances radar lock-on will occur prior to ASCOT lock-on. Design
details concerning the ASCOT and SSR~1 search, detection and acquisition
sequences are discussed in detail in VOLUMES II & III , respectively. In this
subsection the principal features of the SSR-1 and ASCOT automatic search and
detection capability, and the initialization of the ATS tracking filters ar
discussed.

2.3.1 Range Search, Acquisition

]

nd Tracking Filter Initialization

The search procedure of the SSR-1 is summarized in Figure 2. Basically,
an 800 feet search interval is stepped out in range every 1/32 of a second
in steps of 750 feet until the maximum search range is attained. The SRR-1
has manually selectable maximum search range options of 3000, 6000 and
24,000 feet. For the ATS application the 6000 feet option will normally be
selected. Therefore, the ATS range search will require 0.25 second under
normal circumstances and 1 second at most.

Range Gate
Setting
!
P Search Rate: 24000 fos
Search interval Stepea 750 ft
every 1/32 sec

Search Interval

N e

% -

{ 4 |

; 800 ft Range Options:
0 24,000 ft
6,000 ft
FIGURE 2 3,000 ft
SSR-1 SEARCH PROCEDURE

— L P o sl
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The search interval is stepped out by incrementing cthe SSR-1 digital
range register by a fixed amount every 1/32 second until the maximum range is
reached. It is then reset. Since the SSR-1 pulse repetition frequency (PRF)
is 1024 Hz, this allows the integration of 32 potential return pulses in the
search interval for threshold detection. If the integrated returns do not
exceed a pre~established threshold, the range register is incremented by
750 feet. 1If the integrated returns exceed the threshold, a detection
discrete is set and a 0.25 second acquisition period is entered. During the

nA

L




acquisition period the range register is adjusted every 1/64 second so that
the range tracking gates are centered about the average of the return signal
(during acquisition and tracking lé6-pulse integration is utilized). The total
amount of the range-register adjustment during this 0.25 acquisition period
provides a ranpce-rate approximation to initialize the SSR-1 range-rate
register. At the end of the acquisition period, providing the detection
signal is maintained, the SSR-1 initiates its tracking mode by setting an
acquisition (lock-on) discrete.

The acquisition discrete is monitored by the ATS computer at a 64 Hz
rate. Upon noting that the SSR-1 has acquired, the ATS computer requests the
contents of the SSR-1 range and range-rate registers. These values are then
used to initialize the ATS Range Tracking Filter (see Subsection 2.4.3).
After filter initialization, the ATS computer commands the SSR-1 to its
Augmented Mode which opens the SSR-1's internal tracking loop and provides
range-register settings to the SSR-1 every 1/64 second. In its Augmented Mode
the SSR~1: 1) loads its range register with the range estimate provided by
the ATS computer; 2) integrates the return signal over the next 16 return
pulses to measure the error in the range register setting; and 3) adds the
measured range-register correction to the range register contents to
provide a lb-sample, smoothed range measurement to the ATS computer every
1/64 second.

Summarizing the normal time required for range search, acquisition and
tracking filter initialization, assuming a target is within the SSR-1's
field-of-view and 6000 feet search range:

0o Maximum Search Duration - 0.250 second
o Acquisition Duration - 0.250 second
o Range Tracking Filter Initialization - 0.017 second

Thus, the ATS automatic range search/acquisition capability normally requires
slightly over 1/2 second. If the maximum search range option is used, target

acquisition could take as long as 1.25 seconds.

2.3.2 Angle Search, Acquisition and Tracking Filter Initialization

The search procedure of the ASCOT is summarized in Figure 3. Basically,
a square search field i: raster scanned and the ASCOT detection video is
monitored by a threshold detector (see VOLUME II., Section 2). When the
detection video exceeds a pre—-established detection threshold, a detection
discrete is generated. This detection discrete triggers the ASCOT acquisition

sequence discussed in the following paragraphs. As indicated in Figure 3,
aiternate ASCOT search field sizes are provided in the ATS design. These

alternate search field sizes are manually selectable and provide either a
2° x 2° or a 5° x 5° search field. The penalty paid for the larger field
size is the correspondingly smaller search frame rate. Thus, the trade-off
during automatic search is the requirement for increased pointing accuracy
on the part of the pilot versus the amount of time required to completely
scan the search field. This trade-off was considered of such importance
that the two search field options were provided to allow evaluation during
ATS flight testing.
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As Figure 3 indicates the location of the ASCOT search field is
established by the ATS computer. During initial search the ASCOT will be
directed to peint along a body-fixed, initial-acquisition axis for ATS
flight tests. When incorporated into a complete AGFCS, the ASCOT search
field will be directed to point at the gun cross if the radar has not locked
on, or if measured range exceeds maximum effective firing range. If ASCOT is
not yet locked on when measured range is below maximum effective firing range
the search field will be directed to point at the Damped Tracer sight reticle.

After detection the ASCOT enters its acquisition sequence. This
sequence consists of several coordinated actions by both the ASCOT and the
ATS computer. Immediately upon the setting of the detection discrete the
ASCOT stores the location of the detected target in the search field and
transmits this location to the ATS computer on request. The ATS computer
monitors the ASCOT detection discrete at a 160 }
computer is aware of dete

Hz rate. Thus, the ATS

v

tion almost im

ediate

The period aiter detection is a trial period during which the ASCOT
establishes whether or not the detection signal was based upon a valid target
or a false a Target authenticity is established on the basis of two
criteria. the target must have a closed shape and, second t must

o

o

not exceed a computable maximum size. Therefore, before detecti he maximum
target angular size is computed (based on measured range and target wing span)
and transmitted to the ASCOT. If range lock-on has not occurred a maximum

allowable target size is used. The ASCOT then tests the region about the

to




point of detection in the search field to determine if a closed-shape of
sufficient contrast with respect to the background is present. A total

of 150 milliseconds are allowed for target verification. If a valid target
is not identified in 150 milliseconds, the ASCOT reverts to its search mode
after a 40 millisecond delay to allow for switching transients. If a valid
target is detected an acquisition discrete is set.

At detection, i.e., after receipt of the ASCOT detection discrete, the
ATS computer requests the location of the, as yet unvalidated, target.
During the period in which the ASCOT passes judgement on the detection, the
ATS computer initializes the Kalman Angle Tracking Filter (see Subsection
2.4.2) and provides a stabilized pointing command to the ASCOT. The Angle
Tracking Filter is not completely energized, however, until the ASCOT
acquisition discrete indicates that a valid target has been detected. The
Angle Tracking Filter is initialized by establishing a coordinate trans-—
formation between the aircraft body axes and the line-of-sight (LOS) along
the point of detection. The Angle Tracking Filter states utilized are
elevation and traverse pointing error, relative target velocity orthogonal
to the LOS and target acceleration orthogonal to the LOS. The filter states
are initialized based upon measured target range, and ownship body rates and
accelerations.

Until the acquisition discrete is set the Angle Tracking Filter's
gains are zero, thereby causing the filter to extrapolate target motion
based on its initial conditions and ownship motion only. The extrapolated
target motion is used to update the body-to-LOS transformation from which a
stabilized ASCOT pointing command is computed and transmitted to the ASCOT.
In this way the ASCOT ‘tests that region in space in which a detection was
obtained (and its extrapolated position) rather than test a fixed region with
respect to the aircraft body. This effectively isolates the acquisition
process from ownsliip motion.

If the acquisition discrete is not set after 190 milliseconds, the
detection is considered a false alarm and the system reverts to its search
mode. That is, the ATS computer resets the body-to-LOS transformation to its
fixed, initial-acquisition search position and commands the ASCOT to that
searcn position. Simultaneously the ASCOT reverts to its search mode.

If the acquisition discrete is set before the 190 milliseconds transpire,
the Angle Tracking Filter gains are computed from measured range, range rate 4
and the extrapolated filter covariance matrix. The ASCOT tracking loop is W
automatically closed to provide a measure of pointing error. The measured 'ﬂ
pointing error is transmitted to the ATS computer where it is used to update A
the Kalman Angle Tracking Filter's state variable estimates. This completes |
the acquisition process. i

Summarizing the maximum time required for angle search, acquisition
and tracking filter initialization, assuming a target is within the ASCOT's

search field and its detection range:

: A o A .
o Maximum Search Duration - 0.25 second for 2° x 2° searcn field, or
0.5 second for 5° x 5° searc.. field
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0 Acquisition Duration - 0.150 second
0 Angle Tracking Filter Initialization - 0.017 second

Thus, the automatic angle search/acquisition capability requires a maximum of
slightly over 0.6 second for the large search field and slightly over 0.4
second for the small search field.

5%

ATS KALMAN TRACKING FILTERS

.
o

The Kalman tracking filters are principal elements in the ATS. These
filters have been briefly discussed in the preceding subsection in comjunc-
tion with the ATS automatic search/acquisition capability. A detailed
discussion of the filter design procedure and its performance are presented
in Section 4. However, because of the fundamental importance of the filter
structure and its interface with the ASCOT and SSR-1, a general discussion
of the ATS filter design and its relation to the principal sensors are
presented here.

2.4.1 Selection of Sensor/Kalman Tracking Filter Configuration

Of primary importance in the design of the ATS configuration was the
selection of the ASCOT and SSR-1 interface with the Kalman filter. Three of
the principal sensor/Kalman filter configuration alternatives are shown in
simplified, block diagram form in Figure 4. Because of the importance of
selecting a configuration which best accomplished the goals of both the
overall AGFCS program and the ATS design and flight test, the selection
rationale is presented here in some detail.

2.4.1.1 Internal Feedback Structure - The first configuration shown in
Figure 4(A) is by far the most common approach. It consists of an error
detecting sensor used as an element in a tightly controlled feedback loop.
By nulling the output of the error detecting sensor a measurement, M, of

the physical variable, A, is provided. The control action usually takes the
form of either a high-gain proportional control or an integral control, or
their combination. This loop must be tightly closed since an accurate
measurement is provided only when the detected error is small. The
measurement is then used to improve the accuracy of the estimated state

variables in the Kalman filter. Since the estimated system state variables
are not used to control the sensor, this is an open-loop structure from the
overall system standpoint; only internal feedback is used to direct the
sensor. Hence, this configuration has been termed an "internal feedback

structure".

The major weakness of this structure is its complete dependence upon the
independent functioning of the measurement device. Many angle tracker designs
making use of two-axis systems have exhibited poor tracking performance due
to an inappropriate choice of coordinate reference frames. These systems
have used non-roll-stabilized line=-o ight coordinates associated directly
with the sensor as their computation frame (where roll applies to motion
about the line-of-sight). This failure to perform filtering or smoothing
operations in a suitable stable coordinate frame causes either of two tracking
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tracking loop lock under highly dynamic conditions, there is a marked

tendency to break lock in the presence of background clutter or target
This is due to the absence of angle-rate memory signals in the

fading.

tracking channels that are strong enough to carry the tracker through
periods of signal degradation.
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On the other hand, tracking loops which use low-gain proportional
channels with appropriate integral channels (to provide suitable angle-rate
memory signals to minimize tracker dynamic error) break lock in the presence
of high attacker roll rates during maneuvers, This is due to a failure to
properly transform the vector angle-rate data stored in the integral channel
signals into a roll-stabilized coordinate frame. As a result, the space
orientation of the resultant vector angle rate of the tracker is not main-
tained independent of roll motion. The vector angle rate should be
momentarily maintained because neither the magnitude nor the direction of
the line-of-sight rate are immediately affected by the roll rate. If it is
not maintained during a high roll rate maneuver, a break-lock condition is
commanded. This situation is particularly prevalent at short ranges where
high line-of-sight rates normally exist.

2.4.1.2 System Feedback Structure — The difficulty described in conjunction
with the internal feedback structure can be avoided by incorporating the
Kalman filter into the sensor control loop as shown in Figure 4(B), and
filtering in a suitably stabilized coordinate frame. A variety of frames
are available including:

o Earth coordinates
0 Roll-stabilized line-of-sight coordinates
o Roll-stabilized attacker wind-axis coordinates, and others.

From this set of available coordinate frames, a roll-stabilized line-of-sight
coordinate system was selected. In addition to avoiding the difficuities
cited above, the selection of this coordinate system for tracking loop
computations yields a more systematic variation of the corresponding target
states,. thereby contributing to improved target estimation and prediction.
This can easily be seen in the case of a steady—-state turning encounter in
which the attacker turn rate, the target turn rate, and the line-of-sight
rate are all equal. In this case the line-of-sight rate and the target
acceleration are both constant in the roll-stabilized line~of-sight
coordinate system. On the other hand, if an earth coordinate system were
employed, both the corresponding target velocity and acceleration would be
time-varying and hence more difficult to estimate in the filter computations.

In progressing from the internal feedback structure of Figure 4(A) to

the system feedback structure of Figure 4(B), the following key changes take
s

o In the internal feedback structure the measured variable, M, is
directly available. In the syst
(pointing error or ranging error) is measured directly and the
total measured variable (angle or range) is determined by adding
the measured error to the estimated variable.

£ adkl ~1 o ey s + 1 -~ -
em reedbpackK sitructure, tine €rror

o The measurement noise in the internal feedback structure is colored,
with its spectral content being a function of the closed-loop
response of the measurement device (usually of low bandwidth and
changing with signal-to-noise level). 1In the system feedback




structure, the measurement noise is essentially that of the sensor
itself, colored only by the prefiltering deemed desirable.

o The system feedback structure has the potential of using state
variable feedback in the sensor/tracker control loop.

o The control signal in the system feedback structure has a much lower
data rate than that of the internal feedback structure, caused both
by the filtering action of the Kalman filter and the sampling
interval used in the digital computer.

This system feedback structure was selected for the ATS SSR-1/Range
Tracking Filter interface. 1t was ideally suited for this purpose due to
the digital SSR-1 design philosophy. The estimated target range is trans-
mitted directly to the SSR-1 where it is loaded into the range register,
thereby positioning the range gates. The radar returns are integrated over
16 returns to generate a range correction every 1/64 second. The measured range
correction is added to the range register contents to provide the total range
measurement. After updating the Range Tracking Filter, the range register
is reloaded with the current range estimate. The 64 Hz interface rate was
selected to assure that the target will remain within the 100 feet tracking
gates even during high closing rate conditions.

2.4.1.3 Combined Internal/System Feedback Structure - The system feedback
structure provides the principal advantage that the sensor control law is
based upon the full set of system state variables in roll-stabilized
coordinates. However, it does not permit as timely and tight a control as
that inherent in the internal feedback structure. Accordingly, it is
sometimes desirable to achieve the advantages of both structures through the
combined internal/system feedback structure shown in Figure 4(C). In this
structure, the basic sensor control is obtained from the Kalman filter.
However, it is blended with a vernier control obtained by internal feedback.
The purpose of the basic control is to provide a reference pointing command
which utilizes the estimated state variables of the system and is refreshed
at a sufficiently fast rate to isolate the sensor from ownship motion. The
purpose of the vernier control is to maintain a tight, fast-responding
control loop through the use of integral action. Since the vernier control
need only provide minor corrections to the reference pointing command, the
break-lock problems associated with the internal feedback structure are
avoided.

It was found that this interface structure was best suited for the ATS
ASCOT/Angle Tracking Filter interface. Minimal modifications were re i
and the advantages of tight internal loop closure coupled with the abilit)
to isolate the ASCOT from ownship motion through the ATS computer were
primary considerations. The requirement to isolate the ASCOT from ownship
motion dictated the use of a relatively high interface rate (160 Hz).

A significant advantage of both the system feedback structure and the

combined internal/system feedback structure, particularly when used in
conjunction with limited field-of-view sensors, is that the use of
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extrapolate modes in the ATS configuration is facilitated. As the target
moves out of either sensor's total field-of-view, the extrapolate mode of the
corresponding Kalman filter is enabled. In this mode, the target motion is
projected into the future based on estimated target state variables at the
start of the extrapolate mode. During the extrapolation period, the
reference control signal places the sensor's search field (ASCOT or SSR-1,

as appropriate) at that location in its total field~of-view where the target
is expected to reappear. During an extrapolation period, target state
information would continually be supplied to the fire control equations in an
AGFCS but at reduced accuracy. The extrapolation accuracy depends upon the
duration of extrapolation, the quality of the target state estimates at the
start of extrapolation, and the target's maneuvering during extrapolation.

2.4.2 ATS Angle Tracking Filter

The ATS tracking filter equations are composed of three separate but
interconnected filters: two independent Angle Tracking Filters in LOS
elevation and traverse coordinates; and a Range Tracking Filter. A detailed
presentation of the ATS tracking filter design procedure is given in Section
4. In this subsection the basic structure of the ATS Angle Tracking Filter
is presented and the Range Tracking Filter structure is given in the following
ubsection.

w

The equations of both the elevation and traverse ATS Angle Tracking
Filters are similar and are presented in Figure 5. As shown in the figure,
bo:h “Agle filters utili?e raqge ;nd raﬂge—race estina*es. The state
a

orthogonal to the Ylne of—~ bLghL of: pk*u-¢ng error, target veloc:ty relative
to the attacker, and target acceleration. All variables are estimated iﬁ
roll-stabilized, line-of-sight coordinates. Symmetry between the elevati

and traverse filters is obtained by appropriate selection of the state
rariables. The symmetry results in equal Kalman gains, K,, for both filters
and minimizes computational requirements. The Kalman gains are computed in
real time at a 16 Hz rate to account for changing target range and range
rate. External signa;a o each Angle Tracking Filter consist in the N
respective components of: filter coordinate rates, w; estimated range, R;
ownship accelerations, ap, transformed into sensor coordinates; and measured
pointing errors.

-

The meas 3ointing error used in each Kalman angle tracking filter is
the respe e pointing error as measured in the roll-
>rdinate system. The pointing error components
are compu m the ASCOT pointing error measurements, which are
voltages related cation of the center of the tracking scan in the
focal plane of the ASCOT optical system. The pointing error computation
also involves a coordinate transformation which requires a knowledge of the
orientation of the aircraft body (sensor) axes with respect to the roll-
stabilized LOS (filter) axes. Measurements from the ASCOT are taken at a
160 Hz data rate and are used to compute pointing errors in the LOS
coordinates every 1/160 second. Ten samples of these transformed pointing
errors are averaged to provide smoothed measurements to the Kalman filter
every 1/16 second.

C
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The sensor-to-filter coordinate transformation is updated at the 160 Hz
rate through the use of the Strapdown Gyro/Accelerometer Package (SGAP).
Incremental body attitude changes sampled every 1/160 second are compared
to incremental LOS angle changes over the same interval to account for body
rotation with respect to the LOS. The use of a SGAP in lieu of a gimballed
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platform was prompted by the inherently smooth body-rate measurements cbtained
from the SGAP compared to the intrinsically noisy, derived rate information
obtained from an Inertial Measurement Set (IMS).

For example, the AN/ASN-90 IMS employs a four-gimbal system in which the
inner-roll gimbal angle is not provided as an output signal. As a result of
the four-gimbal platform dynamics, in addition to the pick-off error charac-
teristics and the analog-to-digital converter errors, the short—term
attitude information is noisy. Moreover, while the IMS has '"all-attitude"
capability, accuracy is compromised during "over the top" conditions such
as occur in dog fights.

Based upon the above considerations, it was decided that either a SGAP
should be used in the ATS configuration or an Attitude/Attitude—Rate Filter
should be configured to provide smoothed, derived body rates from IMS
attitude measurements. The former approach was selected, based upon its
superior anticipated performance and upon the availability of a suitagble
SGAP for ATS flight test on a no—-cost consignment basis as required ir the
contracted Statement of Work. However, the capability of using an IMS in lieu
of the SGAP is provided in the ATS software as a secondary design approach.

Several approaches to the sensor~to—-filter coordinate transformation
update were evaluated including an Euler angle representation, a direction
cosine representation and a quaternion representation. The quaternion
representation was selected because it provided an all-attitude capability
consistent with the air-to-air gunnery environment without undue complexity.
The coordinate transiormation is completely specified by four quaternion
elements. These four elements are constrained by a simple equation which,

when satisfied, ensures orthogonality.

2.4.3 ATS Range Tracking Filter

Figure 6 summarizes the Range Tracking Filter equations. The range
state variables are: range, range rate, and target acceleration along the
line-of-sight. External signals to the filter are measured range and
attacker acceleration transformed along the line-of-sight. The Range
Tracking Filter utilizes the filter coordinate rates in elevation and

raverse in its dynamic model. The Kalman gains, Ky, are computed in
real time, taking into account the changing rates.

Measured range is provided by smoothed samples of range data from the

SSR-1 range registe Each range measurement to the Kalman filter is th
average of four radar range measurements taken at 1/64 second intervals.
The residual is computed by difierencing the range measurement and the
estimated range measurement. The updated range filter state vector is

obtained by summing the predicted state, the aiding signals and the residual
multiplied by the 3 X 1 Kalman gain vector. This process is repeated

every 1/16 second taking into account any change in the estimated target

LOS rates and measured radar signal-to-noise ratio.
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2.5 ATS DIRECTOR SIGHT EQUATIONS

The basic principles of the ATS director sight equations are illustrated
in Figure 7. There are four basic computations involved: 1) the time-of-
flight (Tp) computation; 2) the future bullet position computation; 3) the
future target position computation; and 4) the pipper (sight reticle)
position computation. A summary of these computations, their inputs and
their interface with each other are presented in Figure 8. Each computation
is considered in detail in the following subsections.
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Time~of-Flight Computation

w
.

The time-of-flight (Tp) computation used in Figure 8 is developed in
Figure 9. This computation is based on equating an approximate equation
for predicted future target range Dpp, Equation (1), and predicted future
bullet range Dy, Equation (2), and then solving simultaneously for TF'
The resulting quadratic equation is solved for Ty by using the quadratic
formula with the smaller root giving the value ¢f Tp. The Da‘_lstlc fit
equation used to predict futu bullet range uses a ballis
coefficient Kg which accounts for range shortening due to
calculated as a function of attacker true air speed and al

ation 1or KR were se

c drag
Kpg is
The

minimize

e

r1

i Al

a'ag.
titud
lected

ot Pl (D
ot

u
the error in the overaill ght equation when compa:e:
ballistic tables for the Uﬂm bullet. 1In such a comparison, usi
selected values of these constants, a root mean square time-of-f
of only .015 second was obtained over altitudes of 500 to 30,000
times-of-flight of .5 to 2 seconds.

constants Cj}, Cg, C3 and C4 in the eq
1i
=

Tf is limited to a maximum of 1.9 seconds by computing an equivalent
maximum target range for comparison with the present target range. This
(=] ¥ &
approach is computationally efficient and insures sufficient bullet impact
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Geometry, Dp1 = R + (R +Val Tg (1)
\VA + VM) TF
Ballistic Fit, Ppg = ————= (2)
178 KB ! F
Equation (1} and (2),
(VA T VM) TF
(3)

R+(R+Va)T
A !YKBTF

Solving (3) for Tg,
(R+VA) KgTE2 +(R =V + KgRI TE +R =0 4)

Employing the Quadratic Formula,

Te = —Ky—~/Ko" —4K4R

(5)
2K
Where Kq = (R + V) Kg
Ko = R~ Vpy +KgR
Dgy - Predicted Future Target Range Tg - Bullet Time-of-Flight
Dgg - Predicted Future Bullet Range VA - Atiacker Velocity
R Present Range Vp - Bullet Muzzie Velocity
R Present Range Rate Kg - Ballistic Drag Coefficient

FIGURE9
BASIC PRINCIPLES OF THE TIME-OF-FLIGHT COMPUTATICON
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velocity over a larg ime of the air combat environment. Exceptions occur
at high opening rang ates. An additional check in computing Ty is required
to accommodate beam type attack conditions. In this geometry condition,
the attacker airspeed is approximately the negative of the range rate and,

as a result, the quadratic equation for TF reduces to a linear equation

2.5+2 Future Bullet Position Computation

The future bullet position (Tp seconds from the present) is based on the
bullet's initial velocity vector and the ra2nge shortening caused by drag
acting on the bullet. Gravitational acceleration acting on the bullet is

accounted for by using acceleromete” measurements as aiding inputs to the

Range and Angle Tracking Filters. a2 a result, the target acceleration state
estimates from these filters correspon 0 target accelerome measurements
which are used in computing the predicted target position described
in the next paragraph. e bullet's ipitial velocity vector the vector
sum of the muzzle velocity, airspeed and velocity due to bo es at the

gun muzzle in body coordinate
coordinates uses Air Data Computer (ADC) outputs of airspee
and sideslip angles. The ire bullet position in body co i

initial velocity vector multiplied by a modified time-of-flight, Tp/(1+KBTF),

ay
3. Computing the airspeed vector in body
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where Kg is the ballistic drag coefficient described above with the Tf
calculation. This denominator term (1+KgTy) accounts for drag retardation
force acting on the bullet.

2.5.3 Future Target Position Computation

The predicted future target position (Tfr seconds from the present) is
based primarily on target state estimates from the Range and Angle Tracking
Filters and ADC outputs of airspeed, angle-of-attack and sideslip angle.
Since the filter state estimates are with respect to the sensor location,
the small velocity due to body rates acting at the sensor location is also
included for completeness. Sensitivity analyses conducted in conjunction
with the complete AGFCS design phase may indicate that the effect of
neglecting the velocity due to body rates at the gun muzzle and sensor
locations will cause little error in the pipper position computation.

This would permit neglecting these velocities in computing the future bullet
and target positions. The terms are included in the ATS design for
completeness. The predicted target position due to the filter states alone
is computed in filter coordinates and then transformed to body coordinates.
Then, the airspeed resolved into body coordinates, velocity due to body
rates at the sensor location and the sensor location are accounted for in
computing the future target position with respect to the attacker center of
gravity (CG).

2.5.4 Pipper Position Computation

The displacement of the future target position with respect to the
future bullet position, each referenced to the attacker CG, is first
computed. This displacement, the predicted bullet miss distance, is
transformed to gunline coordinates, and the components normal to the gun
muzzle are computed. These components divided by bullet range give the
angles through which the gun must be rotated to zero the predicted miss
distance. These angles, called the command gun error angles, are subtracted
from the target LOS angles, estimated by the Range and Angle Tracking
Filters, to compute the pipper position. The subtraction of the command
gun error angles accounts for the proper sign convention in displaying the
pipper with respect to the LOS. Assuming the utilization of a HUD for ATS
flight test, the pipper HUD position computation uses the angle between
the HUD centerline and the body X axis to transform from body coordinates
to HUD coordinates. The lead angles are the angles of the pipper with
respect to the gunline.

2.6 ATS ERROR BUDGET

The ATS error budget is developed in Section 4 in conjunction with ATS
sensor modeling, error analysis and performance sensitivity studies. Error
budget considerations for each of the principal hardware subsystems are
summarized in the following paragraphs.




2.6.1 Range Sensor Error Budget

The selected ATS range sensor design is basically on adaptation of a
General Electric Solid State Range-~Only Radar (SSR-1) development. The long
history of the use of radar in air~to-air combat conditions and of the design
and testing experience of General Electric Company has resulted in the
selection of the anticipated values of the SSR-1's error sources as the ATS
range sensor's error budget. These error sources and their values are
tabulated in Section 4 (Table 10). Briefly summarizing this error budget:
1) bias errors should be less than 40 feet (lo) with appropriate compen-—
sation for receiver time gain stability error at short range; 2) short-range
(less than 6000 feet) random errors should be less than 15 feet/second (ic);
and 3) long-range (24,000 feet) random errors should be less than 125 feet

(La) .

Performance and sensitivity analyses have indicated that the ATS range
sensor error budget summarized above, in combination with the ATS Kaiman
Range Tracking Filter and 4-sample prefiltering, should result in range
tracking accuracies which meet air-to-air system performance requirements.

As determined by the ATS sensitivity analysis, the effect of degraded range
sensor performance per foot of random measured-range error is: 0.22 feet

of estimated range; 0.36 feet/second of estimated range rate; and 0.2 feet/
second? of estimated range acceleration. The effect of range bias error is
to: 1) bias the estimated range by an equal amount; and 2) bias the estimated
relative velocity normal to the LOS in the Angle Tracking Filter by an amount
proportional to the LOS rate.

2.6.2 Angle Sensor Error Budget

In comparison to the range sensor the ATS angle sensor is in the early
stages of its development. For this reason, many of its principal error
sources have not been quantified and, conversely, those error sources which
have been gquantified analytically may not be significant contributors to the
overall error budget. For example, error contributors which have been
quantified analytically are tracking video receiver noise and atmospheric
noise. However, an analysis presented in Section 4 indicates that these two
noise sources in combination will not exceed the effect of a glint error of
only 0.5 feet. Glint error is defined here as the displacement between
measured contrast centroid and the target's center of gravity. Although the
selected ATS angle sensor, the BASD ASCOT, is specifically designed to mini-
mize glint error, its performance in this respect has not been quantified
and it is reasonable to expect glint error in excess of .5 feet, lo.

These considerations have emphasized the need for both laboratory an
flight test experimental evaluation of ASCOT error sources and have res
in a conservative design policy in the ATS Angle Tracking Filter design.
parameters for the Angle Tracking Filter have been selected on the basi
the overall angle tracking loop performance and reflect the uncerta
of-the-art knowledge of angle sensor noise. In like manner, the AT
sensor error budget was established as an upper bound on acceptable measure-
ment errors. The error buc i

get should not be interpreted as a design goal
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but as a maximum acceptable design limitation. The angle sensor error budget
selected was the equivalent of 2.5 milliradians of random pointing error (1lo)
at maximum firing range (3000 ft) and throughout the sensor's operating
field-of-view.

Performance and sensitivity analyses have indicated that the selected
ATS angle sensor error budget, in combination with the ATS Kalman Angle
Tracking Filter and l0-sample prefiltering, should result in angle tracking
accuracies which meet air-to-air attack system performance requirements.
As determined by the ATS sensitivity analysis the effect of degraded angle
sensor performance per milliradian of random error in measured pointing error
is: 0.6 feet of estimated pointing error; 2 feet/second of estimated rela-
tive velocity normal to the LOS; and 2.5 feet/second? of estimated target
acceleration normal to the LOS.

2.6.3 SGAP Error Budget

The ATS SGAP error budget is presented in Section 4, Tables 11, 12 and
13. Table 11 presents the rate-integrating gyro specifications, Table 12
presents the accelerometer specifications and Table 13 presents the SGAP
analog-to-frequency converter specifications. Each of these specifications
is representative of presently available medium-quality strapdown gyro/
accelerometer packages.
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SECTION 3 ATS SUBSYSTEM DESIGN AND INTERFACE ;

3.1 GENERAL

The principal ATS subsystem hardware and software elements were identi-
fied in Figure 1. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>