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INTRODUCTION

The Navigation Package (NAVPAC) is a satellite-borne data collection system developed for the
Defense Mapping Agency (DMA). It consists of two sensor subsystems:

1. A receiver/data subsystem capable of tracking up to three Navy Navigation Satellites
(NAVSATS) simultaneously and recording integrated Doppler, first-order ionospheric refraction,
and timing information.

2. A miniature electrostatic accelerometer (MESA) capable of measuring accelerations due to
atmospheric drag. winds, and orbit adjust thrusts.

The receiver/data subsystem, which also provides the power, command, telemetry, and MESA data
storage functions was designed and built by the Applied Physics Laboratory of Johns Hopkins
University (APL/JHU) according to the specifications provided by the Naval Surface Weapons
Center (NSWC). The MESA was designed and built by Bell Aerospace TEXTRON according to the
specifications provided by the Air Force Geophysics Laboratory (AFGL) and NSWC.

The NAVPAC satellite-to-satellite tracking (SST) Doppler data and the accelerometer data are
used by NSWC for orbit determination for the host satellite. In the future, these data may also be
used for gravity field model improvement. The MESA data are also used by AFGL for atmospheric
density and wind studies.

NAVPAC stores the collected data in a core storage unit until it becames full (approximately
one rev). At that time, the data are automatically transferred to an onboard tape recorder. Daily,
the data accumulated on this tape recorder are telemetered to a ground station, recorded on analog
tape, and provided to NSWC. Here, the analog tape is digitized, preprocessed in the “Quick Look™
mode using preliminary trajectories, and a preliminary data quality evaluation is done. Later, the
data are grouped for a given time span and preprocessed in the “Normal” mode using the precise
NAVSAT trajectories. After preprocessing, the data are combined with the station tracking data
for the host satellite in NSWC's orbit computation program, CELEST, to produce the required
ephemerides.

The purpose of this report is to provide a detailed mathematical description of the NAVPAC
satellite-to-satellite tracking data processing procedures from preprocessing to orbit determination
including an overview of the hardware operation required for the correct interpretation of the
Doppler, refraction, and timing data. A similar description for the NAVPAC accelerometer data is
given in Reference 1.

RECEIVER/DATA SUBSYSTEM OVERVIEW

The NAVPAC receiver/data subsystem includes three identical, independent receivers for
phase-locked loop tracking of the coherent 400/150-MHz signal pair broadcast by the Navy Naviga-
tion Satellites. Each receiver is similar in design to the ground-based Geoceiver tracking equipment.
Both are designed in the ‘“master/slave™ configuration:i.e., the scaled signal dynamics from the
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400-MHz channel is subtracted from the 150-MHz channel leaving only signal variations due to the
difference in ionospheric refraction effects on the two signals. The low channel can track a satellite
only when the high channel is phase-locked.

The signal dynamics that the NAVPAC receivers must track are over twice what a ground-
based Geoceiver would see. The maximum Doppler shift is + 20 kHz, the maximum Doppler rate is
400 Hz/sec, and the maximum Doppler acceleration is + 6 Hz/sec2. Figure 1 shows worst-case plots
for these three parameters for a hypothetical satellite-to-satellite pass. Since the actual NAVSAT
broadcast frequencies are offset by ~80 ppm (-32 kHz) at 400 MHz, but the local NAVPAC oscil-
lator is not offset. the resulting Doppler frequencies range from 12 to 52 kHz. Acquisition always
occurs in the 12- to 32-kHz range at elevation angles no greater than ~ 10° as viewed from the host
satellite. Each receiver sweeps in this frequency range asynchronously with the others with each
sweep taking 40 sec (20 kHz divided by 500 Hz/sec). If a signal is detected by the high channel,
the sweep stops and NAVSAT-type modulation is searched for. If it is not found, the sweep is
restarted and a bogie counter is incremented. If the correct modulation is present, an indicator is
sent to the data subsystem to initiate the Doppler count and to the low channel to allow it to begin
tracking.

The low channel actually tracks the frequency given by

3
where

ep = error in frequency at 150 MHz due to refraction
ey = error in frequency at 400 MHz due to refraction

To first order, the error due to refraction is inversely proportional to the frequency. Therefore
eL = 8/3 ey. Substituting this into the above equation gives

3 8 3 1
fL =dlep - gey ) =468y - o) =9 ey

Thus, the low-channel tracked frequency is approximately 9-1/6 times the error in frequency at
400 MHz due to refraction. The low channel can track frequencies less than * 600 Hz with a maxi-
mum rate of 50 Hz/sec. The refraction count takes place in the data subsystem. If a loop open and
sweeping indicator is received by this subsystem at any time during the count, the count is stopped
and the refraction count for this measurement is set to zero. (In the original NAVPAC design the
loop not phase-locked indicator was used instead.)

Extensive priority logic is built into the receiver subsystem controller. If one receiver is locked
onto and tracking a NAVSAT signal and another receiver encounters the same signal during its
normzal sweep mode, the sweep stops and the Doppler frequencies are compared. If they are the
same (within 25 Hz), the original receiver has priority and continues to track while the other
receiver resumes its sweep. Whenever phase-lock is lost for 6 sec, the receiver reverts to the sweep
mode to try to reacquire the signal. It now sweeps over a frequency range starting at f{ - 1.4 kHz
(where f | is the frequency at which loss of lock occurred) and extends 20 kHz or to 52 kHz which-
ever is less. This sweep range is chosen because in certain cases positive Doppler rates are possible.
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Figure 2 shows the dynamics of a hypothetical satellite-to-satellite pass with large positive Doppler
rates. This sweep continues until the signal is reacquired or four times at which time the receiver
resets its sweep range back to 12 to 32 kHz. It is possible that one of the other two receivers

could lock on to this signal before the original receiver reacquires it. In this case the new receiver
has priority. Another important case is when two receivers are tracking separate signals and their
Doppler curves cross. Several results are possible. The receivers may continue to track their original
signals. One receiver may switch to the other’s signal in which case the receiver with priority (de-
termined by the order in which they started tracking) continues to track the common signal and
the other reverts to the reacquisition sweep mode. It may reacquire the remaining signal present or
the third receiver may acquire this signal. Another possible outcome is that the receivers will just
switch signals without any loss of lock. In all cases the priority logic circuitry ensures that the
same signal is never tracked by more than one receiver.

This logic can be disabled by command allowing all three receivers to track the same satellite.
This is called the priority defeat mode. In this mode the Doppler count intervals are not simul-
taneous. This is because the sweeps are asynchronous and acquisition is independent for each re-
ceiver. Commands also exist for turning off individual receivers and disabling the modulation search
circuitry.

Timing for the Doppler data is based on a master clock frequency of 833.333 kHz derived
from an ultrastable 5-MHz quartz crystal oscillator. This clock frequency corresponds to a time
resolution of 1.2 usec. The time code generator (TCG) is then just a 42-bit counter that increments
every 1.2 usec and starts when the data subsystem is commanded on. This counter recycles to 0
approximately every 61 days or when reset by command. Whenever the data subsystem receives
a high-channel, phase-locked indicator from a receiver, the Doppler counter starts at the first
negative zero crossing. Cycles are counted for exactly 30 NAVPAC sec (25 X 10'? TCG counts).
At this time a time over counter (TOC) starts counting at 1.2 usec steps until the next negative
zero crossing occurs. Also at this time the TCG is read out and put in the data stream along with
a receiver identification (1)) and is identified as a Doppler time mark (DTM). (The TCG is not read
out at the beginning of the count just in case the count is not completed.) The Doppler count
register now contains one less than the total number of Doppler counts collected in an interval of
30+ TOC X 1.2 X 1076 NAVPAC seconds. A Doppler word (DW) is then placed in the data stream
containing the Doppler count, time over count. and receiver 1D. At the end of the time over count.
the Doppler counter restarts at zero and this sequence is continued as long as phase-lock is main-
tained. Doppler time marks are placed in the data stream every 8 Doppler words as long as the
receiver has not lost lock.

In parallel with the Doppler count is a refraction count that terminates at the end of the
30-sec portion of the Doppler count. (An error of 1 refraction cycle corresponds to an error in
the range difference measurement of approximately 8 cm.) The Doppler word mentioned above
also contains the refraction count.

All of the Doppler timing is an internal NAVPAC function based on the output of the local
oscillator driving the TCG. The exact start time of the master clock and the exact frequency at
any instant are not known. To allow for conversion from NAVPAC time to absolute time (UTC)
in software, NAVPAC contains a navigation message recovery (NMR) unit. This unit demodulates
the signal to get the navigation message on the 400-MHz channel and decodes the two-minute time
mark (TMTM) and satellite 1D). These NAVSAT TMTMs are kept synchronized with UTC very
accurately. The NMR unit cycles among the receivers until a Doppler lock indication is present.
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It then decodes the signal in order to recover the TMTM and satellite 1D. If 4 min have elapsed
without a successful recovery, the NMR cycles to the next locked receiver. When a TMTM s
decoded, the least significanit 36 bits of the TCG register along with the satellite and receiver 1Ds
are placed in the data stream identificd as a TMTM. This portion of the TCG register recycles to 0
approximately every 23 hr.

TMTMs are the only link between a receiver and the satellite it is tracking. It is possible for a
I'MTM to occur in the data stream before a DTM signifying acquisition if the TMTM occurs during
the first 30-sec Doppler count. A TMTM may also occur during a Doppler count that is not com-
pleted due to loss of lock. [t is also possible for a TMTM from a particular satellite to be obtained
by one receiver and actual acquisition of this sateilite (defined by the first complete Doppler
count) may he on another receiver, If three satellites are being tracked simultaneously, as much as
6 min can elapse hetween indications that each receiver is still tracking the same satellite.

DTMs, DWs, and TMTMs are placed in the data stream as they are collected regardless of which

receiver they come from or which satellites are being tracked. NAVPAC also has the capability to
time tag three external events. All of the corresponding data words are 48 bits as described in

2 4 5 24 25 31 32 47 48
D[0 LIS DOHTGW “g———— Donpler word
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The NAVPAC data subsystem also collects hoth analog and discrete telemetry from the re-
ceivers. The analog data, wiich are digitized into 8-bit words. consist of AGC readings for all
receivers (high and low channels) and are sampled twice cach telemetry frame span of 114.5 sec. The
discrete data consist of such quantities as Doppler lock and sweep status indicators for all receivers
Chigh and low channels) and bogie counters for cach high channel. These are sampled once every
114.5 sec. NAVPAC also has a troubleshooting telemetry callection mode in which data are sampled
at eight times the normal rate.

The above discussion was only intended to give the reader a sufficient understanding of the
receiver/data subsystem operation for correctly interpreting the NAVPAC Doppler. refraction,
and timing data. Reference 2 contains a complete detailed description of the NAVPAC hardware
built by APL/JHU.

DATA PREPROCESSING (NAVPAC)

The primary purpose of preprocessing the raw NAVPAC Doppler data (using the NAVPAC
computer program) is to convert it into a form usable by the QSOLVE data quality evaluation
program and by the CELEST orbit computation program. In addition, information about the
NAVPAC clock is generated for use in correctly time-tagging the telemetry and accelerometer data.
Preprocessing involves four passes through the data to accomplish the following:

Calibrating the clock

Sorting data into passes

Time-tagging and converting counts to range differences
Reordering passes by NAVSAT

5wt —

The raw data are input as a stream of 48-bit words as defined in the previous section. Two modes of
preprocessing are possible: “Quick Look™ and “Normal.” These are identical except that the data
for only a subset of the possible NAVSATs ure processed in the “Quick Look™ mode.

CALIBRATING THE CLOCK

As mentioned in the receiver/data subsystem overview, the TMTMs relate NAVPAC time
{contents of a counter incramenting every 1.2 NAVPAC usec) to Coordinated Universal Time
(UTC). The input NAVPAC clock reset time is only an approximate UTC time at which the data sub-
system on command was execuled. This uncertainty along with the fact that the time increment
is not exactly 1.2 UTC usec and varies continuously imply that some type of adjustment needs to
be made to the NAVPAC times (DTMs_ host vehicle time merks (HVTMs), and telemetry and
acceferometer time marks) based on the received TMTMs,

To ensure that the displayed times for all the printed raw Doppler data can later be compared
to calibrated times for analysis purposes,the reset time is recomputed based on the first TMTM for




which trajectory information is available. The following definitions are based on the convention

that 7 represents a relative time and t an absolute time:

= NAVPAC time of TMTM in counts X 1.2 X 1070 sec

TTMTM
L Pltymrm)  |™Ns ™ Ths)
AITT = transmission time= ~———n = ——
¢ v
Aty = decode delay
Y ith receiver delay
i
e = jnput reset time

TR *+ TpMTy b Nt rounded to the nearest even minute mark, tyypy - The approximate NAVPAC
time at the time of emission of the TMTM by the satellite, 7pmm - is then given by

Tiurd T Tivim C Atrr - Al - Atgyy

Fhe recomputed reset time is then given by

t S I
recomputed TMTM IMTM
In addition. the next two TMTMs are compared against the first to venfy that the first was not
grossly in error. This recomputed reset time is used in computing all times displayed in the raw data

printout.

In the first pass through the data. quantities for each TMTM needed for the clock calibration
are computed as given later in this section. Also if the NAVPAC clock recycles or has recycled.
the DTMs and HVTMxs are adjusted accordingly where the increment is integer multipies of
242 = 4398046511104 (approximately 61 days 2 hr). Since only 36 bits of the 42-bit time word are
present in the TMTMs_cach TMTM count is compared against the previous DTM and adjusted in
increments of 236 = 68719476730 (approximately 23 hry until larger. Al TMTMs, DTMs, and
HVTMs are given an associated day, hour, and minute label and every data word (including Doppler
words) is given a time tag in seconds from the beginning of the day in the raw data printout. The
DTM times printed have 30 sec substracted from them to indicate the start time of the following
Doppler count. For this reason TMTMs and DTMs may appear to be out of order in the printout.
The time tag associated with each DW is the end time of that particular count to the nearest
second. The begin time ot a particular count is either the end time of the last count (on the
same receiver) or the time of the preceding DTM. The refraction count present in each DW has had
215 = 32768 subtracted from its raw value to get the true refraction count (which may be
positive or negative ).

To refate the satellite 11D in the TMTM data word to the NSWC satellite numbers a table
look-up procedure is used, Table 1 gives the correspondence between TMTM IDs, NSWC satellite
numbers, and APL satellite numbers for all current NAVSATSs. The printed 1Ds are the NSWC
satellite numbers unless no matceh is tound in which case the original recovered 1D is printed and
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the TMTM is deleted from any further processing. The total number of bad [Ds is printed after the
pass summary table to be described later.

Table 1. Satellite Numbers

TMTM ID NSW(C APL

36 58 30120

40 59 30130

56 60 30140

RE] 68 30190

16 77 30200

52 64 30180

62 86 30460 (TIP 1)

63 90 30470 (TIP 1)

32 93 30110 (TRANSAT)

After identifying the satellite from which the TMTM was received. tR e mpured * TIMTM i
rounded to the nearest even minute mark, tTyym . Next the time of transmission, Atyy, is
computed as

pltpyrw)  ITNs © This|

Aty . c
where ™Ns = NAVSAT position at tymTm tTMTM is assumed to be a trajectory
s = host satellite position at tTyTM timeline for cach satellite

Then the approximate UTC time, tTpM . at which the TMTM was received by NAVPAC is given by:
tTMTM = ttmTM * Atpr + Atpp * Atgp

where  Atpny = decode delay = 007373 sec (the same for each receiver)
and Atgp = ith receiver delay (different for each receiver)i =1, 2, or 3
t

This is approximate because none of the three terms added to typyy is known exactly, e.g.. Atgp.
is actually a function of signal strength. The above computation is repeated for each TMTM for !
which Aty can be computed resulting in two values for each time mark -rpypm and tyym . This
correspondence between NAVPAC and UTC times is also in error because the NAVSAT clocks are
not synchronized exactly with UTC or each other.

A polynomial equation is used to convert from a NAVPAC time, 7, to a UTC time, t, as
follows:

t=1tg +A+(1 +B)T + Cr? (n

recomputed

=L
PN 3
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This can be rewritten as:

t-t ~1=A+Br+Cr?

R recomputed

For each TMTM, an approximate value for t is computed giving an equation of the form:

t; -t -7 =A+Br + (1% j=1,2,..N
TMTM; " 'R computed TMTM; TMTM; " 2 TTMTM, TMTM

This is an overdetermined system of linear equations in the unknowns A, B, and C and can be
solved using least-squares techniques without a priori information. The normal equations are given

by:

2 "
NTMTM ?TTM1mg ?fTMTMj A ?tTMTMj
. <2 .3 _ "
%TTMTMj%TTMTMi%”TMTMj B |= ?TTMTMJ.‘TMTMj
S ~3 4 2 "
JZ-’TTMTMJ. Zj'TTMTMj Zj:TTMTMj C ?TTMTMJ. fTMTM,

where tTMTsz tTMTMj - tg - TTMTM}-

recomputed
and all sums are fromj=1 to NTMTM

After these eq' ations are solved for A, B, and C, the individual residuals of fit, €, are computed
where

P 2
§ =M™ " R T MM ) T A+ Broyoy * Crimrm)

recomputed

‘The root mean square (RMS) of these residuals is then computed

P 12
i )

€ S G

*MS T \Nrmm

and alt TMTM for which lejl > 041 €rMs are deleted and the least-squares solution repeated.

The above iterative procedure is done until no more TMTMs are deleted or until the maximum

number of iterations is reached. For each iteration, the NAVPAC time count and the correspond-

ing residual for all deleted points are printed. For the last iteration, the calibrated TMTMs, a

correction term. the t!lLMTMj terms. and the final residuals are printed along with the original and

final number of TMTMs, the number of iterations, the RMS of the residuals (in psec), the re-

computed reset time, and the A, B, and C values, The correction term mentioned above is given

by BrTMTM; + ('f%MTM,. This is the clock correction due only to the oscillator frequency offset

(related to B) and frequency drift (related to C).

Equation (1) with 1R . ymputed+ A+ B, and C as determined above is then used to convert any
NAVPAC( time, 7, toits equwaw:nl UTC time, t. After the clock calibration but still in this first

10




pass through the d=ota, the HVIMs, which have already been separated by type, are calibrated and
the appropriate delays (difterent tor cach type) subtracted out.

SORTING DATA INTO PASSES

. Because of simultancous tracking of up to three NAVSATS, the possible receiver switching
that can occur. and the loss of [ock and reacquistion possibilities. sorting of the Doppler data mnto
passes is a complicated procedure. The key data words in the sorting are the 1M1 Ms, since they

; provide the only connection between receiver number and satetlite 1D, All data for legitimate satel-
lite IDs are sorted. The following description gives a set of rules for assigning data to passes based on
f DTMs and TMTMs.

If a DTM occurs more than 10 min after the last DTM from any receiver. it is assumed that all
previously active passes have ended and a possible new pass has begun. I'our DWs are required
betore a new pass is declared active. It a DTM occurs on a receiver that has been inactive, the
assumption is made that this indicates the start of a new pass. If the DTM s the second DTM from
a receiver without an intervening TMTM. a pass has started but the satellite has not been identified.
If a DTM and a TMTM have already been found on this receiver, there are two cases to consider:

1) If the time since the last DTM is exactly 4 NAVPAC minutes + 1§ TOC;. all DWs between these
DTMs are assigned to the current pass., 2) If this time difference is not exact. future TMTMs are
checked to see if a) the receiver lost the signal but reacquired it later in which case the pass is
continued or b) a different satellite 1D is found in which case the DTM defines the beginning of a
new pass. Also in case b) the previous pass is not terminated because the possibility still exists that
this satellite may be reacquired by another receiver,

When a TMTM is being processed, its receiver number and satellite [D) are compared against
previous TMTMs until at least a partial match is found or 10 min have elapsed. Four outcomes are
possible:

1. Receiver and satellite match  This indicates that hetween the two TMTMs in question all
the data from this receiver are from the same satellite. This is normally the case.

2. Receiver and satellite do not match  This gives no information on the present receiver so
the next TMTM back is checked. If no match is found., it is assumed that the current TMTM indi-
cates the beginning of a4 new pass

: 3. Receiver matches. satellites do not  This indicates that the receiver was previously track-
ing another satellite. The present TMTM then may indicate the beginning of a new pass or a receiver
switch, The satellite that was previously tracked is searched for later on another receiver.

4. Satellite matches, receivers do not  This also indicates a switch. The pass from the pre-
vious receiver must be kept active in case its satellite TD reappears later,

When a satellite switch occurs without the involved receiver losing lock, an ambiguity exists as to
during exactly which Doppler count the switch took place. [tis assumed that all DWy since the fast
I'MTM come from the most recent satellite tracked by this receiver.




For data collected in the priority deteat mode, the sorting is simplified. All tests for switch-
ing are deleted. each receiver is treated independently, and the only requirement is to determine
when a particular pass ends and the next one begins.

The main result of this pass through the raw SST Doppler data is the assignment of pass
] numbers and the corresponding satellite 1D to every DTM and DW.

TIME TAGGING AND CONVERTING COUNTS TO RANGE DIFFERENCES

The data are now reprocessed in order to assign calibrated times to cach ohservation and to

8 convert from uncorrected Doppler counts at 00 MEz and retraction counts to first-order refraction
corrected range difference Jdata with a nominal frequency bas removed. In addition, retraction
counts are examined Yor zero or large values in which case the data are tageed.

Lach pass begins with a DTM. Since the time tag associated with a range difterence ohserva-
tion is the end time of the corresponding Doppler count, a dummy observation must be included at
the beginning of each pass which specifies the start time of the first count. This dummy observation
consists of setting the observed vaiue to Q.and the observation sigma to 1000, The UTC time, t,
corresponding to a DTM is given by

e = Tpim -~ 300, This notation ).y means substitution of the’NAVPA('
time within € ) into the time calibration Equation (1).

The UTC time associatea with the first observation immediately following the DM is given by
tobs, = Torm + TOC

Therefore. the UTC time associated with the ith obsenvation from this same receiver given the
NAVPAC time associated with the i ~ 15t observation is given by
t

nh.\‘:‘rnhxl : A0t l()(‘1&;11 )

where 7.)hs‘ STyt e 300 l’()('I + ot I()('I

In all these expressions, the TOC s actually the TOC from the DW muitiplicd by 1.2 x 10 © sec.
This procedure continues until the next D IM is encountered for the current pass. 1 it is from the
same receiver. 8 DWS from this recerver have been processed since the last DM, and

8
. - + 0 \ O

THIM, TThiw, 240, *y roc,.

then no loss of Tock has occurred and theretore timing s continued based on b quation ¢ 2y, In all
other cases, timing is restarted based on this new DM with a dummy observation. Time tagging for
up to three passes can be tuking place concurrently. The only timing ambiguity exists when a pass
switches from one receiver to another without i loss of Jock tno DML In this case. the observation
times must be hased on the next avatlable DTM from this receiver by subtracting 0.+ TOC; trom
cach uncalibrated observatnion nime starting with the tirst observation after the DTM and then
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catibrating the resalt, AU UTC observation times are converted to adiay namber and seconds from
the beginning of this day after calibration.

For each Doppier word, the Doppler count «DCand retraction count (RO are com-
bited as tollows to get the range ditterence observation

RD, = - ,C_ "(lx'l :\ RO T g 30+ 10X '»]
otlet o
where be, = Doppler count at 400 MH7 (raw Doppler count + 11 TOC; > 00)
RC; = refraction count (raw refraction count - 32768}
; V32000112 ¢ %0 ppm at 400 Milz) for satellites 58, 59, 60, 64. 68, and 77

ofiet T 33792 120 X448 ppm at 400 MHZ) for all other sateflites

Doppler count mterval i NAVPAC seconds

i

30+ I‘()('l
¢ = speed of light tin km secd
= nominal NAVPAC frequency = 400 X 100 Hz

Fach observation is assigned an observation sigma of €30, + TOC;H)” U2 However, if RC;=0or
RO, 20000 the sigma is set o 1000 Also i JRD; > 500, km. the observation value is set to 0. .

After all the DM and DWS for a given pass are processed, the pass is assigned a type number
based on the angular separation of the host satellite and NAVSAT orbit planes. Table 2 defines the
tvpe numbers as a function of the approximate right ascension of the ascending node difference.
Puass tyvpes 2 and 2 oare usually short tless than 1 3 of u revy and have a unique time of closest
approach CFC A with range ditferences negative before and positive after this time. An approximate
FCA s detined as the first ohservation time for which the observation changes sign. {f only a portion
of the actual satellite pass is present with all observations ot the same sign, then the approximate
TCA s defined as the fust observation time. it all observations are negative and the first observation
time. it all observations are positive.

Tahle 2.
Type Number Magnitude of Right Ascension Ditference (%)
0to 45
4510 135

135 to 180

e g —

Fype 1 passes are much longer than the other two types tup to 2 hr) and may have more than
one real TCA. These passes are usually segmented and cach segment treated as a separate pass in
further processing. An example of the Doppler curve for a hypothetical pass of this type was given
in Figure 2. A plot of the range difference values, which are actually used in the segmenting
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procedure, would have a similar shape but with the signs reversed. Note that there are long periods
when the Doppler shitt is increasing (range differences are decreasing). The segmenting starts by
searching the range difference values tor a change insign or 35 min whichever comes first. A change
in sign from - to + is a normal TCA. A change from + to - is also called a TCA but is actually a time
of furthest approach (zero Doppler shift but a local maximum instead a local minimum range). If
no TCA is found. the pass is segmented at this time and a type number 6 assigned to the pass along
with a FCA defined by - (tyg shs ~ Uirst obs,? ~- The negative sign attached to this value indicates
that it is not a true TCA. If a TCA is found. the next local minimum or maximum or a time span

of 35 min detines the end of this segment. If the TCA corresponds to a - to + sign change, type
number 4 is assigned to the pass. If it corresponds to a + to  sign change, type number S is assigned.
If a pass segment as defined above is less than 10 min long. the segment is extended to the next
local extremum or another 25 min. If the last observation in the pass is reached and the current
segment is less than 10 min long, this segment is combined with the previous segment. Finally, if
the last observation is reached without any scgmenting being done, the pass type is left at 1 and
again - {tag obs. © irst obs, !~ 15 assigned as the TOALD Al of the above results in pass segments less
than 45 min in duration. If the segmenting takes place during an observation span where no loss of
lock occurs. the first observation of the new segment must be a dummy observation with the
observation time set equal to that of the fast observation in the previous segment.

Various quantities designed to provide pertinent information about each NAVPAC pass are
computed and entered in a pass summary table. A subset of these quantities are also totalled over all

passes. Elevation and azimuth angles relative to the host satellite at rise, TCA, and set are computed
for each pass after a more exact TCA has been determined. TCA is refined by iterating the follow-

ing formula
TCAGy = TCA; = ' WTCAyis" 5+ T BITCA)
until )T('Ajﬂ - 'I’("\il <7 05 sec
where TCA | = assigned TCA value tas defined abowve)
p = Thg - Tps = Tange vector at I'("A,

POEING T s AP T INg Ty

il

NS NAVSATL inertial position at T(':\J

host satellite inertial position at 'l('A,

it

UTEN

Thisiteration also works for ty pe 5 passes. I the assigned TCA s negative (types 1 or o), no
iteration takes place because no real FCA exists for these pass segments. The elevation angle to the
NAVSAT is defined as the angle between the runge vector, poand a plane perpendicular to the
vector from the center of the carth to the bost satellite. ryg. A positive elevation angle means the
NAVSAT is abave this plane.

, . P
Flevation angle = 90° - Arccos | — — —
ol Iryg!
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The azimuth angle is defined as the angle in the plane perpendicular to ryg, Pyys. between the ;
instantaneous orbit plane’s intersection with Pyg and the projection of the range vector, p, on Pys '
measured clockwise.
1]
. 4
(s X g ) (s X Tiyg) '
f If 0 = Arccos |~ 0. <0 <18
i s X tnst s X s
fie X Tyye
- . S HS
b 360° - 0 if 12 rg > 0. }
then the azimuth angle = Irys X s/ '
L
0 otherwise (\
In addition. at TCA an approximate longitude and latitude of the subsatellite point is computed ‘
as follows: !
1
Define  AT= TCA -ty
, Tt e ;
v = arctan (yys/Xpg )t - mod m & AT, 360: |
R S W AN !
X = lx”S y”S) COS W ‘
Co= gt e vs 2 i ‘
) = ‘\”S )r“S) SN W
Then the longitude and latitude sre given approximately by:
= arcan (y x) 0. < A=< 3007
i
= s 90, < ¢ <907 ‘
o = Arctan | T < ¢ <905 ,
(Xps YS!
where ly . = recent time of vernal equinox
& = Farth's sidereal rotation rate = 7.2921 15855 X 107 rad/sec
rs = host satellite inertial position at TCA
‘The number of losses of Tock and reacquisition for cach pass is computed by counting the 1 ‘
number of 0. observationvalues and subtracting { for the first dumnty observation in the pass and i 1
subtracting the number of observations set to (). because of failure of the range difference absolute J
tolerance test. These losses of lock are also summed over all passes. The number of receiver switches
for each pass and over all passes are also computed. Also for cach pass, the number of zero refrac-
tion count ohservations is computed. In addition. the percent of zero refraction count observations
for all passes is determined.
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This pass through the NAVPAC Doppler data results in a CELEST-formatted time-corrected

-

observation file with the pass ordering based on the sorting procedure. The header record for each : '
pass contains the pass numbers as they appear in the pass summary table (for use in QSOLVLE) and
the pass type number (for use in GSOLVE and CELEST). ’

REORDERING PASSES BY NAVSAT

The last pass through the NAVPAC Doppler data sorts the passes by NAVSAT, which automa-
tically time orders the data for each satellite by TCA except for any segmented passes of priority
defeat data. In this case. all the pass segments from one receiver appear in sequence followed by the
- same sequence for each of the other two receivers. The data are sorted by NAVSAT because both
QSOLVE and CELEST process all the data from one satellite before going to the next satellite.

PRELIMINARY DATA QUALITY v ALUATION (QSOLVE) I

The NAVPAC SST data quality is evaluated witiy ¢ & days after data collection using the
QSOLVE computer program. This program is simiar tu the CELEST FILTLER section but contains f
features pertinent to more tumely data analysis. 1t requires & CELEST-formatted perturbed trajec-
tory for the host satellite and inertial trajectories for t'«« NAVSATS (up to 6). In addition, the
program uses the SST observation file created b, the NnAVPAC program. Only the data correspond-
ing to the overlapping host and NAVSAT trajectory spans are processed. The data for each
NAVSAT are processed a pass at a time sequentially. The results for each pass are summarized at
the end of the run and labelled with a pass number used to relate the results back to the NAVPAC
program output.

QSOLVE employs a least-squares differential correction technique to remove any signal left
in the residuals for a pass thased on preliminary trajectories) and estimates the variance of the data
based on linearly adjusted residuals after fit. The assumption is made that the residuals can be
expressed as a linear combination of the parameters to be solved for. Points inconsistent with the
rest of the points are deleted and another fit done. This iterative procedure continues until either
the maximum number of iterations is reached or until two consecutive iterations with no points
deleted occur. The parameters that can be adjusted to remove any signal present are frequency bias,
frequency drift, and radial, along-track, and cross-track position and velocity of the host satellite at
TCA. No parameters related to the NAVSAT trajectory are present in this adjustment.

For each pass (or segment ot a pass for long passes that have been split), the evaluation
proceeds in the following steps:

1. Compute the TCA for the pass using the iterative procedure given in the Data Preprocessing
section. If the initial TCA is negative, no TCA iteration is possible. Compute the elevation angle at
TCA given by the formulas in the Data Preprocessing section, Compute the rotation matrix to be
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2
used to transform the equations from the inertial Cartesian reference frame to the RAC (radial, |
along-track. and cross-track) reference frame at TCA as tollows: .
¢
fiis f
Let U= -
r [
, s/ .
!
| _ s X s
- Ifiis X Fis|
- vV=wxU |
r {
where Hs and Tyyg are the host satellite’s inertial position and velocity vectors at TCA i
then Rrca =(U VW) J
3IX3 . |
Also save Y(TCA) = ————————— = ( X 0 state transition matrix
de
HS ‘
]
2. For each observation in the pass do the following: f
a. Interpolate off of the host satellite trajectory to get e (t y and ;
erp ( st satelhte jectory go rHS( ObSl i
arug‘ thS,) |
(t()hs '—5———— = upper 3 X 6 portion of the state transition matrix.
e
Hs
Interpolate off of the NAVSAT trajectory to get ry s{tohs;). To get ryyg at the time the signal left )
the NAVSAT an iterative procedure is required. !
|
(O' = H - . = !
Let AT = Insity) rns“n" /L 0 = tobs, |
fine =t - A0 '
Define t t() "“TT
. Compute a new transnuission time estimate
(
A = Jrystty) - gt fe
If ‘At‘ ” l())( > 1079 sec. continue this procedure by letting t|+l g~ At(TJ-;-und
iterating until 'A(UH ) A!%JH < 1070 sec
Then compute and save: :
(= et g = A - ) ’
Pllons, ) = INS by, 7 BUT) ™ Tis o,
and p = pl
17
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Let

Define

and

b. Test to see if the geometric line of sight between the host satellite and NAVSAT
passes within s kilometer ol a spherical earth’s surface (SST observability test). This is done to
climinate all observations containing a significant tropospheric refraction effect.

Rmax = Rl{arth + hmin

max \ -
0 Arccos | ——
l M)
’ Quantities in parentheses are set = 1. if > 1. to handle the

Rmax
0, = Arccos | ——
I™Ns|

<
i

s " 'Ns
o = Arccos —
IFus| sl

If > 0, the observation is deleted from further processing.

SPHERICAL
EARTH

Figure 4. SST Obscrvability Geometry
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> case when hmm > the altitude of the satellite

0l + ()3 = maximum possible central angle for viewing (see Figure 4)

_MAXIMUM LINE-OF-SIGHT DISTANCE - | T,;c ! COS 4 + ' Tyg ' COS 4,




where

where

A a et et e D

¢. Assuming that the relevant quantities for the observation at tobs;_, have been saved:

1) Obtain the computed range difference value:

Cr D, = p(tohsi) - p(tohsi_l )

?) Compute the required partial derivatives of p at t,.
1

ap“obsi) C
== Sy, - TCM
ofy, f, ons;
ap(tohsi)
= - = (t.. - TCA) X 86400.
o 2, obs, ’
3t g ap(tobsi)

—_—= i ( - ]
ar t(TCA) ar”Sn()hS } ‘pr( Ohsi)w (TCA)
i

ap(tohsi) p“ohsi)
afllS“ohsi) LO(tuhs.‘)l
arHS(t(\hsi)
‘pr(tobsi) = deys

¢ = speed of light in km/sec

f = 10°

Q
f, in ppm

fy in ppm/day

3) Form the A, matrix and O - (’i for this observation as follows:

ab, AD; o,
Ai = —— N T and
afy, oy ar(TCA)
1 X8
oD, ap(t()bsi) ap(tnhsi_, )
af, A, afy
oD, ap(t()bsi) ap“uhsi_l )
of of af,
19
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an. Apt ‘nhsi) ap“nhs]» | )

!

BrETCA)  driclCA)  BricTCAY

4) Compute the weighited sum of squares of the original O - Cs:

(- (')irg
]

weighted SOS = :
! o7

3. If the number of observations remaining is < 8, processing for this pass is terminated.

Return to step 1. for the next pass.

4. Initialize the following quantities:

Sigma tolerance = Oyl = 10000. NS =0

Sigma muftiplier =0, = 1.

5. Do absolute and sigma tolerance testing on each point. (On the first pass through this
computation. the original O - Cs are tested. Also those observations with g; = 1000. are deleted !

from further processing)

wjo- (.|udj > absolute tolerance. delete the point from further processing
H
10 - qadji Z 0l O, 04 delete the point

where 6, is the original observation sigma on the input SST observation file
6. Again if the number of observations remaining is <8, processing {or this pass is terminated.
Return to step 1. for the next pass.

7. Compute the estimated variance for the remaining pass data:

l‘\"R
5
O~ Oy
Z=:I adj,

bstimated variance = T
Np + N, - Ng

i

where N no. of points remaining
N, = no. of parameters with a priori sigmas
Ng no. of parameters solved for

K. If zero points were deleted on this iteration and also on the previous iteration. go to step
16, Also increment the iteration number. and, if greater than the maximum, go to step 16. Other-

i

wise continue with the next step.
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9. Recompute the sigma tolerance

vy NO N0
Yol T\ T N 1500 NG
o N, * 50 Ng

where N = no. of observations present after the observability test was completed.

10. Compute the pass normal equations for the remaining observations using their most
recently estimated variances as tollows:

BAp=1t
Ay 0-¢,
where B=ATwa A=l O-C= :
Ay 0-C
Ng NR
and E=ATwo- o),

1
W=diag(-————~—;> i=1.2..Np
(oi Umult)_

11. Transform these normal equations so that the position and velocity adjustments are in
the RAC coordinate system instead of the ECI coordinate system at TCA:

1 0
Define R= 0! R 0
TCA
0 Rca
BR APR = }R

whiz  Bp = RTBR
, o=rTy
and kg =RL

12, Add the a prieri parameter information into Bt i.e.. add /g2 to cach diagonal for which
op # 0. Do ua singular solution of the resulting nonnal equations using the PASMAT routine trom
('Y'I,F:S‘l‘ tsee Reterence 3y to get Apg and B[{' - Apr will have 7ero rows and Bﬁ’ will have zero

rows and columns corresponding to parameters not solved for.

Compute Ap = R dpy,

. -1 -1 T
and B R BR R




0. .
i T
- oo _ o _1a
2 Al
t
4
4
13. Compute the weighted sum of squares for the points used in the above solution b
NR .2 ’
(0= Oy .
weighted SOS = e "
) =140 Oy
; and a linear adjustment to this quantity lfT_\p. Then. define the predicted signal to noise
i
[ weighted SOS - 1T ap \ /2
; S/Npreq. =~ ~.+N. N,
, SRYYA NS
where Ng = no. of parameters solved for in PASMAT ;
f o e :
Redefine o\, as |
aw) = S/ !
O mulr.(NEW) S’Nprcd. X ”mult.(om) i
l
14. Linearly adjust the O - (s i
0 - C)adj.=(0— (.)urg._ Adp ,
and compute an estimate of the variance before tolerance testing ‘
D
El (0-( )leji
Lstimated variance = —t——— —
Ng + Ny - Ng
t5. Return to step 5. to continue the processing. '
16. Processing for the current pass has now heen completed. Information for a summary
table is saved and step 1. is initiated for the next pass.
¢ Various levels of printout are available during cach iteration above. The most useful is a printer
plot of the adjusted O - (s in which the horizontal spacing between points is uniform even if the
observations are not uniformly spaced. Any signal left in the adjusted O - Cs is usually apparent in
these plots.
A summary table is given after all passes have been processed. [t contains the following informa-
tion grouped by NAVSAT and ordered by TCA for each NAVSAT:
1. Two pass numbers  the first is the pass number assigned in QSOLVE and the second was
assigned in the NAVPAC program.
2. No. of iterations
22
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3. No. of points deleted by the SST observability test
4. No. of points deleted by tolerance testing

5. No. of points remaining in final iteration

6. ‘7 of points deleted by tolerance testing

7. Receiver number(s) (contained on the SST observation file)

8.. TCA (day. seconds) and elevation angle at TCA

ey

9. Maximum O - Cyug;; and square root of the estimated variance based on the final iteration
adjusted O - Cs (labelled RMS),

10. Position navigations in the RAC reference frame and their sigmas (from Kf)R and Bﬁl)
(both are 0.0, if the parameter was not solved for)

11. Frequency bias solution. Iy, in ppm

12. Frequency drift solution, fy. in ppm/day

13. NSWC( satellite no

ORBIT DETERMINATION (CELEST)

GENERAL

After the NAVPAC SST data have been preprocessed. it is in the proper form for use in
! CELEST  NSWC's orhit computation program. CELEST employs a classical weighted least-
squares differential correction technique to tit satellite initial conditions and force and measure-
ment model parameters to varjous types of observations. The program consists of four major
sections:

1. ORBGEN  generates the reference trajectories and dynamic partial derivatives
2. FILTER  edits and determines weights for the data and forms pass matrices

3. BSOLVR  expands and combines pass matrices to obtain solutions and computes
diagnostics

! . . . . )
i 4. COVAR  propagates the solutions and their covarnances to produce the fitted trajectory
CELEST is unlike most orbit computation programs in that it employs the “‘pass matrix’ concept.

Pass matrices are essentially normal equations hased on data from each pass separately. The FILTER
forms the pass matrices as an integral part of its data cditing and weight determination procedure.
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In the BSOLVR section, the solution for a given span (cither a long or short arey s based on

pass matrices with TCAs in this span only. These so-called canonical pass matrices are updated to the
epoch of the fit span and then certain expansions have to be performed to adjust the equations to
reflect the actual drag and thrust profiles. Reference 3 contains a complete mathematical descrip-
tion of the CHLEST program betore it was modified to handle the NAVPAC-related data processing
procedures.

I'he purpose of the rest of this report s to describe the modifications and additions to
CELEST that were specifically designed to refine the processing procedures for station tracking
data for the host satellite and or the NAVSATS (single~satellite mode) and to make possible
processing of the NAVPAC SST data (multisatellite modey. Moditications that atfect the NAVSAT
processing were required because the precise NAVSAT trajectories tin the form of hybrid trajec-
tories) are required for the NAVPAC SST data processing procedures.

INTEGRATION (ORBGEN)

All sections of CELEST were modified to accomodate up to eight satellites simultancously
the host satellite and up to seven NAVSATs, ORBGEN has been expanded to integrate up to eight
trajectories of the same type (inertial. perturbed, or earth-fixed) in one run done sequentially. If
the initial conditions for the NAVSATSs are not given at the same time, each set can be updated or
backdated to a general epoch defined as the host satellite trajectory epoch. The only restrictions on
these integrations are that all NAVSAT integrations must use the same gravity field model and are
limited to two drag segments and one thrust. The primary use for this capability is for simulation
studies. In practice, all NAVSAT trajectories required for NAVPAC data preprocessing and CELEFST
processing are determined independently by running CELEST in the single-satellite mode using
station tracking data.

Perturbed trajectories (time histories of position and partials of position with respect to initial
conditions and force model parameters) are required in CELEST for all satellites for which data are
to be processed. Hybrid trajectories (modified perturbed trajectories defined under the COVAR
section below) are actually required for the NAVSATS when processing NAVPAC SST data. The
epochs of the NAVSAT trajectories must be equal to or earlier than the host satellite trajectory
epoch. In the multisatellite mode, if the solution has not converged and reintegration using improved
initial conditions from the fit is required. only the host satellite trajectory is reintegrated. Any
solved-for corrections to the NAVSAT initial conditions are ignored.

ORBGEN is also used to generate the host satellite perturbed trajectory for use in the
NAVPAC program “Quick Look™ route and QSOLVE. For this the ARDC 1939 density model

was incorporated into CELEST, This model is detfined as tollows:

For altitudes 76, < h - 108, nmi:

. 76.\ 718 | /108 - h , h-76\%3
Y )T e g

h  76. L3
X 11+ 1:34’ (. +cosyr




where p = density in slugs/ft}
P76 = density at 76 mmi in slugs. el
h = satellite’s geocentric altitude above its subpoint in nmi
Fg7 = solar flux at 10.7-cm wavelength

1
Cos y = Vlﬁ [(xk’s +ymg) cos 0+ (y{ - xm) sin 0+ zns]
. L. X 3 ) k] ~
where r = satellite position vector = (y) (ri~=x-+y-+z-)
7
K, = cos )‘s
mg = sin A cos |
ng = sin A_sin |
0 = 0.55rad

md . md
A = — - 1.41+.0335sin{ ~—~
182.625 182.625

d = no. of days elapsed since 31 December 1957 to epoch day (1 yr = 365.25 days)
I = orbital inclination (in rad)

For altitudes 108. < h </ 374, nmi

3
p=p,() 85 F 5 {1. +.02375 (91020 1 9) (1.0+cos ) ]
< . - — tHIgK}
where  p,(hy = ¢3302585003C- 15.73K 00368h +6.363¢ )

These computations result in densities in slugs 113 and need to he converted to kg/km? by multipl-
cation by 5.15375 % 10! V. This model can be used for determining the drag accelerations to be used
in the integration of the equations of motion only. The variational equations were not modified to
accommodate this model: i.c.. dp/dris still derived from the standard CELEST density model.

DATA EDITING, WEIGHT DETERMINATION. AND PASS MATRIX FORMATION (FILTER)

General

The purpose of the CEHLEST FILTER section s to edit and assign weights to the data based
on its poise variance and to form pass matrices for use in BSOLVR. For the NAVPAC SST data
(Class 4. Type 200 bastcally the same procedures as defined i Reterence 3 for ground station tracking
(GT data are used with modifications made to account for the fact that the data are collected by
an orbiting satellite instead ot a ground station. Fhese modifications are given below. The FILTER
section can process G odata only . SST data only. or both tdone sequentially - GT then SST) and
generate the appropriate pass matrices. Modifications that aftect the GT data processing procedures
tfor both the NAVSA LS and the host satelhter were included as part of the NAVPAC changes.
Fhese are described next
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GT-Related Modifications

The primary Gl-refated modification was adjustment of the processing procedures to account
for the fact that the transmitting antenna is displaced from the center of gravity for each satellite.
Tt is assumed that the satellite is oriented with its negative vertical axis through its center of gravity
(c.g.) pointed at the center of the earth and no rotation about this axis (yaw motion) is possible.
This is an approximation. since the NAVSAT and host satellite stabilization systems keep this axis
oriented normal to the ellipsoidal carth using gravity gradient and active control techniques. respec-
tively. The antenna offset from the ¢.g. must be taken into account when determining the computed
value for each observation and its partial derivatives. The reterence trajectory used is assumed to be
the trajectory of the center of gravity of the satellite.

For range difference data types ¢Class 9, Types 8.9, and 3). the iertial position of the trans-
mitting satellite at the time of signal emission is adjusted as follows:

Compute a rotation matrin RRJ\( by

R = (5 X B rXEN
zRAz( Irf HEX Py X or) r X 1

where 1.1 = Teg: rc1g = satellite’s position and velocity vectors at time of signal emission

This defines the assumed body-fixed axes orientation in inertial space.
[hen Tant. = rcg. + RR(‘ A"\ranl,

where Ar, { = antenna offsets with respect to the c.g. in the body-fixed radial, along-track. and
cross-track (RAC) directions

In addition, the inertia} velocity of the transmitting satellite for Doppler frequency data (Class 7.
Tyvpe 7ONAVSATS only s adiusted as follows

fun!. = T

g. twX RR‘\('Arzml.

] . T . .
where w = {“ (VW + o W -l = RAC trame angular velocity vector
ri irXon

r = satellite acceleration vector

Another modification involves the use of temperature and pressure values as functions of
station height as input to the moditied Hopfield tropospheric refraction correction model. If the
pressure and relative humidity on the observation file header for a given pass are both zero. the
following formulas are used to define the weather parameters:

Temperature (°Cy= 15, 6.5h
Pressure (millibars) = 1013 25¢ 119913 h
Relative humidity = 80/

where h = station height above the reference eliipsoid in km
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SST-Related Modifications

; The general low of the NAVPAC SST data processing procedures in the FILTER section is

j the same as tor station tracking data. Data editing and weight determination are an integral part of
‘ ) the pass matrix generation. Since the NAVPAC SST observation file has the data time ordered by
NAVSAT, all data for one NAVSAT is processed consecutively. bach SST pass consists of a header
with identifying intormation and observations in the form ;time‘ observation, sigmas.

The TCA iteration for cach pass is identical to that described in the Data Preprocessing section
of this report as are the computations of the zenith angle (90" -clevation angle) and azimuth angle at

TCA. Another computation to be done for TCA is the formation of a rotation matrix. Ryca .
required to convert from the inertial reterence trame to the navigation reference frame.

R S rxnxg rXi')
TEA = Nirl wex by xorl e X

3«3
where ror= gt HOAY 1 giCA)
Also the two 6 X 6 state transition matrnces
UxHSIT('A) \,'4\51 TCA)
: . and { - .
U”_g1|(/\) \y\;s(l(z\)
need to be saved for use in transtforming the pass normal equations.
For each observation in the pass. the following items are peculiar to the NAVPAC SST data:
1) No station vcoordinates or tropospheric refraction correction computations are applicable
to the SST data. This also imphies that no ABCD (earth-tised to inertial transtormation) matrices
are required since all computations involve trajectories that are given in the inertial reference frame.

2) Observations with o = 1000 are deleted and counted as deweighted points even though a
non-zero observation value may be present. These correspond to zera refraction count observations.

3 The SST observability test as deseribed in the Preliminary Data Quality Fvaluation section
of this report replaces the zemith angle tolerance test,

43 The time transmission correction. 3ty s applied at the transmitter (NAVSAT) as
described in the same section mentioned in 3y above,

5y It the host satellite data reduction is being done using the WGS-72 station coordinates, then
an adjustment to the NAVSA LS inertial position is required after the time transmission correction
is applied. This is necessary because the NAVSAT trajectories are computed using NWL-9Z station
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coordinates that differ from the WGS-72 coordinates by 0.26" of arc in longitude. The adjustment is

done as follows:

cosfl -sing O
NSy A" 0 ‘S’SO (]’ ™Ns = RNwi-97 -+ WGS-72INS

where 0= 7222 % 107" deg = 0.20"

These adjusted NAVSAT coordinates are then used in all further observation processing.

&) The antenna offsets for each satellite are accounted for in obtaining the computed observa-
tion value and partial derivatives of the data with respect to satellite coordinates. For the host

satellite, define the Ryg rotation matrix by

s us X fus) X thy Tus X Tis

Rys ={ - s Ty Y3
its) s X s X ths) {tus X s

where ryg. T are host satellite position and velocity from the trajectory (i.e.. for the ¢.g.) at time

of signal reception (1, )

then  myg =y tRyg Ay

where g . = inertial position of the HS receiving antenna at tgyg

Afyg = antenna offsets wrt the ¢ g_in body-fixed radial, along-track . and cross-track
A directions

For the NAVSAT, define the Rng rotation matrix by the same formula with rng and tng replacing
ryyy and ryg where these are defined at the time of signal emission (t,hg ~ AtyT)

e = I'e + Ry Ar
NS NS, T RNs Ans o

ant,

where r\;sm‘ = inertial position of the NS transmitting antenna at t , . - Aty
Aryg = antenna olfsets wrt the c.g. in body-fixed radial, along-track. and cross-track
ant o directions.

The radial NAVSAT antenna offset can also be used to adjust the NAVSAT’s position to account
for the possible difference between the central force term png used in the NAVSAT orbit fit and

ryps used in the host satelfite orbit fit.

< -
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Fhis offset is given by

Ane e
NS Ap
Arng = =
" radid 3 PN

where dng = semimajor axis of NAVSAT orbit in km

Ag = ppg ANy in km? seel

7y The observation equation for the NAVPAC SST range difference (RD) data is given as:

v . tnhs
RDh=[p+ ; fi,(t - TCA)
¢ tohs — At
where = g (U Alpp) - ryg (O] inkm
ham tant,
f, = 100 (gives fy, units of ppm)
"b = frequency bias (nominally zero)
At =

previous observation)

The required partial derivatives tor p are given as:

ap r ap T
N L
LUT arNg
ap o Mg o
apy apy k
NS -
: =P Gy <
qu gy

where
LT args

and -
,’)pk ¢ ()qk

are obtained from the appropriate perturbed trajectory at the specified times. The HS and NS epochs

may be different however.
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range difference time interval in seconds (t - - At is the observation time of the

HS orbit or force mode! parameter

NS orbit or force model parameter

-—




Then the partial derivatives for RD are given as:

aRl) 20t ohs) f)p(”ghs - Aj_’

apk Py J Py

ok _ Pons? Pltops - A0

0qy aq; i 0 Q
()_Rl.) = ,‘g, At
afh o

A row of the A-matrix (partials of data with respect to parameters) has the parameters (columns)

ordered us follows:

(pT qT l’b) maximum of 23 parameters

where pT = (elTlS (‘nm T‘T,S KRmb

T < oV ¢ T v

= {eng € Tae K )

4 NS P Dy TNS PRy

and drag, thrust. and radiation pressure parameters are optional.

After all the observations for a pass have been processed as described above, the A and 0-¢
matrices for all observations are converted to the normal equation matrices B and E as follows:

B=A" WA L= AT WO-O)

where
1

W = diag
U;hs,

th

= poise variance on the itY observation

2
”nhs|
For the adjustment procedure (required for data editing and weight determinationy a subset of the
above normal equations is used and is represented by

By Bhg o By by

A at N
Bo=( BL, By, Bs | andb, =
Bao B, By, ks
137 13 1351

where subseript b refers to frequency bias (1)
subscript | refers to host satellite orbital clements (0)
subseript 2 refers to NAVSAT arbital elements (o)
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The matrix required to transtorm these normal equations into equations for inertial position and
velocity at TCA is given as

| O (0]
v(ICAY={ O d/,('l(‘A) 0
13%x 13 O 0O vA(TCA)

where

(‘»’us””") Ung(TCA)
v rceay= . and §,(ICAY={ .
I(1X6 V”S‘l(/\' ~(‘x(‘ V\S‘I(A)

The actual transformation is given by
BITCAY= v TTCA) B, v 1TCA) and E(TCAY = ¢ TICAIE,

To transform this system of equations into equations for HS navigation reference frame positions
and velocities at TCA, the following matrix and transformation are required:

I
Rica 0
R= Rrca
o Rrca
Rrca
[3x 13
then BOTCA) =RIBOICAIR  and  F'CTCA) = RVECTCA)

The a priori statistics on the frequency bias and the six NAVSAT parameters are included by
adding 1 o terms into the appropriate diagonal elements of B'. Then the equations

B'OTCA) ApcTCAY = 1'(TCA)
are solved using the PASMAT routine modified to accommodate six more parameters. These
additional parameters are treated identically to the six host satellite parameters. The Ap(TCA)
is then transformed back to bias and orbital element corrections at epoch as follows:

ap, = v HTCA R Ap1CA)

The adjusted O - (s are then given by

(0- (.)adj. =10 - ("()(g. N I\OAPO
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For the NAVPAC SST data, the predicted signal to noise for a pass is given as
[PRST | 172
. B Variance - b JAp,
D Noped., — '~ an N
: NR PN N

! where  Np = no. of points remaining
| Na = no.of parameters with a priori sigmas = 7

Ng = no.of parameters solved tor in PASMA'L

As was mentioned carlier, QSOLVE and the CELEST FILTER section are similar in the way
f cach determines the noise variance on the data for each pass. The main differences are listed below:

1) FILTER can also adjust NAVSAT position and velocity components.
2) QOSOLVE can solve for an additional bias parameter  frequency drift.

3) Fach iteration in FILTER retests points that were previously tagged, In QSOLVLE. once a
point is deleted it is never reconsidered in later iterations.

4) The sigma tolerance can be fixed by input in FILTER but not in QSOLVLE.

51 The estimate of data quality in CELEST is called the “Filtered Noise™ and is defined as

" [}
Ny . /2
v 2
i;‘]'olomult,'

Filtered noise = o
NR

OSOLVE uses the adjusted O - Cs to estimate the standard deviation of the noise defined as

AT ) 1)2

N ( - A

e (0~ );|d|,'
Noise sd. = - e

Np ot ‘\A\ \s

SOLUTIONS AND DIAGNOSTICS (BSOLVR)
General

BSOL VR, the solution and diagnostic section of CEHLEST, has been modified to process the
NAVPAC SST data separately or simultancously with station tracking data tfor the host satellite. The
program can accommodate parameters for up to seven NAVSATYS along with the host satellite
parameters, The total number of arc parameters is limited to 87 with a maximum of 39 host satellite
are parameters allowed,

I station lata pass matrices are present, they are time updated, expanded. bias eliminated, and
summed first If NAVPAC SST data pass matrices are also present. they are processed similarly for

i 3
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cach NAVSAT, and then combined with the G T pass matrices to obtain tiwe solution for all arc
parameters simultaneously. The epoch for all are parameters is defined as the host satellite trajectory
epoch for long.arc fits and the program determined cpoch for short-arc fits. For this reason, the
NAVSAT trajectory epochs must be the same or earlier than the host satellite trajectory epoch.

Two madifications to BSOLVR were implemented to improve the long-arc fit diagnostic
capabilities of the program. The first was an option to compute navigations before fit without doing
cross-pass filtering. The second was an option to cross-pass filter based on ratios of navigations to
their estimated uncertainties instead of navigations. This ratio is called a “signal to noise™ and is
given by

Ar,

. i - - . -
SNeArpy = - --—— iindex signifies a particular navigation component

hl hl

\
("—ArI + gnrhi\i)
where Ar, = navigation value
0y, = formal navigation standard deviation from the covariance matrix of the solution
]

"nrhil;‘— input a priori component uncertainty

In addition. alt RWS navigations are then computed as tfollows:
{ ar? 12

RWS ar; = S J index signifies a particular pass

The same a priori orbit sigmas are used for station and SST cross-pass filtering even though their
navigation reference frames have only the host satellite along-track direction in common.

Fhie SST-related modifications are given next followed by an alternate pass-matrix expansion
technique tor the host satelhte parameters called the multiple-velocity expuansion method.

SST-Related Modifications

Adjustment of the SST pass matrices to reference the fit epoch. tg, and expansion to accom-
modate the drag and thrust scgmentation are done as follows:

Let Bitg) and E(ty) represent the canonical pass matrix and its right-hand side for a particular
pass. Updating these normal equations to be for orbital elements at tg results in the iollowing

matrices:
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=to-Yy T Loyt ar=1v Horan e
B(t) = [y ()T " Bt Dy )] o =1y TaoTap] Tkt )

; .
i
V“S”S)l |
| |
] i
“““““ T-===r=-—--0
! ] .
\ |
P ! ]
| |
where Yt )= ————r——~—{~—-——1——~—~
) ]
! (Wnsits)!
|
(o Y S
| )
| y b
| !
1

drys usity)

Yyslt) = = 6 X 6 state transition matrix from the HS perturbed trajectory
deyglt,)
dfys Insits)
\,DNS(tS) = —————— = 6 X 6 state transition matrix from the NS hybrid trajectory

dens(ty,)

t, and t;) are the epochs of the corresponding trajectories that may not be equal.

|
Ths(ts)} !
1 |
_____ t.__.___{.__- O
1 | )
e
]
and Tet) = R S S
1
| |
§) ———:r—-———%-———-
!
! |
\ I
i b2
1
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[ and [ are identity matrices of different dimensions

The expansion to accommodate the drag and thrust profiles and the radiation pressure update for
the host satellite is done by treating all the NAVSAT parameters and the frequency bias parameter
as the bias parameters are treated presently in the station pass-matrix expansion procedure (see
Reterence 3). After this is completed, the same procedure is used to expand the NAVSAT dynamic
parameter sections only the expanded host satellite parameters and frequency bias are now treated
as biases. The tormulas for cach of the expansions above are a function of the SST pass TCA time
relative to the dray and throust segment times, For the NAVSATs. a maximum of two drag segments
and one thrust is allowed.

The expanded pass matrix after the a priori frequency bias information is included has the
form:

Bo.o Bu.h l"o
B, = and b o=

e T ¢ R

Bo.h Bh,b !:b
| B Bt + !
where . = -
ere b.bh S hab 0%
b

The next step is to formally eliminate the frequency bias parameter from the corresponding equa-
tions. This results in the tollowing matrices:

- _ -1 BT . : =} - -1
Belim. Bn.n Bo.h Bh.h Bo.b and l'elim. "0 Bo,h Bb.h l'h
These eliminated matrices (eontaining are parameters only) are then summed for all passes for a

given NAVSAT within the fit span except for those that have been tagged. This results in up to N
(no. of NAVSATS) sets of normal equations given by

(i) , 4i)
Biisus  Busas, \[ Ahns s

. ) = 1= 1.2, ..N
Biis.ns, Bns s,/ \Apxg, Ens,

¥ station tracking data are present, it would alrcady be reduced to a system of are normal equa-
tions for the host satellite parameters given by

Sta. & - 1:Sta.
BRS Apps = b

RN

s ———— -

‘“

{
T

' s st

‘“S“Q) = *"'g T

¢ \“S(l ] ) ) ) N )
6 X 6 matrices obtained trom the PARDEL subroutine V
. of CELEST '
» dt‘\& Tyt ,
Taglly) = oo .
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Fhese matnices are then combined as follows to form the arc normal equations:
BIE ¢ VBN s Bigas, B Biis Ap ey )
HS 1 HS HS HS.\ZS‘ IIS.'\‘S: """ HS,.\‘SN Pus HS T HS
Bl ve B e Apn 1
HIS.NS, NSNS, NS, NS,
{ N .
Bhsxs, Bxs, NS, 0 Ay, b\s,
2 e e
: N | t
1 \ ! - ]
' [ N\ i - [}
[ I \ | !
1 N\ | i
¢ A . !
' ! 0 \\ i i
N ! N | '
[N ] i
1
' \ 1 |
i ( N 1 1
i \ i |
0 .{. Al
Bl v Bue  n AP b
‘ HSNS, NSN.NS\. NS .\SN
BAap=FE

-' Next. the a priort information on cach host sateflite and NAVSAT are parameter is introduced into

i the normal equations by adding termis of the torm /05 to cach diagonal element. Different values ot

i a, tor the same parameter but tor different NAVSATSs can be used. B is then inverted and the equa-

' tions solved to get the are parameter solution Ap = B T E and the covariance matrix 871

!

)7 Signal-to-notse values (old and biasaeduced) are computed separately for GT and SST data and
also combined. The formulas tor the SST signal-to-noise quantities are identical to the those used for
the G data The combined signal-to-noise values are given as fotlows:

/ \1.1 R Nesi 5 P

N D g S

= '\l S i\(;‘l (oldy+ = Ml S '\SST (old)

i= ’ i=

SN (old) = e
N Nosi
LN+ XYM
i i=1 1=
; Ne ) Nos . (2
N P . . Coa
| ..l .'\i S .\(” (adj.y + ._,‘ ‘“1 'k"‘\SS'I tady.)
| . 1T 1=
SN thiasaeduced)y = - co - D
NG S
LN XM,
i=1 =1
RIY
4
-

[}
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—
where S/N(;T(old) = signal to noise betore fit for GT data
;
S/Nggp (old) = signal to noise before fit for SST data '
N, = no. of observations in ith GT pass ’
Mi = no. of observations in i SST pass
NeT = total no. of GT passes
o Negr = total no. of SST passes
i
! S/Ngptadi) = bias-reduced signal to noise for GT data
S/Nggrtadi) = hias.reduced signal to noise for SST data
i
| The predicted signal to noise for the arc is then given by ;
{ j
“‘ Al ETISP /2 :
r S/N(predicted) = f S/N-(biasaqeduced) - —— ——————————
| N Ngsy
i N+ EM,
! i=1 i=1
and the percent change in variance is given by
o 100 ETAp
Percent change (o varignee = —~——————
Nei Nosi s
I N;j+ X M;) S/N-(bias-reduced)
i=1 i=1
Navigations are computed tor each pass based on the expanded pass matrices. For each
station pass matrix, the Xpyy, solution augmented with zeroes for the pass bias parameters is used
to lincarly adjust the right-hand side and then the present form 3 navigation procedure is followed.
For cach NAVPAC SST pass matnx. the navigation procedure is as follows:
) 1) The sections of the expanded pass matrix corresponding to the NAVSAT orbital efements
and the frequency bias before the bias elimination was performed are required for the navigation
procedure.
r ¢ o
Bn.n B(),h ‘o
B, = k=
(4 T ¢ .
Bo.h Bh_h }'h
Tx7 7X 1
where " indicates only those rows and columns corresponding to orbital elements for the NAVSAT
are present,
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2y The right-hand side is then linearly adjusted to account tor the solution Tor the host
satellite parameters only
- Biic e Bre ve
o ol -f "THS.HS PHSNS
! O B”S.NS APIIS } o Bn,() r
T where Biisns Buss
e B¢
. 1 f"HS b
By Bise Sy ‘ B, 5
“\&'S.l\

21 Bg and By are then transtormed to reference NAVSAT postion and veloaity i the HS
RAC reference frame at TCA

BLTCAy = RYo Tarcamie WICaR
reoay - ol 1 "
b (1CA) = RYv "oica ]

where

g F\S(l'('e\b

JTCA) = g -
(’C\S‘ lS'

R = (¢) Rv“«f\ O
Q) QO 1

RT(‘A = RAC transtormation at ' TCA for the pass defined in the FILTER section

4> The resulting system of navigation equations Bo(TCAIAN = EZ(TCA) is then solved using
the PASMAT subroutine that determines which components tmay include velocity components
can be solved tor. PASMAT returns zero values for a component and its sigma of it is not solved for.

After the navigations are pertormed for all SST passes, the RMS and RWS navigations for cach
NAVSAT and combined are computed. The RMS navigation computations account for the fact
that not all navigation components are present for each SST pass.

The frequency bias solution tor cach pass based on the arc solution for the host satelite and
NAVSAT parameters is given by

N Y | T
Ay = By by - Bign Arps - Basp Apng!

The cross-pass filtermg has been extended to include the satellite-to-satellite data. Separate
first-order polynomial fits to the SST navigations from all NAVSATS are done. in addition to the
tits for the station navigations. The procedure terminates only when the same station passes and
the same SST passes are tagged on successive iterations or the maximum number of iterations is
reached. For the three SST navigation polynomial fits. only those navigation components that
are not zero (e only solved for components) are included in the fits. This means that the number
of passes for cach polynomial tit will be different for cach component and usually fess than the totai
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number ol untagged SST passes. The navigation components determined for a particular SST pass
do not change trom iteration toateration. Both “total” and “solution”™ RMS and RWS navigation
values are computed for cach iteration. “Total™ navigation values are based on all passes that are not
defeted by input and are the same tor all iterations. “Solution™ navigation values are based only on
the untagged passes used 1 the solution tor each iteration, AILSST pass tags are then Lionored in any
subsequent long-are or short-are fit.

Multiple-Velocity Pass-Matrix Expansion

The multiple-velocity pass-matrix expansion allows tor a simultaneous solution for epoch
orbital position and velocity and additional small velocity increments at equally spaced times along
the host satellite trajectory. The velocity increments are solved tor in the RAC reference frame at
cach time. This expansion can be used tor long arcs as well as short ares. There is no reintegration
possible after a multiple-velocity tit and only propagated trajectories atter fit can be computed.
This means that a converged orbit using standard techniques needs to be obtained before this solution
is performed.

The arce is partitioned with N velocity increment time poinls{t] St tN§ as shown below

t, = epochof the host satellite trajectory
tg = epoch of the fit span
y, = end of the fit span
I L i vy A A YA i
o —7/f 1 1 7/ T T 7/ -
to tg t1 t2 tN te

The multiple-velocity pass-matrix expansion is based on the following relationship:

abc  faDi abDin -1
S == < ¥y (li)
arty) AriL) rty) N :

where t=t > i EAN

Dty = observation at hime t

“on denote the last three columns of a 6 X 6 matrix

and \,'/lni)=w(tii\,’/“us»
) ar Hr)

w(r) = 6 X O state transition matrix at 7 = ———
ar m(,)

Detine
ar L)
Vv, = ”l(!.)> = -85 i=1.2...N
i <V‘\ Yy ety
6x3
Also detine fori= 1,2, .. N
Ri = (Ui Vi Wi' = rotation matrix to go trom RAC trame at 4 1o the inertial frame
Ix3
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where

r(t.)
. = f—~l-— ! '
b

ne) X f‘ll|i :
W, =
! ]

\'i = \\'i X Ui

. flll y = nertial position and velocity of the host satellite at Y

Only obsenations that occur at or atter time ty are used to determine the required velocity
mcrement at to FThe assamption is made that it tor a pass TCA 2 (. all the observations in the
pass are 1o be used to solve tor Ay thie veloaity increment at (. This allows an expansion of the
pass matrix i BSOLD VR ustead ot indudimg the velocity parameters in the tormation of the ;
A-matrin tor cach observation m FHLTE R,

Fhe startimg pomnt tor this expansion is the completion ot the standard time update and
expansion currently done in BSOLVR except tor one small change  the updated normal equations
imolve position and velocity at tnstead of orbital eiements. Each updated set of pass normal

cquations tfor G or SST Jdata) takes the form: -~
Bxx B\y ApHS B "x
T - .
Bxy B”, _\py t y
where xndicates the hostsatelhite position and velocity parameters at 1

vondicates all other parameters
- S )
and Apjs = . at g

It < TCA 7 14 then the veloaty parameter expanded normal equations take the following
torm.

Byx BuoViRy oo B VN Ry By Apys N
ol T Tyl , Tyly
RjVIB, VR ---RIVIB VR, R]Y,l;xy Ay, ) RIVIE,
~ i | ) - ‘
N i I ' !
~ ) I B ! ] |‘ N 1
Symmetric RUVEB, ViRy REVEB T avy REVIE ‘
Byy Apy by

where ViRi=(()H'urj=|+ l.i+ 2 ....N
6 X3
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After this expansion is completed for a particular pass, the biases are formally eliminated. All of the
resulting expanded pass matrices tor the fit span are then sumimed and combined (it SST data are
present) to torm the are normal equations. A priori sigma information on cuciL velocity increment is
included betfore these equations are solved by adding in terms of the form /o3 to each

diagonal clement. Separate a prion sigmas for radial, along-track. and cross-track velocity increments
are included. All further computations in BSOLVR account for these additional host satellite orbit
parameters,

PROPAGATION (COVAR)

This section of CELEST. which propagates the corrections solved for in the BSOLVR section
and applies them to the reference trajectory to get the fitted trajectory. still operates in a single-
satellite mode. Theretore only the portion of &p and B™! from BSOLVR corresponding to the host
satellite are required. Several modifications to this section have been made to accommodate the
NAVPAC data processing procedures and are given below.

1) The covariant ephemeris was changed to include the carth-fixed velocity vector and a full
6 X 6 earth-fixed covariance matrix (position and velocity) at each trajectory timeline.

fep = (ABCD) [F, - ((‘l))TW((‘D)rl]

= T
Cpgp=HCGH
6X6
.
where . ;l' ¢} = inertial position. velocity, and covariance matrix
D = precession transformation matrix )
C = nutation transformation matrix ( all 3 X 3
B = earth rotation transformation matrix ’ )
A = polar motion transformation matrix s
0 -@ 0
w=lw 0 0
0o 0 0
&= 7292115855 x 1074 rad/se¢ = Earth’s mean sidereal rotation rate
ABCD 0
and H=

-ABWCD ABCD

2) An option to apply the rotation matrix, Rywi-9z-w(s-72- defined in the FILTER
section to both the propagated inertial positions and velocities at each trajectory timeline has been
included in COVAR. This is required if the NAVPAC orhit fits are carried out using NWL-9Y station
coordinates. In this case, the rotation would not have been applied to the NAVSAT trajectory when
filtering the SST data.
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3) The option to output the trajectory of a reference location on the satellite instead of the
c.g. has also been included in COVAR. I A’rref represents the coordinates of this reference loca-
tion in a body-tixed reterence system, then the transformation matrix to go from this system to the

mertial reterence system is detfined by

roarXPHXr rXi
R =\ = oo -~ J=(UVW)
sy e e Xn Xl e X H
where rr= T £, = propagated inertial position and velocity of the host satellite at the

trajectory timeline

t Fhis RAC reference trame is the same as the one used to detine antenna offsets in the FILTER
section.)

Then t Ercf.

T Tc.g. + Rref.

ref
is the inertial position of the reference location.

11, in addition, the inertial velocity is required in COVAR. an adjustment to account for the
reference location offset from the ¢.g. is also required.

Tref, = Teg, T X Rrer Blref,

where

! . il o .
i_’ tV W+ E (W+ )l = RAC frame angular velocity vector
r’ rxXr

€
"

= sateltite acceleration vector

.,
|

The usual reterence location would be the electrical phase center of the transmitting antenna

cused tor the NAVSATs). However. the radial reference location component cin also be used

to account tor ditferences between the y value used in the fit and a desired value. For instance

it the NAVPAC orbit fits were done in the NWL-OZ reference system (that used for the NAVSATS)
and the output trajectory was required in the WGS-72 system (that used tor the host satellite) the

radial oftset would be defined as follows:

Afe = J_‘b _éﬁ_
“Smdial 3 /JNS

= semimajor axis of the host satetlite orbit in km

where H] =
1S , 0
Ap = ppg - mng  in kmdisecd

i

4) The NAVPAC SST data fits require a special form of NAVSAT trajectory called a hybrid
trajectory. A hybrid trajectory is identical to the original perturbed trajectory except the positions
have been updated to retlect the results of an orbit {it. The partial derivatives remain unchanged.
COVAR wius modified to create a hybrid trajectory on option,
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5) To get a propagated trajectory and covariance matrix when the multiple-velocity expansion
is used in BSOLVR. additional changes to COVAR were required. Figure S gives a representation of
the actual corrections solved tor in the multiple-velocity method. Fach EQ,» is actually an additional
correction to the inertial velocity correction at t; heyond that propagated from all previous Av;'s.
1= 1o i~ Fand Arpgg and Aryg. This rcx‘ult\ M a trajectory that is continuous in position but
discontinuous in velocity at times t. i = 1. N. The state transition matrix required to propagate
the correction vector A"Hs(' ) and s covanance matrix B ! gl1) 1o posttion and velocity corrections
and their covariance mratriy at time s given by

\l/tm :(g,‘m ;’/t\m\'lR].,..d/t\mVNRN U’d'”)

N

(1\<16+3N+Ndi 6 X6 6X 3 6X 3 6XN]

V.R, = (0) ift<lt

ol
6X 3

where the Vi and Ri matrices are defined in the BSOLVR section

’ drrt)

(ty = o

I drrit)

L) = Q rr(oy where d represents all other dynamic parameters (e.g. drag. thrust,
¥d od () or radiation pressure)

Nd = no. of these other dynamic parameters

Artt)
Fhen . =W, “’Kl—‘ns”s)
Ar(t) A
-1 - T
and B AT ArlD \lf mlim(t )\p m

\\
I ]
T —1
t tN tE
. 2 REFERENCE TRAJECTORY
s t
J’Hs .
s

Figure 5. Multiple-Velocity Corrections

43

-

_*

e LS .;’B




REFERENCES
E. R. Swift, NAVPAC MESA Data Processing — Mathematical Description, NSWC Technical
Report, in preparation.

D. L. Zitterkopf. “NAVPAC A Space-Qualified Navigation Package.” APL/JHU Technical
Memorandum, TG 1317, February 1979,

§. W. O Toole, CELEST Computer Program for Computing Satellite Orbits, NSWC TR-3565
{Dahlgren, Va., October 1976).

44

mreevy e, |




DISTRIBUTION

Detense Technical Information Center

Cameron Station
Alexandria, VA 22314

Library of Congress
Washington, DC 20540

ATTN: Gift and Fxchange Division 4

GIDFP Operations Office
Corona, CA 91720

Defense Mapping Agency
Headquarters
Washington, DC 20305
ATTN. C. Martin(STT)
W. Senus (STT)
P. Schwimmer (PPS)
W. Robinson (STA)

Defense Mapping Agency

Acrospace Center

St. Lous, MO 631K

ATIN. R Ballew (STA)
M. Falum(STA)
H White (GDGS)

l.ocal
b4l
KOS
K10
Ki2 (. Switty
X210

3)
(Lo

(25
(s
(0)

Defense Mapping Agency

Hydrographic/Topographic Center

6500 Brookes Lane
Washington, DC 20315
ATTN: C. Leroy (GST)

Applied Physics Laboratory
The Johns Hopkins University
11100 Johns Hopkins Rd.
Laurel, MD 20810

ATTN: R. Willison

Air Force Geaphysics Laboratory

Hanscom AFB.MA 01730
ATTN: F.Marcos (LKB)

Aerospace Corporation
P.0. Box 92957
Los Angeles, CA 90009
ATTN: R. Farrar

T. Gabbard

U.S. Army Engineering Topographic

Lahoratory
I't. Belvoir. VA 22060
ATTN: L. Gambino

(5)

(5)

—q

|
S PR <.‘A'§







