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An experiment is described in which the performance of the Naval Space Command Fence Receiver Suite is
evaluated using satellite laser ranging. Fence measurement accuracy and precision is presently assessed based on
cataloged orbits, which are not suf� ciently accurate for rigorous calibrationand trend identi� cation. Satellite laser
ranging is a well-known high-precision data type, which can provide submeter reference positions routinely. Two
methods of sensor evaluation are investigated. One is an ephemeris-based approach, where a truth reference orbit
is determined from laser ranging data from a number of different satellites at different altitudes. Fence-based
residuals are then computed from this truth. The second is a geometric method, which computes satellite positions
directly using ranging data and angle data from the telescope. A mathematical treatment of the geometric dilution
of precision for both methods is included in the discussion. The overall experiment showed that the fence sensor
suite is operating to within 14–17 times its noise � oor of 10 ¹rad at zenith. We believe that this is the most extensive
measurement of the fence performance utilizing an external and independent data type, and due to the precision
of the data type, its overall response and error trends are identi� ed.

I. Introduction

T HIS paper describes an experiment conducted with the Naval
Space Command fence and the Naval Research Laboratory’s

satellite laser ranging (SLR) system integrated on the 3.5-m tele-
scope at the U.S. Air Force Research Laboratory Star� re Optical
Range (NRL@SOR). The current assessment of fence measure-
ment accuracy and precision is based on cataloged orbits. However,
theseorbitsarenot suf� cientlyaccuratefor rigorousdatacalibration.
SLR-derived reference positions can provide the requiredaccuracy.
The purpose of the experimentwas to demonstrate the feasibilityof
using laser radar for independent external performance evaluation
of the sensor receivers.Two methodologieswere investigated.Both
methods proved viable, and each method appears appropriate for
operational calibration within a speci� c regime.

Precisionephemeridesforknown objectswerederivedusingSLR
data from NRL@SOR as well as from other SLR sites locatedglob-
ally.Positionswere then interpolatedfrom theephemerisat the times
of the crossingof the fence and at Elephant Butte, in particular.This
method of calibration was compared to a geometric method, where
position was derived directly from SLR and angle data that were
obtained simultaneously with fence crossings. Such a comparison
of techniques was made possible by the proximity of NRL@SOR
to the Elephant Butte receiver site.
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Results presentedshow the extent to which the fenceperformance
can be evaluated and calibrated using truth ephemeris and postpro-
cessing, as well as in real time using simultaneous range and angle
data from an SLR site nearly collocated with a fence receiver. To
our knowledge,these are the � rst such data presentedon this subject
for the fence, and the � rst comprehensive insight is provided into
error trends in the receiver system because of the higher precision
and accuracy of the SLR-derived reference data.

II. Fence
The Naval Space Surveillance sensor system (NAVSPASUR

fence) operated by Naval Space Command (NAVSPACECOM) is
a continuous-wave multistatic radar deployed across the southern
United States along a great-circle arc, which de� nes an east–west
baselinefor the rf interferometer.This system has come to be known
as the fence. Figure 1 shows the facilities located across the United
States. The fence provides real-time unalerted detection and metric
observations for a majority of the near-Earth space object popula-
tion and many high-altitudeobjects.The fencedetectsessentiallyall
trackable near-Earth satellites having orbital inclinations of 30 deg
or greater. It records about 160,000 observationsdaily and forward
up to 22,000 triangulated satellite positions to the Space Control
Center (SCC) in Cheyenne Mountain. The yield provides data on a
majority of objects in the total space catalog.

The sensor suite consists of three transmitters and six receivers
located across the southern United States. The fence measures di-
rection cosinesgiving the apparentangular positionof spaceobjects
with respect to the receivers.The basic geometry is shown in Fig. 2,
where the cosine is de� ned in terms of the baseline orientation of
the antennas. The de� nition of the direction cosines is

cos µ D Os ¢ .b=b/ D p=b (1)

cos µ D Á.¸=b/ (2)

where Os is the unit vector in the direction of the satellite, b D jbj,
p is the path length difference from the source to the two antennas,
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Fig. 1 Map of the facilities.

Fig. 2 Geometric description of cosine µ as constrained by the inter-
ferometer’s baseline and orientation of antennas.

and Á is the measured phase. The error in direction cosine resulting
from the phase measurement error is

d cos µ D dÁ.¸=b/ (3)

where 2¼Á D 2¼ p=¸. Each site contains baselines from 9 to 557 m
through the combination of various antenna elements.

The main transmitter radiates at the single frequency of
216.980 MHz, whereas the two auxiliary transmitters radiate at
216.970and 216.990MHz, respectively.The receiversare designed
to detect signals that are Doppler shifted by up to 15 kHz from the
center frequency.By design, the transmitter and receiver beams are
con� ned near an Earth-� xed great-circle plane inclined at about
33 deg to the equator, forming a radar fence. The station locations
span a 35-degarcof longitudebetween117± and 82± west. Coverage
of satellite passes between these limits is assured for near-Earth or-
bits having inclinationsabove 33 deg. Over the Atlantic and Paci� c
Oceans, coverage is altitude dependent because of horizon limi-
tations, but does extend to orbits of lower inclination. Though its
strength is in detection of near-Earth satellites, the system routinely
makes detections at slant ranges of more than 25,000 km and occa-
sionally at ranges of more than 40,000 km, giving it wide coverage
in both altitude and longitude.

The primary system observablesof these interferometersare val-
ues of east–west (EW) and north–south (NS) directioncosinesmea-
sured nearly simultaneouslyat each of the six receiver stations.The
system accuracy is among the best for high-volume space surveil-
lance sensors. Speci� cally, the precision of EW cosine residuals,
reckoned over the entire catalog, is about 0.000200 rms, and it is
known that orbitmodel errors contributesubstantiallyto these resid-
uals. Additionally, the system produces estimates of Doppler shift,
Doppler rate, and cosine rates as byproducts of the primary data
reduction.

The cosine data can be triangulated, producing estimated posi-
tion values, and for practical operational reasons, this is done when
NAVSPACECOM reports observations to the SCC. However, for
updating the orbital elements, it is better to use the angles-only
data themselves. The direction-cosinedata are available at NAVS-
PACECOM, where they are used forAlternateSpace ControlCenter
(ASCC) catalog maintenance, whereas the SCC uses the triangu-
lated positions in an azimuth-elevation-rangeformat that is compat-
ible with data from other radars in the space surveillance network.

III. SLR
SLR is a well-known technique, which can provide independent

positions to centimeters for objects whose surface geometries are
well known and for which orbits are well sampled. SLR uses direct
detection in the optical regime to time tag the two-way range to a
given satellite. This value is then corrected for system errors and
combined with range data from other sites. The ensemble of data is
then reduced and analyzed using orbit determinationmodels. It has
been demonstrated that NASA’s GEODYN, a batch least-squares
method, can produce position estimates accurate to centimeters1

when the orbit is optimally sampled. Figure 3 shows the technique.
InFig. 3a, a time-taggedtwo-way range is obtainedusing incoherent
optical radar, where R is range, 1¿c is the roundtrip corrected time
of � ight, and c is the speed of light. In Fig. 3b, the range is corrected
for system delays and analyzed using orbit determinationmodeling
to � nally produce a spacecraft’s ephemeris.

In March 1995, � rst returns were obtained from a new experi-
mental high-precision SLR station for the Department of Defense.
NRL integrated a 300-mJ, 250-ps, 10-Hz, doubled-Nd:YAG sys-
tem on the 3.5-m telescopeat NRL@SOR.2 This rangingcapability
was operational from March 1995 to March 1997. This capability
presented an extremely robust link. The energy-area � gure of merit
for NRL@SOR is 2.88, which is 65 times greater than the NASA
0.75-m ground systems. Precision to LAGEOS, a satellite used by
the international community for geoscience and calibration, from
NRL@SOR was on the order of 2–3 mm one sigma, and accuracy
was on the order of 1 cm, one sigma.

This powerful capability provided data for precision orbit esti-
mation for spacecraft spanningranges from 400 to 40,000 km using
retro-enhanced satellites. Speci� cally, returns from spacecraft as
high as 22,000 km have been routinely obtained from NRL@SOR.
Tracking and acquisition agility has been demonstrated against
spacecraft as low as 380 km, enabling successful ranging to the
German satellite GFZ.

NRL@SOR is located 175 km to the north of Elephant Butte,
where one of the fence’s most sensitive receivers is located. This
circumstance allows calibration using SLR measurements that are
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a) Range obtained

b) Position determination

Fig. 3 SLR.

simultaneous with fence crossings of satellites throughout a large
rangeof altitudes.The proximityof these sitesenabledthecollection
of a unique data set. These data provided the basis of analysis to
determine if collocation of an SLR ground station with a fence
receiver could provide a real-time method of calibration.

IV. Calibration Issues
Currently, the cataloged element sets may be in error by kilo-

meters because of the simpli� ed orbit models used to update the
catalog in real time. Reckoned against the whole catalog, the cosine
residuals usually fall in the neighborhood of 0.000200 rms, with
biases almost an order of magnitude smaller. However, because the
fence is a major contributor to the total observation base for the
space catalog, the catalog residualscannot form the basis for metric
calibration.A rigorouscalibrationtechniqueshould use an indepen-
dent data type that is at least an order of magnitude more accurate
and precise than the fence measurements.

A type of internal calibration is routinely performed at the fence
receiver stations.Every 30 min, a locally generated referencesignal
is injected into the receiver electronics downstream of the antennas
themselvesbut aheadof the signalprocessingelectronics.The signal
simulates the antenna phases for a zenith pass of a satellite. By
processing this calibration signal through the receiver electronics
and interferometricalgorithms,cosine variancescan be derived that
re� ect the error contributions from these sources. Typically, these
internalcalibrationcosinevariancesare about0.000010,a value that
approximates the noise � oor of the current fence equipment, aside
from possible systematic errors. The disparitybetween this internal
calibration value and the quoted nominal value of 0.000200 rms
represents the orbit model prediction error and the measurement
errors due to space environmental effects along the propagation
path, as well as antenna and cable physical variations. The critical
question becomes: Is there an independent external means to gain
insight into fence cosine measurement accuracyand precision in the
region between 0.000200 and 0.000010?

It is well known that reference orbits can be determined to an
accuracy of centimeters for selected satellites when suf� cient SLR

observations are available. The internal fence cosine variance is
equivalent to about 10 ¹rad overhead, which is about 10 m of po-
sition at a range of 1000 km. Clearly, reference orbits accurate to
less than 10 m at 1000 km can be used to assess both systematic and
random errors in the fence measurements.

A. Geometric Dilution of Precision
Simple estimates for the level of cosineprecisionthat couldbe as-

sessed by SLR-derived data can be developedin both the ephemeris
case and the geometric case. Of the two methods, the ephemeris
case is simpler to analyze and will be considered � rst.

B. Ephemeris Method
The geometrical relation between ephemeris position reph and di-

rection cosinesmeasured at the same time (corrected for light time)
is

reph D Rs C us ½s (4)

where Rs is the fence station position vector, us is the measured
line-of-sight unit vector, and ½s is the slant range from the fence
station. Figure 4 shows the sighting geometry.

The local topocentric frame at the fence station is de� ned by
an orthonormal vector basis .Hs ; Es; Ns/ representing the geodetic
vertical, east and north directions, with respect to the great circle,
rather than the true geographical directions. In particular,

us D 1 ¡ m2 ¡ n2Hs C mEs C nNs (5)

where m is the EW directioncosineand n is the NS directioncosine.
Consequently, on rearrangement of Eq. (4)

us D .1=½s/.reph ¡ Rs/ (6)

and the components of interest are simply

m D .1=½s/Es ¢ .reph ¡ Rs / (7)

and

n D .1=½s /Ns ¢ .reph ¡ Rs/ (8)

Variationsof m and n with respect to variations in ephemeris and
stationpositionsprovidethe basis for an approximateerror analysis.
Assume that all variations on the right-hand side are independent
so that their net effect is described by a quadratic sum. Moreover,
each squared variation can be interpreted as the variance (squared
standard deviation) of the quantity. Then the EW cosine variance is

.±m/2 D 1 ½2
s .Esx /2.±xeph/2 C .Esy/

2.±yeph/
2

C .Esz/
2.±zeph/

2 C 1 ½2
s .¡Esx /2.± Xs/

2

C .¡Esy/
2.±Ys/

2 C .¡Esz/
2.±Zs/

2 (9)

where X , Y , and Z are the components of station position and x , y,
and z are the components of ephemeris position. This approximate
formula neglects implicit variations in the local basis vectors and
the slant range, but otherwise gives the uncertainty in EW direc-
tion cosine due to given uncertainties in the ephemeris and station
positions. This value is, therefore, the smallest measurement error
that can be resolved using the given data. Finding all of the indi-
vidual variances on the right-hand side calls for extensive analysis,
beyond the scope of this discussion.But assigning the same value to
each componentof ephemerisuncertaintyand likewise for the com-
ponents of station position uncertainty yields a conservative upper
bound. In that case, because Es has unit magnitude,

.±m/2 D 1 ½2
s .±reph/

2 C .±Rs/
2 (10)

As can be seen, theephemeriserrorsandstationpositionerrorsaffect
the limiting resolvablecosine error in the same manner. In practice,
the surveyedstation locationsare uncertainat about the 1–2 m level,
whereas the best SLR-derived ephemerides are uncertain at about
the 0.1-mlevel.Therefore,at a typicalslant rangeof 1000km, cosine
errors can be resolvedat the level of 10¡6, well below the noise � oor
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of 10¡5 quoted earlier for the present fence system. [Following the
same reasoning,Eq. (10) also serves as the upper bound for the NS
cosine variance.]

C. Geometric Method
As an alternateapproach,it is of interestto knowthe level to which

cosine precision can be assessed with a geometric solution using
SLR data. That is, cosine uncertainties would be generated using
SLR range and angle data only. No ephemeris would be generated.
This approachwould obviate the necessityof generatinga reference
orbit and might enable real-time response.

It is more complicated to estimate the resolvable cosine error
when simultaneousSLR data is used without a referenceorbit being
generated.The reason is that the SLR sightinggeometryhas a strong
effecton the results.The basicrelationbetween fencemeasurements
and simultaneous SLR measurements is

Rc C uc½c D Rs C us½s (11)

where Rc is the SLR station position vector, uc is the SLR line-of-
sight unit vector, and ½c is the SLR slant range. In terms of local
topocentric basis vectors, the SLR line of sight is described by

uc D .sin "/Hc C .cos" sin Ã/Ec C .cos " cos Ã/Nc (12)

where " is the elevation angle and Ã is the azimuth angle mea-
sured by the SLR station. These basis vectors are oriented with the
geodetic vertical and true geographiceast and north. Then the fence
measurement vector is

us D .½c=½s/uc C .1=½s /.Rc ¡ Rs/ (13)

and the components of interest, the EW and NS direction cosines,
can be expressed as

m D .½c=½s/[.Es ¢ Hc/ sin " C .Es ¢ Ec/ cos " sin Ã

C .Es ¢ Nc/ cos" cos Ã] C .1=½s/Es ¢ .Rc ¡ Rs / (14)

and

n D .½c=½s/[.Ns ¢ Hc/ sin " C .Ns ¢ Ec/ cos " sin Ã

C .Ns ¢ Nc/ cos" cos Ã] C .1=½s/Ns ¢ .Rc ¡ Rs/ (15)

Now for an approximate error analysis, consider the variations of
m and n with respect to variations in the SLR measurements ½c,
", and Ã and with respect to variations in station positions Rc and
Rs . Again, neglect implicit variations in the basis vectors and slant

Fig. 4 Local topocentric vectors of the two sites and their relationship to the spacecraft in the instantaneous terrestrial frame.

range. The limiting cosine error that can be resolved with given
errors in all of these parameters is approximately

.±m/2 D 1 ½2
s [.Es ¢ Hc/ sin " C .Es ¢ Ec/ cos " sin Ã

C .Es ¢ Nc/ cos " cosÃ ]2.±½c/
2 C ½2

c ½2
s [.Es ¢ Hc/ cos "

¡ .Es ¢ Ec/ sin " sin Ã ¡ .Es ¢ Nc/ sin " cosÃ ]2.±"/2

C ½2
c ½2

s [0 C .Es ¢ Ec/ cos " cos Ã ¡ .Es ¢ Nc/ cos " sin Ã ]2

£ .±Ã/2 C 1 ½2
s .Esx /2.±X c/

2 C .Esy /2.±Yc/
2

C .Esz/
2.±Z c/

2 C 1 ½2
s .¡Esx /2.±X s/

2 C .¡Esy /2.±Ys /
2

C .¡Esz/
2.± Zs/

2 (16)

An exactly analogous formula would appear for the limiting NS
cosine error that can be resolved, in which Ns replaces Es . It is
clear that the limiting cosine errors depend strongly on the geomet-
ric circumstances, such as the actual azimuth and elevation of the
SLR sighting and the relative positions of the two stations. There
seems to be no simpli� cation or further approximation that applies
accurately in all cases.

V. Results and Discussion
A total of 37 simultaneous NRL@SOR SLR and fence passes

were obtained over the DOY 303–323, 1996, inclusive.3 Data were
taken for a number of satellites are given in Table 1.

For a given crossing, a number of fence receivers obtained data
from multiple transmitters and Doppler regions. The number of
crossings from each of the fence sites is listed in Table 2. As can
be seen from Tables 1 and 2, there were only 11 simultaneous
NRL@SOR and fence collections for TOPEX, which yielded 199
receiver collects. If the simultaneity requirement is dropped, there
were 1528 fenceobservationsof TOPEX over the datacollectionpe-
riod. In all, 37 simultaneouscases were acquired for all satellites in
the data set. Thus, over 20 days, the sample size varied considerably
between the two methods.

Table 1 Spacecraft and the 37 simultaneous NRL@SOR/fence
crossings from Oct. 29, 1996 to Nov. 18, 1996

Height, Inclin., NRL@SOR/
Spacecraft Sat. no. km deg Eccen. fence crossings

TOPEX 22076 1,319 66.0 0.0006 11
LAGEOS I 08820 5,812 109.9 0.0045 8
LAGEOS II 22195 5,598 52.6 0.0139 10
GPS 35 22779 20,166 54.3 0.0013 8
GPS 36 23027 20,012 55.1 0.0067 0
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Table 2 Fence measurements per site from Oct. 29, 1996 to Nov. 18, 1996

Measurements
Elephant Red Silver Hawk- Total fence

Spacecraft Crossings San Diego Butte River Lake insville Tattnal collects

Ephemeris method
TOPEX 119 258 252 256 272 236 254 1528
LAGEOS I 64 34 47 41 47 55 41 265
LAGEOS II 65 42 47 44 46 59 46 284
GPS 35 22 12 6 14 9 26 20 87
GPS 36 23 16 1 3 0 37 23 80

Geometric method
TOPEX 11 42 33 28 36 29 31 199
LAGEOS I 8 8 8 7 8 7 6 44
LAGEOS II 10 10 9 10 11 10 9 59
GPS 35 8 5 3 4 3 10 7 32

Table 3 Ephemeris method cosine residuals computed from SLR ephemeris-based truth
for all fence receivers: Oct. 29, 1996 to Nov. 18, 1996

EW NS
Spacecraft EW mean std. dev. NS mean std. dev. 4¾ Edit, %

TOPEX 0.000007 0.000167 0.000015 0.000206 3.3:50/1528
LAGEOS I ¡0.000063 0.000148 ¡0.000032 0.000116 3.4:9/265
LAGEOS II ¡0.000041 0.000152 ¡0.000022 0.000118 5.6:16/284
GPS 35 ¡0.000064 0.000169 ¡0.000052 0.000104 2.3:2/87
GPS 36 ¡0.000116 0.000180 ¡0.000059 0.000082 2.5:2/80
All ¡0.000014 0.000167 ¡0.000001 0.000184 3.0:67/2244

Table 4 Geometric method cosine residuals computed from simultaneous NRL@SOR
SLR and fence data for all fence receivers: Oct. 29, 1996 to Nov. 18, 1996

EW NS
Spacecraft EW mean std. dev. NS mean std. dev. 4¾ Edit, %

TOPEX 0.000030 0.000156 ¡0.000129 0.000184 3.5:7/199
LAGEOS I ¡0.000033 0.000339 0.000056 0.000263 0.0:0/44
LAGEOS II ¡0.000008 0.000147 ¡0.000049 0.000097 0.0:0/59
GPS 35 ¡0.000074 0.000181 ¡0.000039 0.000122 0.0:0/32
All ¡0.000003 0.000161 ¡0.000083 0.000162 3.3:11/334

For this experiment, the SLR measurements were used in two
different ways to produce a calibration reference for the fence data.
As discussed in Sec. II, ephemeris solutions for the spacecraft listed
were derived with GEODYN using data available from all SLR sta-
tions, including NRL@SOR. The positions were then found based
on Hermite interpolation to times correspondingto the fence cross-
ings. At the times of the fence crossings (light time corrected for
the range to the fence receivers) the position was used to generate
computed cosines for each fence site. The EW and NS fence data
were the observed values used to create residuals.

For the geometric method, the SLR data taken at NRL@SOR
simultaneouslywith the fence observationswere compareddirectly
with the fence data. Positions were estimated using experimentally
measured range and angle data from NRL@SOR. These positions
were used to generate cosines for comparison to the those observed
by each fence receiver.

Tables 3 and 4 present the sample means and standard devia-
tions of the EW and NS cosine residuals reckoned against both the
ephemeridesand geometricmethods, respectively.In every case ex-
cept one, the cosine precisionsare better than the nominal 0.000200
� gure fromcatalog-basedstatisticsfor EW after a recursive4-sigma
editing procedure eliminated spurious outliers. Also shown is the
percentage and the number of measurements that are rejected.

The SLR determined ephemeris was computed from data avail-
able through NASA’s Crustal Dynamics Data Information System
(CDDIS)¤¤ for satellitesthat passedthroughthe fence.The residuals
were generatedfrom theseephemerides.These results show that this

¤¤Available at http://cddisa.gsfc.nasa.gov/.

approach can provide a very reliable and easily assessablemeans to
characterize the performanceof the fence sensor system. However,
this is a post-processingmethodology for independent calibration.

A comparison between Tables 3 and 4 indicates no obvious dif-
ferencesin precisionusing the simultaneousSLR/fence sensor tech-
nique, given uncertainties due to small sample size. The advantage
of the latter procedureis that it is simple and fast, potentiallylending
itself to real time in � eld calibration.

Tables 5 and 6 present similar results receiver-by-receiver for a
given satellite. Data for TOPEX have been selected as an example.
The data set shows that the method can be a powerful, potentially
real-time tool to assess error trends for a given sensor.

A consistent and interesting picture of fence performance
emerges. The entire data set from this experiment represents the
most extensive comparison done to date between actual fence data
and high-precision external reference data. As such, these data in-
dicate that the fence is performing better than measures based on
cataloged orbits. Speci� cally, the fence sensor suite produces EW
cosines having a precision of 14–33 times the noise � oor (17 times
the noise � oor on average).

Because the SLR referenceorbits are severalordersof magnitude
more accurate than the catalog orbits, the cosine accuracy assess-
ment is inherentlymore reliable than that derivedfrom the cataloged
orbits.

There is no implication in the analysis and Tables 3–6 that col-
locating the SLR station with the fence station actually produces
more accurate results. The complicated form of Eq. (16) suggests
that a calibration effort based on simultaneous data would have to
be carefully planned to extract the most accurate results. A further
analyticaltreatmentof the geometricmethod can be found in Ref. 4.
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Table 5 Ephemeris method cosine residuals per fence receiver
for TOPEX, Oct. 29, 1996 to Nov. 18, 1996

EW NS
Fence rcvr. EW mean std. dev. NS mean std. dev. 4¾ Edit, %

San Diego 0.000084 0.000132 ¡0.000035 0.000190 3.8:10/258
Elephant Butte ¡0.000035 0.000105 ¡0.000091 0.000185 5.6:14/252
Red River 0.000143 0.000129 0.000237 0.000175 1.2:3/256
Silver Lake 0.000060 0.000127 ¡0.000028 0.000170 0.7:2/272
Hawkinsville ¡0.000255 0.000077 ¡0.000023 0.000183 6.4:15/236
Tattnal 0.000011 0.000084 0.000021 0.000157 2.4:6/254
All 0.000007 0.000167 0.000015 0.000206 3.3:50/1528

Table 6 Geometric method cosine residuals from simultaneous data per fence receiver
for TOPEX, Oct. 29, 1996 to Nov. 18, 1996

EW NS
Fence rcvr. EW mean std. dev. NS mean std. dev. 4¾ Edit, %

San Diego 0.000098 0.000085 ¡0.000199 0.000138 0.0:0/42
Elephant Butte ¡0.000023 0.000089 ¡0.000236 0.000213 6.1:2/33
Red River 0.000179 0.000099 0.000123 0.000076 3.6:1/28
Silver Lake 0.000109 0.000101 ¡0.000192 0.000109 0.0:0/36
Hawkinsville ¡0.000260 0.000052 ¡0.000191 0.000125 10.3:3/29
Tattnal 0.000011 0.000067 ¡0.000020 0.000125 3.2:1/31
All 0.000030 0.000156 ¡0.000129 0.000184 3.5:7/199

Table 7 Difference in residual statistics from comparison of geometric
with ephemeris methods

All TOPEX LAGEOS1 LAGEOS2 GPS 35

EW std. dev.
Minimum ¡0.0000046 ¡0.0000016 ¡0.0000082 ¡0.0000082 ¡0.0000130
Maximum 0.0000021 0.0000020 0.0000083 0.0000039 0.0000120
Average 0.0000001 0.0000004 ¡0.0000009 ¡0.0000013 ¡0.0000007

EW mean
Minimum ¡0.0000033 ¡0.0000018 0.0000100 ¡0.0000013 ¡0.0000036
Maximum 0.0000041 0.0000016 0.0000217a ¡0.0000089 0.0000190
Average 0.0000001 0.0000002 0.0000152 ¡0.0000117 0.0000007

NS std. dev.
Minimum ¡0.0000119 ¡0.0000017 ¡0.0000126 ¡0.0000138 ¡0.0000250a

Maximum 0.0000105 0.0000004 0.0000077 ¡0.0000056 0.0000196
Average ¡0.0000042 ¡0.0000011 ¡0.0000080 ¡0.0000044 0.0000075

NS mean
Minimum 0.0000005 0.0000074 ¡0.0000121 0.0000094 ¡0.0000223a

Maximum 0.0000156 0.0000148 0.0000044 0.0000132 ¡0.0000054
Average 0.0000077 0.0000118 ¡0.0000077 0.0000112 ¡0.0000115

Sample size
Geometric 323 192 45 59 32
Ephemeris 2177 1478 256 268 85

aCases where the differences in the compared residuals exceeded sensor electronic noise � oor by greater than a
factor of 2.

A basic result of this experiment was that directly comparing
fence data and SLR data is feasible in practice and that it can be
done precisely enough to establish a useful external calibration of
the fence data. The differences for the sensor suite residual statis-
tics produced by the geometric and ephemerismethods are listed in
Table 7. Based on the sample sets analyzed, the method-dependent
error contribution exceeds the receiver electronics noise � oor by a
factor of 2–3. From Tables 3 and 4, it can be seen that the error
component from the ephemeris method is consistently lower. How-
ever, the procedure to locate satellites using the geometric method
is straightforward,although the error analysis is more complicated.
Therefore real-time operational calibration becomes feasible. The
geometric methodology does require simultaneously tasking the
SLR calibrator to obtain data at speci� c fence crossing times and so
mission planning becomes an added requirement for this method.

As the behaviorof the individualcomponentsof the fenceis being
observed, it is important to examine the possible sources that might
impact the accuracy of the comparison utilizing ephemeris points
derived in the International Terrestrial Reference Frame system.
The fence has been operating in the World Geodatic System 1972

coordinatesystem.The fundamentaldifferencesbetween thesehave
been consideredand found to be near the noise � oor of the receivers
in this case.

VI. Conclusions
An experiment has been described in which the performance of

the NAVSPACECOM Fence Receiver Suite was evaluated using
SLR, which is a data type known for its centimeter-level precision
and accuracy. Two methods of sensor evaluation were investigated
using this data type. The ephemeris method required post� t satel-
lite position estimation derived from SLR data accessible in the
international CDDIS data bank. The geometric method computed
satellite position directly from laser ranging data and telescope an-
gles. Residuals derived from both methods provided an assessment
of sensor suite performance as well as insight into sensor-by-sensor
biases. The fence as a suite was shown to be operating at 14–17
times its electronicnoise � oor of approximately10 ¹rad on a zenith
pass. A mathematical treatment of the geometric dilution of preci-
sion for both methods indicatesthat there can be a signi� cant impact
from pass geometries on the results, which pertain to the geometric
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method in particular. A comparison of the results indicate that po-
tential weights and biases derived from the standard deviations and
means can provide a powerful tool to re� ne estimated postions of
satellites detected by the fence.

In addition, the data from this experiment can help answer some
important questions related to fence operations.For example, could
the current fence data support more accurate cataloged orbit solu-
tions if a more accurate orbit model were used? Can the residual
statistics for cosines (or other fence observables) be used to diag-
nose equipment problems at individual stations? What is the error
source causing a small percentage of the measurements to be re-
jected? To what extent should the calibrator and the fence sensor be
collocated to obtain meaningful results? In-depth consideration of
these questions is beyond the scope of this paper and is the subject
of future work.
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