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ABSTRACT

A proof-of-concept analysis is conducted to demastthe benefits of combining observations froomowrcially
hosted optical payloads in Geostationary Eartht@iEO) with data from traditional ground-basedtkiag
systems. Several notional combinations of host®rground tracking, hosted sensor scan capabhitityscheduling
patterns are examined. Particular attention isrgteethe potential Space Situational Awareness [3feAefits
realized by combining the space-based data witlgtbend network data.

1. BACKGROUND

Geostationary orbit determination can be partidyldifficult for uncooperative satellites [1]. Grod sensor
visibility is often limited due to the nature ofetlsensor (many of which are optical) and a limitachber of
observations are collected. MIT Lincoln Labs sustdly operated the Midcourse Space Experimentac8Based
Vehicle (MSX/SBV) sensor to provide space-baseitapbbservations to AFSPC for processing of GE&csp
objects for many years [2]. The resulting GEO arhittnessed a large improvement in accuracy. Taeraseveral
US Air Force initiatives to introduce future Sp&a&sed Space Surveillance (SBSS) systems into tiid-lEpace
Surveillance Network (SSN) sensor mix, but noneogrerational to date.

Commercial Geostationary Earth Orbit (GEO) sateldwner-Operators and US Government organizatigns a
currently investigating novel methods to improve 8pace Situational Awareness for the GEO belt. idethod
includes the addition of secondary hosted paylde&s) on commercial GEO communications platforntsese
payloads would have one or more optical sensorsdoking Resident Space Objects (RSOs). Theskarabave
significant advantages over ground-based trackesteiding proximity and persistent views not lindtby weather
conditions. However, no such payloads have yetflawGEO and no specific architecture of sensddingsor data
processing has been established. This study aimdsmtify some of the relevant issues in such &esysand
qguantify how they impact the orbit uncertainty loé tRSOs through a proof-of-concept trade study.latger goal
is to setup a framework within which various opia@an be explored in a realistic fashion.

2. TRADE STUDY DEFINITION

All analysis was performed by simulating realistecking data and performing orbit determinatiomgAGI’s
Orbit Determination Toolkit (ODTK) and Satellite @lcKit (STK). ODTK consists of a sequential filtéan
extended Kalman filter with customized process &lpian optimal sequential smoother, and a simul&tbr
particular relevance is the simulator, which attesrip produce a set of realistic measurements biatiieg satellite
states, tracking system measurement biases, emamtal factors (e.g. atmospheric density) and agdin
measurement noise, all within the user-definedssiedl parameters for each value. For this stadlyparameters
except the satellite orbit state were perturbednwdreating sample tracking data. Tests were rilimiothe
observations in cases where the sensor had conrardong periods when the RSO objects were sibl

The design for this study included five RSOs inmas orbits, several sensor networks, and a fewedgzsayloads.
The notional geometry is shown in Fig. 1. with tiaast satellites located at approximately 50E artel. 80
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Fig 1. Depiction of notional Hosted Payload arattiiee

Multiple tracking stations and sensor networksracgleled including relevant statistical charactagsof their
measurements, detailed in Tab. 1. Each pass fivea tracking strand is modeled by first computihg window of
time during which certain basic visibility constits are met. Then a pass is chosen from withiretimiervals that
conformed to that tracking strands specified metihmgly. Next a selected tracking schedule is thecgssed in the
ODTK simulator to generate the observations. Thrukited observations are processed together ifilitdreand

smoother. Finally, various output reports and péwesgenerated.

Tab. 1. Summary of tracking data properties anedagling

Network Trackers Meas. Types Meas. Pass Meas. Pass schedule
accuracy length rate

SSN Diego Right Ascension 0.5 arcSec 3 min 30sec 1 pa¥sdays (variable).
Garcia, Declination Stations alternate passes.
Moron Passes randomly placed

within constrained intervals.

0]0) Cyprus, Range Range: 5m | 15 min 30 sec| 1 randomly placed pass every
Perth, Azimuth Az: 0.03° 6 hrs. Simultaneous obs from
Hong Kong | Elevation El: 0.02° each station.

HP HP1, HP2 SB Right Ascension,10 arcSec ~12 hr 60 sec| 1 continuous pass spanning

SB Declination (variable) (variable) each constrained interval.
21 Visibility Constraints

The following constraints were applied to the ST€rgrio simulation. These constraints are notiandlspecific
parameters can easily be set within the existiagnéwork.
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satellites must not be in eclipse.

2.1.2

Object lighting Ground stations must be in full shadow (i.e. dfteal twilight) and tracked

Solar lighting angle The tracker-RSO-Sun angle must be 90° or lesgydtir ground- and space-

based trackers. The lighting constraints were sfiaglto capture first-order effects and more dethi
investigation will be the topic of future study.



2.1.3 Sensor Fidd of View (FOV) The tracked object must be within the trackers FB¥sted
payload sensors were chosen to be a square 7°X7 WO pointing fixed at 8° elevation (relative kocal
horizontal plane, positive towards nadir). The F@¥lted slightly toward nadir in an attempt tacaant
for the GEO belt curvature. The FOV constraint wasused in all cases.

2.1.4 Sensor Range The tracked object must be less than 40000 km fremracker.
2.2 Tracking Networks, Attributes, and Pass Scheduling

Three separate tracking networks are modeled, wabhdifferent methodologies for selecting trackipasses as
summarized in Tab. 1.

2.2.1 Space Surveillance Network (SSN) optical ground stations For the SSN, a few optical ground
stations are selected. This subset of the SSNsaisastvisibility over the region of interest in tBEO belt
where the RSOs are located. The two stations chergeDiego Garcia and Moron. Each station is asdume
to provide Right Ascension and Declination angtethe RSO every 30 seconds during a given pass,awvit
constant angular accuracy of 0.5 arcsec. This acgus input to ODTK as a white noise sigma, ongim
the square root of the variance representing theéaia uncertainty in the measurements.

Although the frequency of observations from 85N is a critical factor in determining achieweblit
accuracy — and is a varied parameter in the trpdees— a detailed study of its scheduling methagois
outside the scope of the present study. Insteaditampt is made to provide a simple tracking safestbr
a given RSO that is representative of historicgd@ssible operations. Tracking schedules are amtstt
by first defining the daily intervals of constratheisibility as described above, for both statioflsen a
three minute period is randomly selected from witlsach interval for the actual pass on that dais Th
results in specific times for one pass each day feach of two stations. Next these times are tlirioe
provide more sparse observations by removing passashieve one pass every given number of days,
while ensuring that passes alternate between sgafide given number of days could vary from 0.&. (i
two passes each day) to four (i.e. one pass ewenydfys). For consistency in the results, theadctu
interval start and stop times for each trackingrefrwere not changed between cases studied. Rather,
intervals were simply deleted from the schedulprtxluce fewer passes. The baseline configuratied us
one pass every two days.

2.2.2  Notional commercial Owner-Operator (OO) Tracking, Telemetry & Control (TT&C)

networks These networks provide tracking of the HPs. Tlsites with visibility over the GEO belt region
of interest are chosen to represent a notionalaorétaf TT&C stations used for the operation of the
commercial host satellites. The sites are Hong K&agth, and Cyprus. These are transponder based
systems providing range and angular measurememésiieasurements occur every 30 seconds during a
given pass, with white noise sigmas of 5 m in Rafd&3° in Azimuth and 0.02° in Elevation. Each day
divided into fourths (6 hour blocks) and one 15-ménpass is randomly placed within these inteni&deh
station used the same intervals, resulting in demealous tracking during those times. The OO tragkin
schedule was not varied in any of the cases studied

2.2.3 Hosted Payload optical sensors Tracking data provided by these sensors are asktorize
space-based (SB) Right Ascension and SB Declinatieasurements every 60 seconds during a pass. This
represents a sensor that provides measuremertisedtaa star background. It was also chosen for
simplicity, since body-relative azimuth and elesatmeasurements would require proper accounting for
and analysis of spacecraft attitude uncertain@ker attributes of the HP sensors were variabléisis

study, including the tracking schedule and sensouracy.

2.2.3.1 Tracking Schedule Two operational modes are considered for the sdretking
schedules. The first mode has each RSO trackedgithé entire visibility window at every
opportunity. This represents a sensor (or suitengors) that can track every object of interest
simultaneously for its full orbit or a single sensadth a very wide FOV. Passes are only
constrained by the visibility constraints listecbab (except for FOV) and are typically very close
to 12-hours long. This mode is used for the basetonfiguration, even though it may be unlikely
that a single sensor could simultaneously trackfale objects. The second mode has each HP
sensor defined as described in 2.1.3. Passes mstaioed by all visibility constraints listed




above. Pass length is dependent on RSO inclinamgntricity, and distance along the GEO belt
from the HP. The duration of a given pass varigeitantly between RSOs, from no change at
all (RSO orbit is completely contained within th@W¥) to reduction by 85% compared to the first
case.

2.2.3.2 Sensor Accuracy Measurements from the hosted optical sensor hawgta noise sigma
of 10, 5, or 1 arcsec. The baseline accuracy mrd€ec.

23 Multiple Satellite Solutions (M SS)

Processing observations for multiple satellitesusiameously in the same filter is known to prodaigmificantly
improved results because the estimation procesbeiter model the sensor statistics and any cdioakin the
system. However, for hosted payload architectuhés operational mode would, by definition, requaezess to and
use of direct tracking data from various distingamizations (e.g. US Government and commercial @wn
Operators) in a single data processing center. Mhis or may not be feasible. However, an efforhé&le to
understand the benefits of possible combinatiomaufiple satellite solutions and drawbacks witkgect to RSO
orbit knowledge. In every case in this study, tragldata of the RSOs from the HPs is availabldé&filter and is
combined with other measurements. Cases where R3@l@stimates are generated independently biAfPeand
then supplied as a catalog (i.e. ephemeris dawthtr tracking systems are not considered. Thaguyi reason for
omitting those cases is that on the GEO belt ewenHPs with overlapping coverage tend to createrggiically
unobservable systems and orbital estimates crémtedonly those trackers will be degenerate or kjyidiverge.
Some amount of tracking with different geometrgs;h as SSN ground tracking, is hecessary to ohtegfiable
solution. Several combinations of data and trackimghe HP are considered.

2.3.1 Host orbitsprovided by reference ephemeris In the simplest case, the orbit of the host stdsl|
are given as a reference ephemeris, not includrgréance information. Their states are not estahdy
the filter. This has a similar effect to assumirgfect orbit knowledge of the host satellites aridi nevsult

in unrealistically accurate “best case” RSO orhitsis is useful as a baseline for comparative psep@nd
is used as the baseline MSS mode. The SSN is udgdbarack the RSOs. Tracking by the OO netwark i
not directly considered, although it would ultimstproduce the reference ephemeris.

Note that while useful as a comparison basetims setup would not give meaningful RSO covaréa
information in an operational system. Including ¢hbit accuracy of the HP satellite is criticalthe
success of the overall process. There it is recamdedto model the uncertainty of the HP satellge a
reference ephemeris with covariance or assumeed fincertainty in the HP position.

2.3.2 Hoststracked by OO and SSN and processed with SSN tracking of RSOs The SSN is used to
track both host satellites and the RSOs. Thoseradisens are processed in the same filter as the OO
tracking of the host satellites.

2.3.3 Hoststracked by OO network only but processed with SSN tracking of RSOs This
configuration includes tracking of the HPs by th® @etworks in the same filter as SSN tracking ef th
RSOs only.

2.3.4 Two HPsavailable These configurations use both HPs.

2.3.5 OneHP available These configurations use only a single HP locategpproximately 50E.
24 Separation of HPs Along GEO Belt A hosted payload located immediately adjacentt®80 along the
GEO belt will have no observability of its in-trapksition or velocity. As the HP moves away frora RSO along

the belt, some in-track component will become Vsifihe difference in Longitude of Ascending Nodal)
between the two HPs is varied from 30° to 60°.

25 Ground Network Only Configurations
A number of other cases which used ground tractimg (e.g. no HP tracking of RSOs is considered)aamputed
in order to produce a fixed set of simulated obasons for use in the trade study. These are imglddr reference.




2.5.1 Host satellitestracked by OO network only This uses the OO pass scheduling as described in
section 2.2.2, but these measurements and theiedlites are the only ones processed by the.filte

2.5.2 Host satellitestracked by OO network and SSN; RSOstracked by SSN Here only ground
tracking is used in a MSS configuration. Pass salivegi for both networks is as mentioned above &ed t
SSN tracks at rate of two passes per day. Thisramgsent a very aggressive tracking schedule using
current tracking assets.

2.5.3 SSN only tracks RSOs and hosts No OO tracking is used. SSN passes can be fronpasses
per day to one pass every two days.

3. RESULTS

The results of this study are summarized in Takl@w. The baseline configuration is repeated irhessction and
highlighted in grey for comparison. Only one valéper test case is changed from the baseline gumatiion in
order to help isolate that variables influence. @ierage Root Sum Squared (RSS) value of in-t@oks-track,
and radial orbit two sigma uncertainty is showndach satellite estimated in a given test.

Example graphs of filter residual ratios and smepfiosition uncertainty are included. The residatbs show the
normalized results (residual/sigma) and perminautaneous examination of residuals with differenits on the
same graph. The results should fall within theit8t] especially for simulated data. The smoothesition
uncertainty is essentially the covariance duriregttime that the observations span. Usually, smood=eilts have a
“bathtub” effect where the state is best knowrha middle, but known less accurately at the endsenf
observational data. Because of this effect, the R$$es listed below are computed by ignoring thet &nd last 2
days of data and averaging each component. TheoRB8se averages are then computed. Note thahie sases
one or all components of position may continuoggtyw over time, which is a sign of an unreliablizedging
result.
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Fig 2. Smoother position uncertaintya(#) for RSO2 for the baseline case. Scale is fram%00 m.
Tab 2. Trade study results matrix
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Scenario Notes gl ajo © WS X J 2frsol RSO2 RSO3 RSO4 RSO5 HP1  HP2
Baseline configuration 2Ix  |x |x X 30( 10§ 110.1| 384.6] 274.2| 380.0/ 216.0
SSN schedule trade,
One pass every 1 day 1fx  [x  Jx X 30| 10§ 110.0f 376.0/ 273.6f 386.3] 214.0
One pass every 2 days (baseline) 2Ix  |x |x X 30( 10§ 110.1] 384.6] 274.2] 380.0/ 216.0
One pass every 3 days 3Ix |x Ix X 30| 10§ 110.3] 387.8| 274.3| 381.0| 2164
One pass every 4 days 4Ix  |[x X X 30( 10§ 110.3] 388.6| 274.3| 3819 216.6
Multi-satellite solutions (MSS) trade
HP ephemeris (2 HP) (baseline) 2fx  x Ix X 30| 10§ 110.1] 384.6] 2742 380.0/ 216.0
SSN tracks RSOs and 2 HPs 2fx |x X |x Ix 30| 100 163.9] 400.6| 294.0( 394.4| 2453| 74.6] 75.9
SSN only tracks RSOs (2 HPs) 2fx  |x X X 30| 10§ 164.0] 401.0| 2952 394.5| 2454| 74.7 75.7
SSN tracks RSOs and 1 HP 2|x X |x I 30| 10§ 402.9] 816.6| 700.7[ 938.6| 1033.5| 92.8
SSN only tracks RSOs (1 HP) 2|x X X 30| 10§ 408.0/ 808.8| 697.1| 935.5| 1030.1| 93.2
HP ephemeris (1 HP) 2|x X X 30| 10§ 377.7| 802.1] 682.0( 923.4| 1017.0
Hosted Payload tracking trade
Full tracking of all RSOs (baseline) 2Ix  |x_ |x X 30( 10§ 110.1] 384.6) 274.2] 380.0/ 216.0
Fixed sensor FOV 2Ix |x  x 30( 10§ 601.8) 407.8/ 408.7| 401.4, 230.0
LAN separation trade
LAN separation 30 deg (baseline) 2Ix  |x X 30( 10§ 110.1| 384.6/ 274.2| 380.0/ 216.0
LAN separation 60 deg 2 X 60| 100 324.9] 624.6| 618.2( 632.6/ 552.0
HP measurement accuracy trade
10 arcSec (baseline) 2Ix  |x |x X 30 10§ 110.1] 384.6] 274.2] 380.0/ 216.0
5 arcSec 2Ix  Ix x X 30 5§ 60.6] 205.0/ 145.2] 2049 1145
1 arcSec 2Ix  Ix x X 30 1§ 17.8 46.6 32.4 48.0 25.9
Other configurations for reference only
HP sats: OO tracking only E 93.8 89.5]
HP sats: OO and SSN tracking, RSOs SSN only 0.5 X 3774] 3434] 3751] 2919| 2676| 89.6| 86.7
SSN tracks RSOs & HPs, 2 passes every 1 day 0.5 X 3885/ 3482 3912] 2971 2743] 935 1123
SSN tracks RSOs & HPs, 1 pass every 1 day 1 X 5138 6882 6787 7528 3671 93.1 89.2
SSN tracks RSOs & HPs, 1 pass every 2 days 2 X 7517| 6507| 9672 9404| 7055| 93.4 89.2
SSN tracks RSOs & HPs, 1 pass every 3 days 3 X 41049 20673| 11146] 7465 15355 93.5 89.4
SSN tracks RSOs & HPs, 1 pass every 4 days 4 X 12887| 20052| 12842| 49524| 33828
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Fig 3. Measurement residual ratios for RSO5 forfited sensor FOV case. The RSO5 orbit drifts pHytiout of

the HP2 field of view.

Fig 4. Simulated view from HP2 tracker

4. DISCUSSION AND CONCLUSIONS

A number of preliminary conclusions can be dravamfithe above simulations.

SSN Tracking Schedule Varying the pass frequency between one pass easrand one pass every four

days has an almost negligible effect on orbit utaiety. This indicates that the sparse ground-based

4.1

measurements add little additional knowledge tdfdnenore abundant HP observations. However, GEO



4.2

4.3

4.4

4.5

orbits are generally not observable using only lemgr space-based measurements [1]. Some suppart fr
the ground may be required for the filter to cogegithough perhaps not much. If there is a minimum
amount of ground tracking necessary for reliablatsms, it was not identified in this study.

M ulti-satellite Solutions Adding one HP can provide a large improvement&0ORorbit knowledge and
adding a second HP can increase this even moragladsieference ephemeris, with no covariance
information included, results in highly optimisiRSO estimates representing a “best possible” tdbde
useful as a comparison baseline, this setup waatigine meaningful RSO covariance information in an
operational system. Including the orbital uncetiaof the HP satellite will be critical to the s@ss of the
overall process.

In these simulations, processing Owner-Opettadaking data along with SSN and HP tracking data
provides notable improvement in HP orbit knowleddewever, a real-world system may see additional
benefit because the OO tracking (and resultant iBRs) could help to better calibrate the SSN se1so
This process could help identify biases that ane tvarying or potentially unobservable using SSN
measurements alone, or possibly lend insight titiaddl sensor calibration parameters.

HP Tracking M ode Quantity of HP observations is also an importaived. For the highly inclined
RSO1, a fixed FOV yields roughly 90% fewer measweeis and about 5 times worse performance.

HP L AN Separation Although increasing the distance along the GE®irtiveen observers improves
observability (an in-track component is now vis)litealso scales the effect of HP measurement
uncertainty, which is defined in terms of arc. Mageurate sensors than those investigated hergieddy
a net benefit from greater LAN separation.

HP M easurement Accuracy Measurement accuracy has a nearly linear impatt@RSO uncertainty: a
sensor that is 10 times better gives about 8 time¢ter results.

5. FUTURE WORK

An effective framework for quickly analyzing HostBayloads and SSA architectures is readily availabing
COTS software tools. Several areas of investigai@ongoing.
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Sensor Tracking Schedules Some questions remain about how much tracking fubvat sources is
necessary to obtain reliable orbit solutions. Fougd based measurements, the impact of fewer c& mo
irregularly spaced passes is of interest. For spased observations, other areas of interest irchadous
scheduling algorithms, observation frequency, &edrpact of coordinating ground and space-based
measurements when space-based measurements sspaalse

Inclusion of LEO or MEO Orbit Optical Trackers Availability of SBSS or other systems may
compliment GEO hosted payloads in an overall agchitre.

L arge HP Networks Multiple HPs spaced around the GEO belt could @wmore than two trackers for
the same RSO, at varying orbit geometries.

High Fidelity Sensor M odeling Using the new Electro-Optical/InfraRed (EOIR) daifity in STK, very
detailed models of sensor optics and RSO shapiceuand spectral properties can be includedifgren
fidelity modeling of visibility intervals.
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