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APPLICATION OF THE NAVSTAR/GLOBAL POSITIONING SYSTEM (GPS) TO THE

CLOSE AIR SUPPORT MISSION - A Case Study

CHAPTER I - Description of a Close Air Support Mission

JINTRODUCTION

The Close Air Support mission involves air action against targets in proximity to friendly forces
and requires integration of each air mission with the movement of those forces. Tactical air forces are
applied against targets of immediate concern to surface forces when surface forces cannot produce the
desired effect or when disposition of targets prevents successful attack by surface weapons. The Close
Air Support aircraft may be used to provide escort and suppressive fires for airmobile and airborne
forces, and to conduct surveillance and provide security for landing forces, patrols, and probing
operations. The task of Close Air Support is to provide firepower, when and where needed in support of
ground forces. Thus, Close Air Support must be available, responsive, integrated, and controlled.

In terms of integration, Close Air Support missions must be integrated with the fire of land forces
to achieve mutual support. Close Air Support missions must also be closely integrated with the movement
of land forces to insure air support is provided when and where required and to preclude inadvertant
strikes against friendly forces. A means must be provided which will allow tactical air and land
firepower to be integrated and thus satisfy support requirements as they occur.

Target identification and control is often assisted by a Forward Air Controller (FAC), who insures
coordination with the surface units being supported. Under conditions of reduced visibility, an air
surveillance radar may sometimes be employed to assist in final mission control.

Ideally, tactical strike aircraft should possess the operational capability and versatile weapon
systems needed to fulfill all Close Air Support requirements, with the ability to strike either hard,
transiting or mobile targets. Typically, these targets include: enemy troop concentrations or
formations; fixed fortified positions; and mechanized or airmobile elements in the immediate battle
area. The most favorable opportunities for Close Air Support normally occur during battle situations
where enemy forces are on the move and thus are exposed to air attack. In all cases, effective Close
Air Support requires close coordination between the air and land commanders in planning and conducting
operations.

This annex to the Working Party Report addresses the application of a NAVSTAR/GPS to a postulated
future fighter aircraft accomplishing a Close Air Support mission. Since NAVSTAR/GPS will not be
operational until the mid 1980's, we selected & currently available "model" for our application study.
The "model" was the F-4E aircraft equipped with the ARN-101 Weapon Delivery System. This was selected
since it represents the current state-of-the-art externally aided (LORAN) digital avionics system
integrated into a reasonably modern fighter aircraft which is currently in the operational inventory of
several NATO countries. The aircraft has an attack radar, and the ability to carry a pod mounted
electro-optical system and defensive avionics. It is also capable of delivering a broad selection of
armaments useful in Close Air Support which includes: conventional MARK 80 series bombs; high drag
weapons; smart bombs; missiles; and various cluster munitions.
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CHAPTER 11 - ARN-101 System Description

The integrated avionics for a future Close Air Support aircraft employing NAVSTAR/GPS will
undoubtedly have many of the features currently found in the ARN-101(V) Digital Modular Avionics System
(DMAS). Further, the experience gained in integrating such a system should be helpful in future
NAVSTAR/GPS integration. The ARN-10' is an integrated navigation and weapon delivery system capable or
accepting LORAN position updating. This system substantially improved the reliability and
maintainability of the F-UE avionics, in addition to providing significant improvements in operational
performance.

Figure 1 shows the most significant parts of the ARN-101 system. It consists of an inertial
meaurement unit, an inertial measurement unit buffer, a LORAN receiver, an antenna coupler, a central
navigation/weapon delivery reconnaissance computer, a power supply, a signal data converter, LORAN X, Y
and Z axis antennas (not shown), a keyer controller, and two digital display indicators.

The system uses the central navigation computer for integrating multi~sensor data to provide
precise navigation information , and uses this information to perform the computations required for
mission-related functions. These functions include long range and tactical navigation, precise
“uncanned" (flexible) visual weapon delivery and all-weather blind bombing.

E-U4E AVIONICS SYSTEM DESCRIPTION

A block diagram for the F-UE is shown in Figure 2. The system provides long-range and tactical
navigation outputs in three coordinate systems - latitude/longitude, Universal Transverse Mercator (UTM)
and LORAN Time Differences (TD's}. The central computer integrates inertial platform incremental
velocity data with averaged samples of the LORAN signal in a Kalman filter to provide precise aircraft
position and velocity information and torquing signals to the inertial platform. The system interfaces
with the Multi-Mode Radar, Central Air Data Computer (CADC), Attitude Heading Reference System (AHRS),
Flight Director System (FDS), Automatic Flight Control System (AFCS), Lead Computing Optical Sight
System (LCOSS), and various mission related systems. Aircraft sensor inputs (e.g., radar and barometric
data) are utilized by the central computer after analog-to-digital conversion in the signal data
converter. An interactive control-display concept is utilized for data input and output in the back
seat controller. The major ARN-101 subfunctions are described in the following paragraphs.

AN/ARN-101

® Digital Modular Avionics System
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The navigation functions consists of one primary mode and six back-up modes. Back-up modes are
selected either manually, or automatically in the case of loss of valid LORAN or inertial data. The
aodes, in order of priority, are as follows:

© Integrated LORAN-inertial (primary mode using Kalman filter)




o LORAN with inertial velocity aiding

o LORAN with true airspeed and heading aiding
o Inertial only

o LORAN only

o Dead reckoning (true airspeed and heading)
o Attitude (back-up INS attitude for displays)

The system is configured to allow in-flight position update using any of t»e available sensors (radar,
LCOSS, TISEO, or Pave Tack) or manually through an over-fly technique.

The free-inertial navigation mode has demonstrated less than 1.0 nmi/h CEP and velocity errors less

than ¢4 ft/s with either ground or Kalman filter airborne alignment.
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SIEERING

The system computes steering to the operator-inserted destinations based on inserted or computed
course data. Steering information is presented on the ARN-101 display, aircraft instrunents, attitude
director (ADI), LCOSS, and to the AFCS. The ARN-101 features the capability of automatic sequencing
steering commands to up to 60 inserted waypoints or destinations with the option of fixed course or
direct-track steering modes. Navigation parameters presented to the Aircraft Commander on the

horizontal situation indicator (HSI) include aircraft magnetic heading, required magnetic heading to

destination, keyboard selected course, deviation from selected course, selected course to-from
destination, and distance to destination.




AUTOMATIC FLIGHT CONTROL SYSTEM COUPLING

The system provides lateral command signals to the AFCS for both the navigation modes, and the
weapon delivery modes,

APPROACH-TO-LANDING

The approach-~to-landing information is computed for display on the aircraft instruments and for
automatic control via the AFCS based on deviations from a mathematical glide path generated in the
central computer. Lateral position and velocity deviations from this path are obtained from the
integrated LORAN/inertial information while vertical deviations are obtained from a blend of vertical
axis inertial and barometric altimeter data. Accuracy of this mode should be sufficient to provide
approach guidance for minimum landing approach conditions usually considered as 300 feet ceiling and one
mile visibility in the USAF.

INTERACTIVE CONTROL-DISPLAX

A unique feature in the ARN~101 is the use of the keyer controller and digital display indicator in
an interactive mode. Several data lists and checklists are provided under software control to cue and
guide the backseat Weapon System Officer (WSO) through data input, data checking, and normal system
operation. The interactive control-display is easily manipulated and followed and, more importantly,
can be easily changed through software to reflect revised requirements.

DATA FREEZE

The system sorts certain flight data at the operator's command and places them in memory for later
readout. The ARN~101 can hold 15 parameters relating to the present position. Position and velocity
data describing each weapon release point is also automatically stored in the memory. It can also hold
15 parameters relating to present position and weapon release.

SENSOR CUEING/QFFSET TARGETING

Knowledge of present position, heading, and aircraft altitude can be used to cue aircraft or weapon
sensors to targets of interest which have coordinates stored in the system's memory. The sensors
include Pave Tack infrared/laser target designator, ASX-1 TISEQO (Target Identification System,
Electro-Optical), APQ-120 radar, ASG-26 optical sight, and the sensors for the AGM-65 Laser or IR
Maverick missiles. Offset targeting is also provided to compute the geographical coordinates of any
target being designated.

MEAPON DELIVERY

The ARN-101 provides the F-4E with the following weapon delivery modes: Blind (LORAN or Radar),
Dive Toss, Continuously-Computed Impact Point (CCIP), Air-to-Ground Missile (AGM), Integrated (Timed
LADD, Timed Offset, Loft) Delivery, and Air-to-Ground Guns and Rockets. The pilot is allowed complete
freedom in his vertical maneuvering for weapon delivery after the "in-range" situation is computed. A
dive angle cue is provided for use in the Blind mode to show the current allowable fixed dive angle to
release.

Complete ballistic range estimation computations are performed by numerical integration every 200
milliseconds (ms) and adjusted through sensitivity coefficients every 50 ms. Release time is quantized
to ! ms. A fixed number (10) of integration steps provide an essentially constant execution time for
all weapons and all release conditions, including drag weapons. There are only two basic drags (low and
high drag) vs Mach functions stored; and each weapon is characterized by at least drag scale factor,
Mach bias shift, and drag bias shift coefficients. A standard Runge/Kutta numerical integration
technique of second order is used to solve the ballistic differential equations in a three-dimensional,
ground-referenced coordinate system. The size of the time integration intervals is individually
controlled for best overall accuracy, and dual dispenser (e.g., cannister) weapons are accounted for by
changing coefficients at the trajectory transition point. The weapon total drag at each step is a
function of the total weapon speed relative to the local air mass, thus permitting wind variations with
altitude.




CHAPTER III - Integrated NAVSTAR/GPS Digital Avionics System

The development of an Integrated NAVSTAR/GPS Digital Avionics System involves the design,
fabrication and test of both hardware and software. The material presented here is an extension of a
study which was done by Lear Siegler for the U.S. Air Force. That study addressed the integration of a
NAVSTAR/GPS receiver with the previously discussed ARN-101 Weapon Delivery System. This report will be
broken into three sections which discuss: the various hardware items and their interrelationships, the
basic software implementation, and the results of performance simulation,

A draft specification is included in Appendix A. This specification i8 a skeleton which could be
used by a systems engineer as a starting point in developing an integrated system using a NAVSTAR/GPS
Recelver and a digital avionics architecture. Those modes and functions which are directly applicable
to the NAVSTAR/GPS integration are discussed in detail. Requirements, such as interfaces with other on
board equipment, (i.e., radar, electro-optical systems, "smart" weapons, etc.), are identified in Figure
3. Specific limits for many of the referenced performance parameters were left "to be determined" since
they should be influenced by operational requirements, the current technology and acceptable system
cost. Thus, this document can function as a point of departure in preparing a specification for a
particular avionics system which could be integrated into a specific fighter/attack airframe.

The Integrated NAVSTAR/GPS Digital Avionics System will require considerable use of digital
processing techniques. This capability may reside in a single or dual redundant central computer
complex or it could be divided such that a portion of the digital processing is performed in each of
several dedicated computers imbedded in the various sensors or a mixture of the above. For this study,
the dedicated computers located in the four channel NAVSTAR/GPS User Equipment and the Standard (F3)
Inertial Navigation Set (INS) will be utilized. A Central Processor will also be used to control the -
MIL-STD-1553 data bus interface with other sensors such as the Attack/Terrain Following/Terrain
Avoidance Radar, the Electro-optical System and the intelligent weapons in order to facilitate target
acquisition and weapon release. Redundancy will be provided as necessary to fulfill the mission success
rate requirements,

The following capabilities will be provided:

a. NAVSTAR/GPS Receiver - This unit, using its embeaded processor, will compute the current
position of each of four different satellites using the parameters provided in the GPS navigation
message transmitted by each of the satellites. Also, the propagation delay due to the refraction of
satellite's signal as they penetrate the earth's atmosphere will be estimated. Using these data, the

FIGURE 3

INTEGRATED NAVSTAR/GPS DIGITAL AVIONICS SYSTEM ARCHITECTURE
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unit will optimally estimate the range and range rate from each of four satellites plus the bias error
and drift rate of the receiver's internal clock. Further, the velocity and attitude outputs from the
INS will be used to rate aide the receiver when available.

The NAVSTAR/GPS processor will also perform the covariance matrix computations necessary to
determine an estimate of position, velocity and system time from the receiver's estimate of range, range
rate and clock error. These covariance matrix computations will result in an estimated geodetic
position and velocity based on the WGS-72 coordinate system. This information can then be used to
compute position and velocity in other coordinate systems such as:

Lat/Long

International UTM Spheriod

Airy UTM Spheriod

Hough UTM Spheriod

Ciark 1866 UTM Spheriod

¢lark 1880 UTM Spheriod

Everest UTM Spheriod

Bessel UTM Spheriod

Australian National UTM Spheriod

South American UTM Spheriod

The NAVSTAR/GPS processor will select four (4) satellites from the available ensemble which may
include as many as eleven satellites at any one time. The satellite selection algorithm will select a
set of four (4) satellites which will provide the best navigation accuracy based upon satellite health
(transmitted in satellite navigation messages) and the geometric dilution of position.

The NAVSTAR/GPS processor will also perform the executive functions within the NAVSTAR/GPS receiver
such a3 automatically initiating search, synchronization, track reacquisition and calibration modes.

The NAVSTAR/GPS receiver will provide a stand alone navigation capability which can be used
whenever inputs from the INS or other auxillary heading reference systems are not available.

b. SLanﬂazg_LE31_Ing:;ial_ﬂaxiga;ign_ﬁg; - The data processor contained within this unit includes
the capability to achieve alignment wh: ie stationary or airborne using inputs from the NAVSTAR/GPS
receiver or other available sensors. The Standard (F3) Inertial Navigation Set will also contain an
autonomus navigation capability, once aligned, which can operate independently in the event the
NAVSTAR/GPS receiver would be jammed. These computations will again be based upon the WGS-72 coordinate
system.

c. NAVYSTAR/GPS-INS Kalman Filter - An eleven state Kalman Filter will reside in the central
computer processor., This filter will optimally integrate the data provided by both the NAVSTAR/GPS
Receiver and the Standard (F3) Inertial Navigation Set or other sensors depending upon the mode selected
by the operator. Both open and closed loop operation will be provided. In the open loop mode of
operation, the integrated GPS/inertial navigation outputs will be computed by adding the Kalman Filter
error estimates to the INS outputs. This will allow completely independent operation of the two systems
and thus prevent the possibility of invalid NAVSTAR/GPS data degrading the inertial's performance.
During closed loop operation, the inertial variables and platform verticality will be updated using the
Kalman Filter estimates. This will provide an in-flight alignment capability for the INS. The Kalman
Filter will continuously process valid NAVSTAR/GPS information regardless of the selected navigation
mode, thus eliminating the waiting necessary for the Kalman Filter outputs to converge when the
integrated mode is selected by the operator.

The central processor will also monitor the health of each of the other sensors, annunciate
failures and accomplish an automatic reversion to a backup mode. For example, in event of a failure
within the NAVSTAR/GPS receiver, the system would automatically select a pure inertial mode with an
attendent loss of system accuracy. However, if the INS was the sensor to fail, the system would then
revert to the GPS only mode with an attendent loss of anti-jam margin.
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d. QLontrols and Displays - Appropriate controls and displays will be required to interface with
the various components of the Integrated NAVSTAR/GPS Digital Avionics System. Data input, retrieval and
mode selection will be accomplished via keyboard and rotary function switches. Outputs will be
displayed on alpha/numeric displays and flight displays. The flight displays may be of either a cathode
ray or servo-mechanical type depending upon the candidate air vehicle and the other sensors/weapons
which must be accommodated. Digital data transfer will be accomplished via the MIL-STD-1553 data bus.

Heapon Delivery

The Integrated NAVSTAR/GPS Digital Avionics System will provide the capabilities to place or direct
weapons on a target in either visual or blind modes. During visual bombing against targets with unknown
position coordinates, the performance will be similar to those achieved by current sophisticated weapon
systems. However, when operating against targets with known coordinates, the integrated system will
significantly improve the probability of success by assisting the operator in acquiring the target
earlier and thus increasing the time for maneuvering prior to weapon release. For blind delivery
against targets with known coordinates, the probability of success will be greatly enhanced.




CHAPTER IV - Navigation/Weapon Delivery Performance Simulation

A digital simulation was performed using; a mathematical model of a NAVSTAR/GPS receiver, the
performance characteristics of an INS comparable to the STD-INS, Mark 80 series bomb dynamics, and a
Kalman Filter mechanized as described in Appendix B.

Simulation Description

Basically, the simulation program solves a set of equations for the navigation errors,
consideration is given to the effects of the aircraft profile and GPS/INS error sources. The major
steps in the simulation are:

a. Solving the set of difference equations which describe the dynamies of the INS and GPS sensors.

b. Integrating GPS and INS information by iterating a GPS/Inertial Kalman Filter algorithm to
estimate the significant INS and GPS errors.

A block diagram for the simulation is given in Figure 4. One major block is the INS and GPS error
dynamics model where the error difference equations are solved. The outputs of this block are the
errors in the integrated GPS/Inertial's position, velocity, wander angle, platform verticality, time and
clock drift bias estimates. The difference equations represent a linear error model for the inertial
and GPS errors; however, second order wander angle error terms are included for their effect during the
in~flight INS alignment simulation runs.

FIGURE 4

INTEGRATED GPS/INERTIAL SIMULATION
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The terms in the error difference equations are functions of the aircraft trajectory, INS errors
sources, and GPS receiver errors, Represented are the INS errors as defined in Table 1 and the GPS
receiver errors defined in Table 2. A realistic aircraft profile was generated with a six (6) degries
of freedom fighter aircraft simulator. The profile, which consists of the aircraft position, velocity,
attitude and heading variables stored on tape, was created by an engineer/pilot "flying” the aircraft
simulator. He "flew" a preplanned profile specifically developed to exercise the GPS/Inertial Kalman
Filter and include” the maneuvers normally expected from a fighter aircraft.




STANDARD
SYMBOL DESCRIPTION DEVIATION COMMENTS
I —
Cxy. Cxz, “yx, MISALIGNMENTS 33 Fed. Bias
,”yz, czx, :'zy
cx ,cxy,ax SCALE FACTOR ERRORS .05% Bias
X z
K K _,K LONG TERM BIASES i
_ oL Kz 3l6 ug Bias
K K v i i =
sz' ys' 2% SHORT TERM BIASES 20 g Correlation time
7200 sec.
nx,ny,nx RANDOM NOISES 30 g Correlation time =
5 sec.
K K K ACCELERATION SENSI- -a
cx' cy' cz TIVE SCALE FACTOR 10 /g Bias
ERRORS
k., .k, ,k 2ND ORDER NON- 2 .
2x' 2y’ "2z LINEARITIES 30 ug/g Bias
99y GRAVITY DEFLECTIONS 25 ug Correlation distance =
20 nm
n_M__.N__ . —
Xy Xz yx MISALIGMMENT ANGLES 40 sSec. Bias
“Yzl“lenzy
K, K K, 0.17deg/
1L 2x" 2y MASS~UNBALANCES . g Bias
Kmlxzz hr/g
Ky Ky oKy ANISOELASTICITIES .0067degy Bias
x 3y 3z hr/q
b b DRIFT REPEATABILITIES .012 deg/hr Correlation time =
XS YX 3600 sec.
b, DRIFT REPEATABILITY -03 deg/hr Correlation time =
3600 sec.
Nx'Ny'Nz RANDOM ERRORS .005deg/hr Correlation time =
100 sec.
ssx,eSy,esz SCALE FACTOR ERRORS .05% Bias
€d,e9,E9 ROLL, PITCH, AZIMUTH +3.5 min. Noise with uniform
MEASUREMENT ERRORS * distribution

*LEVER ARM COMPENSATION USED IN ERROR MODEL FOR ANTENNA - 4.7 m

TABLE 1 - INS ERROR SOURCES

Another major block in the simulation is the GPS measurement model. This block contains a
mathematical representation of the receiver's four pseudo-range and range-rate measurements. The
outputs of this block, which are supplied to the Kalman Filter, are the differences between the receiver
measurement and the Kalman Filter estimates of these measurements. These differences are a function of
the following: a) the integrated GPS/Inertial errors and b) the uncertainties in satellite;
positions, transmitter times, signal propagation delays, and GPS receiver measurements. Geometric
dilution of precision has a significant effect in that it is a function of both aircraft position and
the position of the four satellites.

The GPS/Inertial Kalman Filter processes "state measurements" - in this case the four pseudo ranges
and range-rates minus their estimates - and estimates INS and GPS errors. To reduce the integrated
GPS/Inertial errors, these error estimates are subtracted from the solutions in the error dynamics
simulation block.

|
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GPS SYSTEM AND RECEIVER ERROR BUDGET

, ERROR ACCURACY (1)
| 2 | SPACE VEHICLE TIME ERROR 2.7m
=
£ | RANGE ERROR (P SIGNAL) 1.5m
5
éﬁ EPHEMERIS #ODEL FIT i
g EPHEMERIS PREDICTION ERROR 3.5
= | TROPOSPHERIC DELAY ERROR 2.0m
HULTIPATH ERROR 20
RECEIVER CHANNEL DELAY VARIATION 1.5m

TONOSPHERIC CORRECTION UNCERTAINTY 2.3m

o RANGE RATE ERROR 012u¢3)

= (P SIGNAL) .02/, 000m
E S
=z RECEIVER OSCILLATOR O3sec/ e
S (SHORT TERM STABILITY)
= 2

o

e RECEIVER OSCILLATOR o

(¢ SENSITIVITY)

TABLE 2

an eleven state Kalman Filter was simulated and a simplified block diagram of it is shown in Figure
5. The 11 states represent errors in the following variables:

- x velocity

y velocity

- z velocity

- latitude

- longitude

- wander angle (x accelerometer relative to north)
- x platform verticality

- y platform verticality

- altitude

- time

~ receiver clock draft bias (oscillator frequency bias)
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FIGURE 5 - KALMAN FILTER EQUATIONS/SOLUTION SEQUENCE

SIMULATION CONDITIONS

The various horizontal and vertical maneuvers on the simula':21 alrcraft traject >ry are fllustrated
in the 3-dimensional perspective plot given in Figure 6. The top line <n the plot is the aircraft
trajectory and the bottom line is the ground track. Every 42 se:; nas during the similation, the
aircraft location is marked with a "+" symbol, This allows a correlation to be made setween the profile
plot and the followlng brief description of the profile:

' a. Takeoff to 4600 m at 450 knots followed by a straight and level flight.

b. Turn to 90 degree heading
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c. Two segments of climbs and dives (dive to 1525 m with 4g pull-up, back up to Y600 m altitude)
with 2 minutes of wings level following each segment,

d. Two jinking segments followed with 2 minutes of straight and level after each segment - turn to
180 degree heading between jinking maneuvers.

e. A square racetrack pattern with four 2 minute legs and 2 g turns. The profile's initial point
is at 32 degrees 43 minutes latitude, 114 degrees 36 minutes west longitude.

The values used in the simulation for the INS error sources are listed in Table 1. The GPS error
sources and values are given in Table 2. As indicated above, these are the contributions of the
individual inertial sensor measurement errors and the four GPS range and range-rate errors to the
integrated GPS/Inertial navigation errors,

In the simulation, the GPS/Inertial Kalman Filter processed the four pseudo-range and range-rates
every 6 seconds. The noises added to the range and range-rate receiver measurements are gaussian with
zero means. The range-rate model assumed a 0.1 second integration interval. The noise samples every 6
seconds were uncorrelated; i.e., a discrete white noise model was used for the receiver noise.

As indicated, the Kalman Filter processed GPS measurements every 6 seconds. To establish the
sensitivity of the GPS/Inertial Kalman Filter perforrmance to the rate that GPS data is processed, a
simulation run was made where the pseudo-ranges were processed every 12 seconds. The performance
results are given below in the SIMULATION RESULIS section.

Although the Kalman Filter algorithm was computed every 6 seconds, other computations in the
simulation were performed more often. The set of difference equations that define the time variations
of the errors were computed once every second. And within each one second interval, individual terms
were processed every 0.1 second to accurately represent the INS error transients during aircraft
maneuvers., The parameters defining the aircraft profile were recorded at a 10 hertz rate when the
profile was created with the aircraft simulator.




SIMULATION RESULTS

Results for distinct simulation runs are presented in this study. Each run shows the performance
for both the in-flight INS alignment mode and the integrated GPS/Inertial navigation mode. The three
simulation runs represent the following tests:

Run #1: In-flight INS alignment starting from the ground.

Run #2: In-flight INS alignment starting at the top of the second dive in the profile.

Run #3: Same conditions as Run #2 only with the Kalman Filter processing GPS pseudo ranges every
12 seconds instead of every 6 seconds.

The data plots generated during these runs are presented on Figures 7 through 39. There are a
number of lines on each plot, The solid line is the actual error that occurrred for the simulation run.
The two dashed lines are the one sigma envelope for the error. These error standard deviations (1
sigma) were calculated as part of the Kalman Filter algorithm and are a good approximation to the error
statistics that would be obtained from an ensemble of Monte Carlo runs.

The results of the simulation runs can be summarized as follows:

a. The position error is dominated by the uncertainties of the slowly varying GPS range errors due
to satellite position uncertainties, transmitter time, and propagation delays. The same values were
used for these error sources to maintain the same position error means for all three runs.
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b. The velocity error transients are caused by inertial sensor measurement uncertainties, such as
scale factor errors and non-orthogonality of sensor axes, and by the receiver oscillator frequency
sensitivity to aircraft accelerations. The "g" sensitivity of the receiver oscillator is the largest
contributor to the transients. Horizontal and vertical velocity standard deviations of .2 m/sec and .3
m/sec, respectively, characterize the velocity performance over all three simulation runs.

c. In-flight INS alignment was accomplished with an initial heading error of 5 degrees and
verticality errors of two (2) degrees. These initial conditions correspond to the errors expected
during aircraft maneuvers that may follow an air alignment of the INS.

d. The convergence time for an airborne alignment is approximately six (6) minutes. This is the
time it takes the wander angle and verticality errors to converge to four (4) arc minutes and 15 arz
seconds (1 sigma), respectively. The verticality mean errors are due to accelerometer biases. The
verticality variations about their means contribute to the inertial position and velocity errors. The
total verticality error is one part of the INS attitude error. This simulation determined a nominal
alignment time for the GPS/Inertial Kalman Filter;e however, this alignment time is a function of the
aircraft maneuvers so each profile will result in a different convergence time. The steady state wander
angle and verticality accuracles are equivalent to the size of these same errors in an INS whose
position error drifts with a 1 nm/hr CEP.

e. The transients in the clock drift bias and time errors are caused by the oscillator frequency
shifts during aircraft maneuvers. The ten (10) nano-second time error is acceptable.

The simulation results detailed in Tables 3 through 7 summarize the predicted weapon delivery
performance for blind delivery of Mark 80 Series ordinance at various dive angles and altitudes. The
predicted delivery accuracy varies from roughly 65 feet to 125 feet Circular Error Probable (CEP).
These errors approach those achievable with visual target acqusition and release using INS velocity
aiding shown in Table 7.
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WEAPON DELIVERY ERROR ANALYSIS
OMB DIVE ANGLE = 0 DEG
MK 82 B VELOCITY = 500 KNOTS
ALTITUDE = 5000 FEET ;
BLIND
MISS DISTANCE

SQURCE _OF ERRORS ERROR MAGNITUDE ALONG TRACK (FT) CROSS TRACK (FT)
BALLISTIC ERRORS .

BOMB DISPERSION (MIL) 3.00 80.64 45,23

EJECTION VELOCITY (FT/SEC) 2.00 45.70 0.0

RELEASE DELAY (SEC) 0.01 8.44 0.0
SENSOR ERRORS

GROUND TRACK VELOCITY (FT/SEC 0.66 11.70 11.70

ALTITUDE RATE (FT/SEC) 0.98 23.02 0.0

TRUE AIRSPEED (FT/SEC) 5.00 6.99 0.0

AIRCRAFT POSITION (FT) 29.53 29.53 29.53

ALTITUDE (FT) 45.93 64.60 0.0
ALIGNMENT ERRORS
PILOT ERRORS

LATERAL STEERING (DEG) 0.12 0.0 29,62
MISSION PLANNING

TARGET ALTITUDE (FT) 0.0 0.0 0.0

TARGET POSITION (FT) 0.0 0.0 0.0
BALLISTIC PREDICTION (FT) 5.00 5.00 0.0
ONE-SIGMA DEVIATION (FT) 120.20 62.71
CIRCULAR ERROR PROBABLE (CEP) = 106.27 FEET
CIRCULAR ERROR PROBABLE (CEP) = 3.96 MILS

TABLE 3 - BLIND WEAPON DELIVERY PERFORMANCE STRAIGHT AND LEVEL AT 5000 FEET ALTITUDE
WEAPON DELIVERY ERROR ANALYSIS
MK 82 BOMB DIVE ANGLE = -30 DEG
VELOCITY = 500 KNOTS
BLIND ALTITUDE = 5000 FEET
MISS DISTANCE

SOURCE _OF ERRORS ERROR MAGNITUDE ALONG TRACK (FT) CROSS TRACK (FT)

BALLISTIC ERRORS

;
| BOMB DISPERSION (MIL) 3.00 34.58 24,23
’ EJECTION VELOCITY (FT/SEC) 2.00 23,58 0.0
! RELEASE DELAY (SEC) 0.01 3.06 0.0
! SENSOR ERRORS
GROUND TRACK VELOCITY (FT/SEC) 0.66 5.91 5.91
ALTITUDE RATE (FT/SEC) 0.98 8.61 0.0
! TRUE AIRSPEED (FT/SEC) 5.00 1.65 0.0
I AIRCRAFT POSITION (FT) 29.53 29.53 29.53
' ALTITUDE (FT) 45,93 46.23 0.0
ALIGNMENT ERRORS
PILOT ERRORS
LATERAL STEERING (DEG) 0.12 0.0 13.18
MISSION PLANNING
TARGET ALTITUDE (FT) 0.0 0.0 0.0
TARGET POSITION (FT) 0.0 0.0 0.0
BALLISTIC PREDICTION (FT) 5.00 5.00 0.0
ONE-SIGMA DEVIATION (FT) 70.05 40.84

CIRCULAR ERROR PROBABLE (CEP) = 64.65

CIRCULAR ERROR PROBABLE (CEP) = 6.13 MILS

TABLE 4 - BLIND WEAPON DELIVERY PERFORMANCE WITH A 30°DIVTC AT 5000 FEET ALTITUDE
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WEAPON DELIVERY ERROR ANALYSIS

MK 82 BOMB DIVE ANGLE = 0 DEG
VELOCITY = 500 KNOTS

BLIND ALTITUDE = 10000 FEET
MISS DIS@ANCE

SOURCE OF ERRORS ERROR MAGNETUDE ALONG TRACK (FT) CROSS_TRACK (FT)

BALLISTIC ERRORS

BOMB DISPERSION (MIL) 3.00 98.68 67.10
EJECTION VELOCITY (FT/SEC) 2.00 44.45 0.0
RELEASE DELAY (SEC) 0.01 8.44 0.0
SENSOR ERRORS
GROUND TRACK VELOCITY {(FT/SEC) 0.66 16.73 16.73
ALTITUDE RATE (FT/SEC) 0.98 22.70 0.0
TRUE AIRSPEED (FT/SEC) 5.00 13.25 0.0
AIRCRAFT POSITION (FT) 29,53 29.53 29,53
ALTITUDE (FT) 45,93 45.18 0.0

ALIGNMENT ERRORS

PILOT ERRORS
LATERAL STEERING (DEG) 0.12 0.0 41 .66

MISSION PLANNING

TARGET ALTITUDE (FT) 0.0 0.0 0.0

TARGET POSITION (FT) 0.0 0.0 0.0
BALLISTIC PREDICTION (FT) 5.00 5.00 0.0
ONE-SIGMA DEVIATION (FT) 125.28 85.96

CIRCULAR ERROR PROBABLE (CEP) = 123.72 FEET

CIRCULAR ERROR PROBABLE (CEP) = 3,70 MILS

TABLE 5 - BLIND WEAPON DELIVERY PERFORMANCE STRAIGHT AND LEVEL AT 10,000 FEET ALTITUDE

WEAPOM DELIVERY ERROR ANRALYSIS

DIVE ANGLE = -45 DEG
¥K 82 BOMB VELOCITY = 500 KNOTS
BLIND ALTITUDE = 10000 FEET

MISS DISTANCE

SOURCE OF ERRORS ERROR_MAGNITUDE AIONG TRACK (FT) CROSS TRACK (FT)
BALLISTIC ERRORS

BOMB DISPERSION (MIL) 3.00 43.08 37.15

EJECTION VELOCITY (FT/SEC) 2.00 27.16 0.0

RELEASE DELAY (SEC) 0.01 2.54 0.0
SENSOR ERRORS

GROUND TRACK VELOCITY (FT/SEC) 0.66 8.49 8.49

ALTITUDE RATE (FT/SEC) 0.98 7.07 0.0

TRUE ATIRSPEED (FT/SEC) 5.00 4.46 0.0

AIRCRAPT POSITION (FT) 29.53 29.53 29.53

ALTITUZE (FT) 45.93 26.39 0.0
ALIGNMENT ERRORS
PILOT ERRORS

LATERAL STEERING (DEG) 0.12 0.0 15.12
MISSION PLANNING

TARGET ALTITUDE (FT) 0.0 0.0 0.0

TARGET POSITION (FT) 0.0 0.0 0.0
BALLISTIC PREDICTION (FT) 5.00 5.00 0.0
ONE-SIGMA DEVIATION (FT) 65.84 50,52

CIRCULAR ERROR PROBABLE (CEP) = 68,32 FEET

CIRCULAR ERROR PROBABLE (CEP) = 4.92 MILS

TABLE 6 - BLIND WEAPON DELIVERY PERFORMANCE WITH A 45° DIVE AT 10,000 FEET ALTITUDE -
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MK 82 BOMB
BLIND

SQURCE OF ERRORS

BALLISTIC ERRORS
BOMB DISPERSION (MIL}
EJECTION VELOCITY (FT/SEC)
RELEASE DELAY (SEC)

SENSOR ERRORS
GROUND TRACK VELOCITY (FT/SEC)
AUTITUDE RATE (FT/SEC)
TRUE AIRSPEFD (FT/SEC)
PITCH ATTITUDE (DEG)
HEADING (DEG)
RADAR RANGE (FT)

ALIGNMENT ERRORS

SIGHT ALIGNMENT (DEG)
RADAR ALIGNMENT (DEG)

PILOT ERRORS

PILOT AIMING (MIL)
BALLISTIC PREDICTION (FT)
ONE-SIGMA DEVIATION (FT)
CIRCULAR ERROR PROBABLE (CEP) =

CIRCULAR ERROR PROBABLE (CEP) =

WEAPON DELIVERY ERROR ANALYSIS

ERROR MAGNITUDE

3.00
2.00
0.01

2.50
1.70
5.00
0.16
0.16
100.00

2.00 * 2.00

5.00

88.82 FEET

6.39 MILS

LIVE ANGLE
VELOCITY
ALTITUDE

= -45 DEG
= 500 KNOTs
= 10000 FEET

MISS DISTANCE

ALONG TRACK (FT)

CROSS TRACK (FT)

43.08
27.16
2.54

32.14
12.26
4.46
39.72
0.0
12.53

32.07
4.98

30.62

5.00

86.91

TABLE 7 - VISUAL WEAPON DELIVERY PERFORMANCE WITH INS VELOCITY

37.15
G.0
0.0

25.94
0.0

24.77

64.48
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CHAPTER V -~ Conclusions and Recommendations

There are numerous benefits that can be obtained by integrating the NAVSTAR/Global positioning User
equipment with a current technology digital avionics system. These include:

a. Standardization in Positioning Systems

b. Improved positioning and navigation accuracy

c. Interoperability by utilizing all friendly forces

d. Improved reliability/supportability

e. Improved survivability and anti-jamming capability

Unfortunately these capabilities alone will not directly improve the effectiveness of an air vehicle in
accomplishing the close air support mission. This results from the inability of the ground forces to
identify their location with sufficient accuracy and thus the targets location to take advantage of the
improved blind bombing capability achievable by an integrated system.

However, if the aircraft equipped with an integrated NAVSTAR/GPS Digital Avionics System is fielded
along with the NAVSTAR/GPS Manpack receiver, a significant operational improvement will result. For
example, a ground based forward air controller could use the manpack to determine precisely his and
other friendly forces positions. This plus a range finder and compass could be used to accurately
determine the location of a specific target which could then be radioed to the attack aircraft. This
data would then aide the aircrew in acquiring the target visually, thus increasing the probability of
kill on the first pass. Further, the synergistic effects of the ground based and airborne segments of
the NAVSTAR/GPS system will allow the blind delivery of Mark 80 Series bombs, or similar ordnance
against relatively soft targets. This could be accomplished during marginal weather, at night, or in a
high threat area. For targets such as tanks or armored personnel carriers, cluster munitions could be
applied with a high degree of effectiveness, again without visual identification. All of the above can
be accomplished with a single pass thus minimizing the aircraft's exposure to hostile fire, with an
attendent reduction in aircraft attrition.

It is recommended that any interested country consider the implementation of the airborne and
ground segments of the NAVSTAR/GPS simultaneously.




EREFACE

This draft specification defines the basic system architecture and interfaces for an Integrated
NAVSTAR/GPS Digital Avionics System. Other areas, such as non-GPS aided weapon capability, reli-
ability, etc., are identified but not discussed. Thus, this draft specification can serve as a point of
departure in preparing a definitive specification for a particular mission. Specific numerical

requirements are left blank, thus allowing the user to tailor the system to meet specific opera-
tional needs.

.
A
APPENDIX A - Draft Specification for an Integrated NAVSTAR/GPS Digital Avionics System
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1.0 SCOPE

1.1 Defipition. This specification establishes the performance, configuration, and test
requirements for the Integrated NAVSTAR/GPS Digital Avionics System, integrated with a NAVSTAR/Global
Positioning System (GPS) receiver. |

2.0 APPLICABLE DOCUMENTS.

2.1 Government Documents. The following documents form a part of this specification to the extent
specified herein. Unless otherwise indicated the issue in effect on the date of contract award shall
apply. In the event of a conflict between this specification and the documents referenced herein, this
specification shall govern.

Rrecedence

The order of precedence of applicable documents including this specification shall be as specified
in the contract.

SEECIFICATIONS
Military
MIL-E-5400 Electronics Equipment, Airborne, General Specification for
MIL-C-6781 Control Panel: Aircraft Equipment, Rack of Console Mounted
MIL~-P-7788 Panels, Information, Integrally Illuminated
Qther Government Specifications
S5-GPS-300A System Specification for the NAVSTAR Global
S8-US~200 System Segment Specification for the User System Segment NAVSTAR Global
Positioning System Phase II
STANDARDS :
Military
MIL-STD-130 Identification Marking of US Military Property
MIL-STD-411 Aircrew Station Signals
MIL~STD-U461 Electromagnetic Interference Characteristics Requirements for Equipment
MIL-STD=-U62 Electromagnetic Interference Characteristics, Measurement of
MIL-STD=-471 Maintainability Demonstration
MIL-STD-781 Reliability Design Qualification and Production Acceptance Tests:
Exponential Distribution
MIL-STD-785 Reliability Program for Systema and Equipment Development and Production

MIL-STD-~794 Parts and Equipment, Procedures for Packaging and Packing of




MIL-STD-810

MIL-STD-1553

HANDBQOKS :

MIL~HDBK-217

RADC TR-67-108

Environmental Test Methods

Aircraft Internal Time Division Command/Response Multiplex Data Bus

Reliability Stress and Failure Rate Data for Electronic Equipment

RADC Reliability Notebook AD-845304, AD-821640
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3.0 REQUIREMENTS

3.1 Syatem Deacription. The Integrated NAVSTAR/GPS Digital Avionics System (herein referred to
as the System) shall provide an integrated Navigation and Weapon Delivery capability. The System as a
minimum shall be comprised of the following:

1. Central Processor (CP)

2. Keyboard and Rotary Function Switches

3. Digital Display Indicator

4, Auxiliary Digital Display (For back seat of "Two Seat" fighter application)
5. NAVSTAR/GPS Recelver Set

6. Inertial Navigation System (INS)

7. Power Supply

3.1.1 General System Description. The system shall provide weapon delivery, navigation, steering,
and sensor management capabilities. The Central Processor shall combine signals from the Inertial
Navigation System, the GPS Receiver Set, and other navigation aids utilizing Kalman Filter techniques to
provide best estimates of three-dimensional position, velocity, and time. Mission related information
such as destination latitude, longitude and elevation, weapon identifiers, release advance, spacing,
etc., shall be inserted through the keyboard. System navigation data, steering data, and other related
information shall be displayed on the Digital Display Indicator (and the Auxiliary Digital Indicator for
"Two Seat” fighter application) by using the keyboard in an interactive mode of operation. Weapon
delivery signals and sensor cueing commands shall be controlled by the Central Processor. The system

shall provide these capabilities by executing the six major functions shown in Figure 1 and described
below.

NAVIGATION CONTROL/ BUILT-IN-TEST
DISPLAY
INERTIAL GpS
INTEGRATED TRUE AIRSPEED
INERTIAL AND | weapon
GPS, BARO HEADING PELIVERY STEERING

SENSOR
CUEING

FIGURE 1 - INTEGRATED NAVSTAR/GPS DIGITAL AVIONICS SYSTEM FUNCTIONAL DIAGRAM
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3.1.1.1 Navigation. The Navigation Function shall consist of one primary and four back-up mode of
navigation. The prime navigation mode shall be the Integrated GPS-Inertial wherein GPS and inertial
measurements are combined in an optimal manner. The back-up modes shall be operator selectable. In the
event the primary mode falls the highest priority back-up mode shall be automatically selected. The
mode priorities shall be as follows:

a. Integrated GPS-Inertial (primary)
b. GPS with Inertial Velocity Aiding
¢. Inertial Only

d. GPS Only

f. True Alrspeed and Heading

When valid GPS information is available, the Navigation Function shall convert it into system time and
three-dimensional position and velocity in WGS-72 coordinates. Worldwide navigation capability
(including polar regions) shall be provided as well as Ground Calibration, Gyrocompass Alignment, Best
Available True Heading (BATH) Alignment, and In-Flight Inertial alignment capability.

3.1.1.2 Heapon Delivery. The Weapon Celivery Function shall provide computed release signals for
visual and blind air-to-ground weapon delivery modes. The weapon delivery solution shall compensate for
ejection velocity and rack delay. The ballistic equations shall cover all air-to-ground weapon release
envelopes., Multiple releases shall be generated to give weapon spacing on the ground in feet,
accounting for speed and flight profile.

3.1.1.3 Steering. The Steering Function shall provide steering commands based on aircraft
position and velocity relative to an operator selected flight path. These commands shall be provided to
both the Automatic Flight Contrcl System (AFCS) and to the pilot via aircraft instruments. Automatic
sequencing of steering shall be provided only when the landing approach mode has been selected.

3.1.1.4 Sensor Cuyeing. The System shall as a minimum provide cueing and pointing ccommands for the
following sensors:

a) Radar
b) Eletro-optical system(s).

The above sensors shall be individually selectable or cued in a coordinated manner to operator
selected position coordinates.

Pointing angles for cueing shall be computed from the aircraft position and altitude and
preselected target coordinates. Offset targetting shall be provided using aircraft position, sensor
pointing angles and the best available range information.

3.1.1.5 Control/Diaplay. The Control/Display Function shall provide the human interface for the
System and shall consist of a keyboard and rotary function switches, the Digital Display Indicator, the
Auxiliary Digital Display Indicator (for "Two Seat"™ fighter application) and the Control/Display
software within the Central Processor. The functions provided by the Control/Display Function shall
include the following:

a. System mode selection

b. Operator data insertion

c. System data display

d. System status annunciators

3.1.1.6 Bullt-In-Test (BIT). The System shall contain built-in-test provisions to allow fault
isolation to every system LRU., An in-line BIT function shall provide continuous monitoring of system
operational status during flight. A more extensive ground BIT shall also be provided.




3.1.2 System Missions. The System shall provide the following mission capabilities:

i This mission capability shall include point-to-point navigation to destinations or targets
inserted or computed.

For weapon delivery missions the following modes of ajir-to-ground release shall be allowed:
, a. Blind (using the navigation system)

b. Sensor Blind

¢. Dive Toss

d. Continuously Computed Impact Point

The aircraft commander shall not be restricted to fly a predetermined altitude or airspeed
nor shall he be required to maintain vertical velocity at zero (uncanned flight conditions at release).

The aircraft commander or weapon system officer shall be allowed to designate targets using available
sensors.

The System shall provide the steering information relative to destinations based upon fixed
course or direct track, as determined by the operator. Steering to a touchdown point along a
preselected course shall also be provided in the landing approach mode. Sensor cueing to selected
target coordinates shall be provided, as well as offset targeting to update target coordinates, based on
sensor pointing angles and ranging data.

Typical mission duration shall be __ hours (__hours with in-flight refueling). Performance
shall be maintained throughout the high dynamic conditions specified in paragraph 3.6.1.5.2.3.9.

3.1.3 System Diagram. TBD
3.1.4 Interface Definition.

3.1.4.1 Interface With Qther Systems. This section defines the interface between the System and
the other aircraft hardware.

3.1.4.1.1 Detailed Interface Definition. The detailed interfaces between the CP and the equipment
with which it interfaces in accomplishing its primary tasks, are described in the following paragraphs.
All digital interfaces shall be in accordance with MIL-STD-1553.

3.1.4.1.2 Functional Interfaces With External Subsystems. Figure 2 shows the functional interfaces
between the System and other identified subsystems.

a. Radar. The radar shall be used to determine slant range in the air-to-ground modes. The
System shall provide cursor control for target location and shall point the radar antenna as required by
the Sensor Cueing Function.

b. Heads Up Displays. The Heads Up Display (HUD) shall use azimuth and elevation commands from
the System to drive the sight and point as required by the Sensor Cueing Function. In addition, the
roll index reticle of the HUD shall provide lateral steering to destination or weapon release points.

c. Central Air Data Computer. The Central Air Data Computer (CADC) shall provide angle of attack,
barometric altitude, and true airspeed to the System.

d. Flight Instruments. The flight instruments shall include the HSI and the ADI. Navigation and
steering information shall be supplied to these instruments by the System.

e, Flight Director Computer. The flight director computer shall receiye drift angle and relative
bearing from the System.
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Weapon Release Circuitry.
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The System shall provide air-to-ground weapon release signals.

Signals to the annunciators, the intervalometer, and the indexer lights shall be included.

g. Console

to the System and other devices,

Hand Controls.

to generate the required cue commands,

3.1.4.2 Functional Areas Interface.
as shown in Figure 3.

paragraph 3.6.

3.2 Characterdstics.

3.2.1 Perforpance Characteristica.

The trim controls shall supply along-track and cross-track trim rates
The System shall associate trim rates with displayed sensors in order

The interfaces for th