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ABSTRACT:

Space support functions are essential to information operations, both now and in the future.  The implementation of the precepts of Joint Vision 2020 depends on realistic, comprehensive modeling and simulations especially for the space environment and space-supported information systems.  Models and simulations that represent space systems (space-based support) and their interactions with other crucial information-oriented systems (information-centric operations) are the tools through which the tactics, techniques, and procedures that exploit space-based capabilities are developed.  However, modeling and simulation of space systems is challenging.  Duplicating the complexity of the space environment and satellite constellations that are the foundation for information collection and transmission is a huge endeavor.  The path to implementing Joint Vision 2020 requires rapid progress improving models and simulations that appropriately replicate the effects that space-based systems have on military operations.

Simulation of space presents numerous technical and computational challenges as the number of entities simulated and the numbers of terrestrial entity interactions grow.  A single satellite with a 2000 km by 2000 km field of regard operating in 1 km resolution terrain must calculate four million vectors during each simulation time step to establish line-of-sight.  In 10-meter terrain, the number of calculations goes to 40 billion!  Clearly, methods of aggregation of satellite behavior must be developed to enable space representation in simulations without the imposition of unwieldy run times.

Traditional approaches to space simulation tend to include explicit representation of each satellite with payload(s) and position in space using traditional orbital mechanics.  Since a traditional simulation “game box” represents about 0.03% of the earth’s surface, computational resources are best used for simulations of processes that impact training or analysis goals rather than propagation of satellites when they cannot influence military operations in the area of interest.  This paper presents a non-propagational approach and potential standard for predicting satellite over-flight “events” and assesses reasonableness of the approach by comparing results to industry standard orbital mechanics simulations.
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1.  SPACE-BASED ASSETS ENHANCE WARFIGHTING CAPABILITIES

Without Space-Based Assets, the Military Situation Looks Markedly Different
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Pentagon press release, September 1, 2020:  US and coalition forces deployed in support of UN peacemaking operations on the island nation of Mariaterra in the Southern Indian Ocean.  A large rebel force with Tactical Ballistic Missile (TBM) capabilities has invaded the island threatening to destabilize the region.  The status of the US deployment is unclear due to the lack of communications but reports through the media indicate a bleak picture.  Coalition forces have not established a beachhead on the island due to poor intelligence and outdated terrain information.  The rebels’ use of TBMS on deploying forces is taking an increasing toll due to the lack of intelligence and warning.  Many of the coalition forces are having problems finding their correct landing locations.  Much of Mariaterra’s Physical Infrastructure Had Been Reportedly Damaged By Inaccurate Coalition Bombing.  US forces are also threatened by an unforecasted typhoon, which will affect the area of operations within two days.

This scenario described above depicts an environment where space-based capabilities do not exist. The force does not have global communications enabled by geostationary and polar orbiting satellites.  Intelligence, surveillance, and reconnaissance are degraded; there are no space-based satellites actively collecting relevant information on the adversary’s disposition and capabilities.  Terrain and weather data are outdated; there is no near-real time satellite-supported remote sensing.  Air defense systems do not have space-based warning of TBM launches.  Without space-based satellites, situational awareness is degraded for position, navigation, velocity and timing (PVNT) and precision-guided munitions (PGMs).

Not having space-based capabilities has a deleterious effect on the deployed forces, especially to a force reliant upon a robust, global and flexible information system.  Space-supported technology and systems are essential to the information dominance and superiority concept, which is key to the Joint Vision 2020 doctrine, which is centered on the use of information to decisively act before adversaries have the chance to inflict damage on US forces.

The current and future US military relies heavily upon space force enhancement capabilities to collect and transmit large amounts of information essential for rapidly planning and conducting decisive operations around the world.  Communications satellites provide not only global access to information but also assured communications in difficult terrain.  Sensing satellites collect detailed force information (strength, equipment, communications) and environmental information (weather and terrain) from remote or denied locations to support detailed planning and operational support.  Space-based sensors provide early warning and cue air defense systems to mitigate the impact of the long-range surface-to-surface missile proliferation that threatens deployed forces with nuclear, chemical, biological and conventional munitions.  Space-based systems are an enabler to US forces deployed in urbanized terrain, enhancing situational awareness and providing guidance for precision munitions.  The space-based systems help protect the force and reduce collateral damage of local infrastructure and population.

Accordingly, this increased dependence on space capabilities necessitates the development of doctrine, force structure, and materiel that can aggressively capitalize on the capabilities of the space-derived information systems.  Modeling and simulation (M&S) is a means to ensure that the appropriate doctrine, force structure, and materiel solutions are developed, but the military has been slow to adopt practical space-based modeling capabilities, in part because it is so difficult (Tomlinson et al. 2003).

A Method to Provide a Generalized Representation of Space-Based Platforms

Given that the military modeling and simulation (M&S) community has struggled to represent space adequately, we present an algorithm to help fill that need.  This paper presents an algorithm that returns to the simulation (community/developer) a position and time of satellite entry and exit from influence to the simulation “box.”  This generalized representation of a space-based platform provides a means for the M&S community to take advantage of the space-based capabilities and develop the different tactics, techniques, and procedures that make use of space-based platforms.  In section 2, we provide the overarching theory of the algorithm and present the assumptions we used.  In section 3, we provide details of the algorithm.  In section 4, we compare our algorithm results to industry standard results.  In section 5, we comment on the utility of our algorithm and describe a potential algorithm-simulation interface methodology.  Finally, in section 6, we recommend future areas for study.

2.  ALGORITHM OVERVIEW

Algorithm Theory

The purpose of this algorithm is to provide the means for the M&S community to incorporate the use of space-based assets without relying on propagation software.  In our previous work (Gorevin et al. 2003), we show that the number of calculations performed by a propagating algorithm results in an extremely large number of calculations that are irrelevant to the simulation.  For example, the surface area covered by a 400 km by 400 km game box represents around .03% of the earth’s surface area.  Therefore, every propagation “line of sight” calculation performed that does not affect the game box area is a system usage that could be used for other purposes within the simulation.

The means of providing this capability to the M&S community is through a satellite position/time stamp for each orbit that can influence the game box.
  That is, when the satellite reaches a position in its orbit from which it can influence the game box a position/time is made available to the simulation, and when the satellite reaches a position in orbit from which it can no longer influence the game box a position/time is made available to the simulation.  The methodology for determining this position/time is discussed in section 3.

The intended end state for this algorithm is to provide to the M&S community, regardless of the particular simulation used, the time and location of satellite influence start and stop.  By this method, regardless of the time step size used in the algorithm, or the fidelity of terrain representation (8 km hexagon, 100 m squares), we provide the M&S community the opportunity to incorporate the use of space-based assets, using whichever line of sight access/propagation techniques are appropriate to the particular simulation.

Assumptions

The algorithm we propose incorporates the following assumptions:

· Satellite Assumptions:

· Circular, low earth orbit satellite

· Constant satellite angular velocity

· No satellite orbit corrections made during time period of interest

· Inclination angles less than 90° (algorithm can incorporate inclination angles greater than 90°, but our work thus far has been restricted to inclination angles less than 90°)

· Initialization Assumptions:

· Initialization data for existing satellites determined from two line elements (TLE) available from military or civil sources

· Initialization data for conceptual satellites calculated using public domain propagation tools

· Game Box Assumptions:

· “Squared” game box is of sufficient accuracy for simulation use (algorithm could work with irregularly shaped box, but our work thus far has been restricted to rectangular game boxes)

· Game box within northern hemisphere (algorithm can incorporate game boxes in southern hemisphere, but our work thus far has been restricted to game boxes in northern hemisphere)

· Simulation Assumptions:

· Simulation can interface with algorithm sub-routine that determines position/time of satellite influence start/stops

· Simulation developer will use internal simulation specific line of sight calculations to determine access between entry and exit points and times.

· Simulation developer will use internal simulation tools to “propagate” satellite within entry and exit points passed by algorithm (algorithm could be modified to do this separately from the simulation).

3.  ALGORITHM IN DETAIL

Overview

The flowchart below (Figure 1) shows the basics of the algorithm.  We determine the satellite’s nodal period and interval and the satellite’s initial position and time.  Based on the relationship of the game “box” to the satellite orbit, we determine influence latitudes and the nature of the entry and exit points.  Next, we determine the satellite gateway (the longitudinal end points that define whether or not access will take place.  We then increment the satellite orbits, calculate successive longitude of ascending node (LAN) positions and times, and determine if access will occur on that orbit.  If access will occur, we compute entry and exit points and time, and pass them to the simulation.  We next check for stopping criteria, e.g., game end time, and if the stopping criteria are not met we increment the satellite orbit and repeat the process until the stopping criteria is met.  The following paragraphs go into greater detail concerning each of these steps.  In the next several paragraphs, we will discuss in detail the “pieces” of this algorithm.  There are portions of the algorithm that rely on the simulation interface, and these are omitted from discussion in this paper.

Nodal Period/Interval Calculation

The nodal period and interval are calculated for each satellite to be used in the simulation.  The nodal period is defined as the period between equator crossings, and the nodal interval is defined as the shift in LAN.  These calculations are intermediate steps for other aspects of the algorithm.

Satellite Initialization (Time and Position at Simulation Start)

Satellite initialization (where it is and when it is there) is important because the satellite’s position and orbit orientation at the beginning of the game will influence its overall impact on the game.  We consider two different satellite types when we initialize the satellites, conceptual (future or notional) satellites and existing satellites.  For conceptual satellites we choose an initial orbit plane and satellite position randomly.  For existing satellites, we use the orbit characteristics from published orbit data, usually in the form of a two-line element set (TLE).  From this, we calculate the inertial orbit orientation and satellite position at the game start time.  Conversions from the inertial reference frame to an earth centered fixed (ECF) reference frame provides the initial LAN for the satellite.  This initial LAN is used to calculate successive LANs using the nodal period and interval calculations.

Game Box

The typical simulation game box is not a rectangle with exact E-W and N-S boundaries.  To simplify calculations within the algorithm, we “square” the game box and determine the maximum northern, eastern, southern, and western boundaries and develop corner points on those boundaries.  The most extreme points in the game box
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Figure 1. Algorithm Flowchart

are used to determine the game box corner points.  This results in a NW boundary, NE boundary, SW boundary, and SE boundary (Figure 2).
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From the latitudes of the game box, we determine the influence latitudes, which are an extension of the game box’s northern and southern latitudes, taking into account the fact that satellites can access points within the game box, even though the satellite itself is not within the game box boundaries (Figure 3).  The distance from the game box latitudes to the influence latitudes depends on the sensor-swath width arc, described below.

We determine these latitudes by adding and subtracting, respectively from the northern and southern game box latitudes, the satellite sensor swath width arc, which is a function of satellite altitude.  We use the maximum possible swath width arc.
  These latitudes will be used to determine the earliest and latest possible time (and position) that the satellite can access the game box during the orbit pass.

Sensor-Swath Width Arc

We use the sensor swath width arc distance to determine the distance between the game box latitudes and the influence latitudes.  The sensor swath width arc distance is defined as twice the distance from the satellite sub-point to the limit of 
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the field of regard (FOR), which is defined by a locus of points from which the angle to the satellite is 5° above local horizon (Figure 4).

This circular area enclosed by the loci is also called the satellite’s “footprint.”  As the satellite moves through its orbit, the lateral extent of this footprint traces a swath that defines the area that has a militarily relevant LOS access with the satellite (LOS access with a satellite less than 5° above the horizon is not militarily relevant).  The angle between the earth station, earth center and satellite is called the central angle and gives the arc measure of one half of the sensor swath width.

Different Cases (Satellite/Game Box Relationships)

The satellite parameters and game box relationship result in several different cases, which are treated differently within the algorithm according to the specific satellite pass-game box geometry.  In all cases, the algorithm returns the earliest and latest possible times and position of access.  Note in case two that access ends long before the satellite returns to the southern influence latitude.  We leave the exact calculation of LOS access between the satellites and points of interest to the simulation developer; this algorithm provides the bound on the possible times and locations of the satellite from which access could occur.  Figure 5 depicts the different cases:

Case 1.  Satellite Inclination Angle Greater than Northern Influence Latitude.  In this case the satellite will pass through the southern and northern influence latitudes, and the time and position at these latitudes is calculated.  In the ascending pass, the first possible access occurs at the southern influence latitude.  In the descending pass, the last possible access occurs at the southern influence latitude.
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Case 2.  Satellite Inclination Angle Less than Northern Influence Latitude.  In this case, the satellite will not cross the northern influence latitude.  The times and positions the satellite crosses the southern influence latitude are calculated.

Case 3.  Satellite Inclination Angle Equal to Southern Influence Latitude.  In this case, the satellite will not cross the southern influence latitude, but reach it at its apex.  The time and position the satellite reaches the southern influence latitude is calculated.

Case 4.  Satellite Inclination Angle Less than Southern Influence Latitude.  In this case, the satellite will not cross the southern influence latitude.  This satellite will never be in position to influence the game box and is excluded from position and time calculations via trivial rejection.

Gateway Width Calculation

We determine the gateway widths.  For each satellite (with a specified altitude, inclination angle, and sensor
 combination, there exists for a 

particular earth station latitude/longitude a corresponding western-most longitude and a corresponding eastern-most longitude that will result in that earth station having line-of-sight (LOS) access from the satellite.  We determine this gateway width in our algorithm using spherical trigonometry relationships.  This gateway width is applicable to both the ascending and descending nodes of the satellite orbit, and for the game box/satellite parameter combination we determine the appropriate gateways.  We call the western-most and eastern-most longitudes that result in access on the ascending track the ascending gateway, and the western-most and eastern-most longitude that results in access on the descending track the descending gateway.

Satellite Position and Time Calculation
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Satellite position and time calculations are used twice in the algorithm.  First, we use the equations to determine the LAN that corresponds to particular points on the earth’s surface, in our case, the corner points of the influence box.  To do this, we start with the corner point latitude and longitude, and solve for time of flight to that point and the LAN.  These LANs are used to determine the “gateways,” or longitudinal boundaries that result in an access occurring during that satellite orbit.  Second, we perform the position and time calculations to determine the entry and exit points and time when the satellite crosses the influence latitudes.  To do this, we begin with a satellite located at the equator, at a particular longitude (its LAN), and time.  We then calculate the time and location that the satellite crosses the influence latitudes.

4.  ALGORITHM RESULTS

In this section, we compare algorithm results with a standard industry propagator, Satellite Tool Kit.
  The results we show are for the basic building blocks of the algorithm:  nodal period/interval calculation, satellite initialization, gateway calculations, and satellite position and time calculations.

Nodal Period/Interval Calculation

We determined the nodal period for a 500 km altitude, circular orbit satellite at several different inclination angles and compared the results with STK data after ten days, to allow for perturbations.  Our results compare favorably with STK data, with the greatest error at 5º (see Section 7, Table 1).

Initialization of Satellites (Time and Position at Simulation Start)

We determined satellite position data at the start of the simulation for an existing satellite (Landsat 7) using a recent TLE.
  Projecting forward in time, we determined the RAAN and LAN at a notional game start time (15 September 2003, 12:00:00 UTC).  Comparing our results for both RAAN and LAN, we find that our algorithm is within 1/10% of STK data (see Section 7, Table 2).
Gateway Width Calculation

We developed the gateways for a 500 km altitude, 60º inclination angle satellite and a game box bordered by the points 30º E, 27º N, 30º E, 30º N 27º E, 30º N, and 27º E, 27º N.  By our algorithm, only those orbital passes with a LAN between the gateways should result in an access. We compared STK generated LANs that resulted in an access with our data (over a 120 day period), and determined the percentage of LANs that resulted in an access to the earth station that were outside our gateways.  We also compared the total access time that occurred from LANs outside our gateways with the total access time.  These two steps gave us a measure of 1) how many passes we were missing (access occurred outside our gateway) and 2) what was the magnitude of those misses (access time that occurred from an outside gateway pass).  In terms of time, our gateway methodology resulted in correctly capturing over 98% of the access time.  In terms of passes, our gateway methodology resulted in a correct pass (access LAN within gateway) 95% of the time.  These results are very encouraging, as correctly screening which orbit passes result in an access will allow computing resources to be used on matters of importance for the simulation (see Section 7, Table 3).

Satellite Position and Time Calculation

We compared the satellite position and time calculations to STK.  For a circular orbit, 500 km altitude satellite with a 60( inclination angle, we determined the LAN for an ascending node over flight for the following points: 15( N, 30( E, 30( N, 30( E, and 60( N, 30( E.

Position Error.  The difference between our results and those of STK were small in terms of normalized error, absolute difference, and ground distance (see Section 7, Table 4).

Time Error.  Likewise the time dimension of the error was small.  Here we compared the algorithm time for three different satellites to reach particular latitudes, and compare it with the STK time to reach that same latitude.  In all instances, the difference is less than ½ of a percent of the STK calculated time, and in raw values is less than 5 seconds (see Section 7, Table 5).

5.  CONCLUSION

As shown in section three above, the results achieved with this method are close compared to results achieved with industry standard propagators.  Given that the time step in simulations can be as great as five minutes, these small differences in position and time are well within the “noise.”  Not only does the algorithm produce results suitable for use within a simulation, but also it achieves these results with far fewer calculations.  The impact of this is obvious—computing resources can be used for simulation areas of interest, as opposed to the satellite propagation that does not affect the simulation.  In summary, this algorithm appears sound for the different satellite-earth station combinations we’ve examined.

Potential use of the Algorithm

A way of incorporating this algorithm would be as shown in the figure below.  Using the satellites available for the simulation and the game box corners, the algorithm pre-processes the gateways and the position and time for satellite LAN events.  When the simulation master event clock reaches a point that coincides with a pre-determined satellite access, the algorithm computes the time and position of entry into and exit from the simulation game box, and return to the simulation scheduler the time and position of entry and exit for the satellite(s) that would have access during that simulation time step.  In turn, the simulation could conduct its own line of sight calculations with the satellite as the simulation “propagated” the satellite from its entry to its exit point, and apply these to the other simulation entities as appropriate.
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Figure 6. Potential Use of the Algorithm
6.  ADDITIONAL RESEARCH

This paper presented an algorithm that provides a generalized representation of space based platforms, first performing a bulk filter for efficiency, and second providing earliest and latest possible satellite access times to the game box.  The satellite type considered was one of several possible; we considered the circular, Low-Earth Orbit (LEO) satellite.  By using a circular orbiting satellite, we are able to use calculations that take advantage of the constant angular velocity of a circular satellite.  Future research in areas that incorporate non-circularly orbiting satellites, non-uniform sensor swath width arcs, and multiple satellite constellations would be useful to the simulation community.

7.  TABLES

Table 1.  Nodal Period Results

	 
	Algorithm
	STK (After 10 Days)
	Raw Error
	% Error

	Inclination Angle (º)
	Nodal Period (secs)
	Nodal Period (secs)
	Nodal Period (secs)
	Nodal Period (secs)

	5º
	5777.78117
	5776.849397
	0.931773116
	0.016129434

	28.5º
	5784.731476
	5784.720681
	0.010794791
	0.000186609

	40º
	5790.589457
	5790.952824
	0.363367495
	0.006274745

	51.6º
	5796.937059
	5797.247677
	0.310617523
	0.005358017

	70º
	5805.427292
	5805.285268
	0.142023833
	0.002446457

	98º
	5808.509791
	5808.226188
	0.283602713
	0.004882777


Table 2.  Initialization Results

	Algorithm
	STK
	% Error

	RAAN
	324.2237
	RAAN
	324.095
	0.039722

	LAN
	165.2268
	LAN
	165.076
	0.091327


Table 3.  Gateway Access Results

	Satellite
	Game Box 
	Gateway
	Access Time (seconds)
	Passes with Access

	Altitude
	Inclination Angle
	Corners
	Ascending Node

(0-360º)
	Descending Node

(0-360º)
	Total
	LAN outside Gateway
	% Time Error
	Total
	LAN outside Gateway
	% Gateway Error

	500
	60º
	SE:  30ºE, 27ºN

NE: 30ºE, 30º N

NW: 27ºE, 30ºN

SW: 27ºE, 27ºN
	343.95-36.52
	212.34-264.91
	283,251
	3162
	1.11%
	561
	26
	4.63


Table 4.  Position Calculation Results

	Latitude (°)
	Longitude (°)

	Position
	Error
	Position
	Error

	Algorithm
	STK
	(%)
	(°)
	(km)
	Algorithm
	STK
	(%)
	(°)
	(km)

	15.000
	14.998
	0.013
	0.002
	0.222
	30.000
	29.991
	0.030
	0.009
	0.968

	30.000
	29.998
	0.007
	0.002
	0.222
	30.000
	29.982
	0.060
	0.018
	1.735

	60.000
	59.997
	0.005
	0.003
	0.333
	30.000
	29.956
	0.147
	0.044
	2.449


Table 5.  Time Calculation Results

	Satellite
	Terminal
	Results
	Error

	Altitude

(km)
	Inclination Angle (°)
	Latitude
	Algorithm (seconds)
	STK (seconds)
	Raw (seconds)
	Normalized (%)

	400
	28.5°
	15°
	505
	505
	0.39
	0.08

	500
	60°
	15°
	274
	274
	0.2
	0.07

	
	
	30°
	556
	556
	0.19
	0.03

	
	
	45°
	863
	863
	0.18
	0.02

	
	
	60°
	1419
	1419
	0.2
	0.01

	600
	65°
	15°
	267
	266
	1.77
	0.66

	
	
	30°
	540
	537
	3.01
	0.56

	
	
	45°
	827
	823
	3.74
	0.46

	
	
	60°
	1174
	1170
	4.79
	0.41
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Figure 2. Squaring the Game Box











Figure 4. Sensor Swath Width Arc Distance
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Figure 5. Different Cases








� Chairman for the Joint Chiefs of Staff, Joint Vision 2020, p.8, November 2001


� By influence, we mean line of sight visibility from the satellite to the earth station exists, for a given off-nadir angle.  We use an off-nadir angle such that the earth station has a minimum visibility angle of 5°.  We chose this angle based on a typical operator usage, which does not consider satellites within 5( of the horizon to be usable.


� The maximum swath width arc will occur when the earth’s radius is at a minimum, that is, over the poles.  Practically, this means that a 500 km altitude satellite (at the equator) has a 521 km altitude (at the poles).  The extra 21 kilometers in altitude represent an increase in the swath width covered by the satellite of approximately 44 kms.


� We use a sensor swath width arc that corresponds to the greatest possible arc, which is found at the smallest earth radius (the poles).  We use this to ensure that the influence latitudes are sufficiently far from the game box latitudes such that access cannot occur prior to or after crossing the influence latitude.


� “Sensor” is used generically to mean the off-nadir angle formed by the vertices of the earth station, satellite, and earth center.


� Within the ascending pass gateway, the time and position the satellite crosses the southern influence latitude represents the earliest time and position that access could occur during that orbit; the time and position the satellite crosses the northern influence latitude represents the latest time and position that access could occur during that orbit.  Conversely, during the descending pass gateway, the time and position at the northern influence latitude represents the earliest possible access, the time and position at the southern influence latitude represents the latest possible latitude.


� The Aerospace Corporation performed an independent verification and validation of Satellite Tool Kit® version 4.1.0 and concluded “that the access and visibility calculations in STK v4.1.0 are accurate and can be used with a high degree of confidence in the results.”  We used STK v4.3.0.


� TLE Epoch date: 29 Jul 2003 19:15:52.20 UTC; NASA/GSFC Orbital Information Group.


� Normalized error is defined as ((algorithm result-STK result) / STK result) * 100.  We converted the difference in latitude and longitude in degrees to ground distance using the differing circumference of the earth at each latitude.  The error in diagonal distance varied between 1 km (at 15° latitude) and 2.5 km (at 60° latitude); these diagonal distances represent less than .5% of the diagonal distance of a 400 km by 400 km game box.
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Sensor Swath Width Arc Distance:

One half the sensor swath width arc is defined as the distance from the satellite sub-point to a point from which the elevation angle to the satellite is five degrees above the horizon.
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Flowchart--Determine Satellite Positions and Times of Interest for Simulation
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