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AUTONOMOUS SATELLITE NAVIGATION
SYSTEM

STATEMENT OF GOVERNMENTAL INTEREST

The Government has rights in this invention pursuant to
Contract No. NAS5-97271 awarded by the National Aero-
nautics and Space Administration.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to global positioning system based
navigation techniques for developing position and velocity
data required for autonomous operation of satellites incor-
porating on-board, event-based command systems.

2. Discussion of the Related Art

Spacecraft tracking and navigation began when The Johns
Hopkins University Applied Physics Laboratory determined
Sputnik’s orbital parameters as a function of the doppler
shift of an on-board radio beacon. That was in 1957. Soon
thereafter, that organization devised and developed the Navy
Transit Satellite Navigation System which provided global
navigation services for the military and civilian community
for over 35 years. The “TRANSIT” system used a network
of low earth orbit satellites and therefore it was unacceptable
for most spacecraft navigation applications.

A limited number of experimental systems developed by
the Applied Physics Laboratory (APL), NASA and the U.S.
Air Force provided semi-autonomous means for orbit deter-
mination and prediction. The experimental system provided
ground-based orbit determination for spacecraft through the
use of complex ground stations and coherent transponders
that reside on the spacecraft to be tracked. The French
National Space Agency has operated a similar system,
DORIS, since the early 1990s. However, the high cost of
operating such systems has forced spacecraft operators to
find other tracking methods.

Over the last three decades, APL and other organizations
have demonstrated the feasibility of using GPS for position-
ing satellites and other high dynamic platforms. For over 20
years, the APL developed SATRACK system has utilized
GPS translators and ground-based signal processing systems
for trajectory reconstruction and guidance system evaluation
of Navy Trident missiles. The first GPS-based navigation of
a satellite occurred on Transat, an APL spacecraft launched
in 1978 and operated for over 10 years. Transat was a Transit
navigation satellite with an on-board GPS translator.

Autonomous positioning of satellites using space borne
GPS receivers was first demonstrated in the early 1980s
when APL developed and flew four GPSPAC systems, and
in the early to mid 1990s when NASA and the Jet Propulsion
Laboratory used GPS receivers on the TOPEX/Poseidon
spacecraft. More recently, other programs have adopted the
use of GPS-based navigation systems for spacecraft. For
instance, U.S. Pat. No. 5,109,346 for “Autonomous Space-
craft Navigation System” issued to J. Wertz on Apr. 28, 1992
describes a system using onboard observations of the earth,
sun and moon to determine spacecraft attitude, instanta-
neous position and orbit based on multiple position esti-
mates. Position and orbit data are derived by multiple
deterministic solutions, including some that employ star
sensors and gyros, and the multiple solutions are accumu-
lated in a Kalman filter to provide continuous estimates of
position and orbit for use when the sun or moon is not
visible.

Developing totally autonomous satellites results in large
cost savings because of the elimination of ground support
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2

stations. In addition, ground supported satellites are subject
to ongoing maintenance costs and are prone to serious
malfunction if ground support stations are damaged or if
control signal transmissions are interfered with.

OBJECTIVES OF THE INVENTION

A primary objective of the present invention is to provide
a satellite for collecting data which utilizes on-board event-
based command techniques relying on a navigation system
which uses an extended Kalman filter to process data
derived from a plurality of global positioning satellites.

A further objective of the present invention is to provide
an orbital platform for collecting data which utilizes an
autonomous navigation system incorporating an application
specific integrated circuit for processing signals from global
positioning satellites in concert with an extended Kalman
filter.

Another objective is to provide an autonomous, on-board,
event-based command system responsive to a GPS based
navigation system for controlling data collection functions
on-board low-earth-orbit and medium-earth-orbit satellites.

A further objective of the invention is to provide an
extended Kalman filter combined with an application spe-
cific integrated circuit for determining continuous real time
earth-sun vector data, from a GPS constellation comprised
of at least four satellites.

A still further objective is to provide an autonomous
navigation system whose primary input data is derived from
at least four satellites of a GPS constellation.

An objective of the invention is to provide an extended
Kalman filter for interpreting data, from a GPS constellation
comprised of at least four satellites and predicting ground
contact event times therefrom.

Another objective is to provide an application specific
integrated circuit for processing data required for tracking
global positioning system satellites.

A further objective of the invention is to provide an
extended Kalman filter combined with an application spe-
cific integrated circuit for interpreting data, from a GPS
constellation comprised of at least four satellites, as con-
tinuous real-time orbital platform position and velocity.

A still further objective of the invention is to provide an
extended Kalman filter combined with an application spe-
cific integrated circuit for propagating state vectors to allow
estimating future orbital platform position from a GPS
constellation comprised of at least four satellites.

SUMMARY OF THE INVENTION

The primary purpose of the present invention is to provide
an autonomous navigation system for satellites to be
employed in NASA’s Solar Terrestrial Probe Program for
measuring Thermosphere, Ionosphere, Mesosphere,
Energetics, and Dynamics (TIMED). The TIMED program
is a remote atmospheric remote sensing mission to study the
interaction of the Sun and Earth’s atmosphere. This space-
craft serves as an orbital platform for four instruments that
measure the basic state parameters and energy balance of the
mesospheric, lower thermospheic, and ionospheric regions,
i.e. MLTI regions of the atmosphere. The program investi-
gates and documents the energetics of the MLTI region, i.c.,
its pressure, temperature, density, and wind structure and the
relative importance of various sources and sinks of energy.
To make the required measurements, a 625-km circular orbit
inclined 74.1 degrees with a nodal regression of 7200 per
year is used. On-orbit instruments augmented by an array of
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ground-based instruments provide the basic measurements
required by the mission. The instruments require precise
knowledge of position and velocity of the orbital platform to
perform their mission. This is accomplished by the autono-
mous navigation and time keeping system which provides
position, velocity, time, and earth-sun vector data and noti-
fication of defined orbital events in real-time. It also gener-
ates predictions of events such as ground stations contacts.
In addition, it generates orbital element sets which are
down-linked for use by ground station antenna pointing
systems. The navigation system contains two processors; a
tracking processor which is responsible for controlling and
interacting with GPS hardware in order to obtain raw
tracking data and the navigation processor which is respon-
sible for command and telemetry handling, determination of
navigation solutions, generation of tracking acquisition aids
and generation of the output data products. To simplify
command control, the GPS based navigation system (GNS)
is used to produce accurate estimates of position, velocity,
and time to an event-based command system.

The GNS uses SPS ranging signals broadcast from the
constellation of GPS satellites. The SPS ranging signal,
referred to as L1 is Binary Phase Shift Key (BPSK) modu-
lated. The modulation consists of two components that are
modulo-2 summed: (1) a 1.023 MHz Pseudo-Random Noise
(PRN) code known as the coarse acquisition (CA) code and
(2), a 50 Hz navigation message. The CA code sequence
repeats every 1 ms. The GNS receiver demodulates the
received code from the L1 carrier, and detects the time offset
between the received and a locally generated replica of the
code. The receiver also reconstructs the navigation message
data.

To compute TIMED spacecraft position, velocity, and
time, the GNS determines the pseudorange to four or more
GPS satellites in track. The propagation time to each GPS
satellite is obtained by determining the difference between
transmit and receipt times of the CA code. The pseudorange
to each GPS satellite is computed by multiplying each
propagation time measurement by the speed of light.

The navigation message transmitted from each GPS sat-
ellite provides data which are required to support the posi-
tion determination process. That includes information to
determine satellite time of transmission, satellite position,
satellite health, satellite clock correction, time transferred to
UTC, and constellation status.

FIG. 1 illustrates the 660 kg TIMED spacecraft which is
three-axis stabilized and NADIR pointing. The majority of
the bus electronics are contained in an integrated electronics
module (IEM). The IEM is a highly integrated system with
major spacecraft bus subsystems implemented on cards in a
card cage to eliminate the more common self-contained
modules or “black boxes”. The subsystems that populate the
IEM are on cards which have common mechanical inter-
faces based on the Stretch SEM-E form-factor to simplify
the design process. Two IBM processors are employed,
configured as single-string redundant systems with a 1553
bus connecting the two.

A graphite epoxy optical bench is mounted on the space-
craft’s zenith-facing surface to provide a thermally stable
mounting surface for TIMED Doppler Interferometer (TIDI)
telescopes and the attitude system’s star trackers (required to
satisfy TIDI attitude knowledge requirements). Two GPS
Navigation System (GNS) antennas are mounted atop com-
posite masts on the optical bench for performing on-orbit
GPS attitude determination verification with a precision
reference, or truth, data set.
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The TIMED mission and spacecraft top-level command
and control requirements are satisfied by the GNS which is
designed specifically for TIMED and implemented on
Application-Specific Integrated Circuits (ASIC). Although
designed for TIMED, the GNS will satisfy the functional
requirements that are typically placed on spaceborne autono-
mous navigation systems for LEO or MEO host vehicles.

The GNS includes redundant Standard Positioning Ser-
vice (SPS) receiver systems with access to the GPS civilian
ranging code called the coarse acquisition (CA) code that
modulates the L1 (1575.42 MHz) signal. The GNS is a
state-of-the-art spaceborne system optimized for autono-
mous on-orbit operations. The GNS is radiation tolerant, has
extensive command and telemetry capability, provides
access to raw and intermediate data products, supports
on-orbit software reprogramming, is designed to accommo-
date the large doppler signal dynamic range resulting from
orbital velocities, and implements robust signal acquisition,
navigation, and orbit determination algorithms.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified line drawing of the TIMED space-
craft illustrating the relative positioning of the major sub-
assemblies.

FIG. 2 is a simplified block diagram of the TIMED GPS
Navigation System (GNS).

FIG. 3 is a block diagram of the hardware implementation
of the GNS.

FIG. 4 is a block diagram of one of the RF front ends.

FIG. 5 is a functional diagram of the baseband electronics
subsystem identifying hardware and software components.

FIG. 6 is a simplified block diagram of the GPS tracking
application specific integrated circuit (GTA).

FIG. 7 is a schematic diagram of one of the four input
latch and I/Q generator channels of the GTA.

FIG. 8 is a functional block diagram of one of the 12
tracker channels of the GTA.

FIG. 9 is a block diagram of the carrier numerically
controlled oscillator, NCO, which functions as a local oscil-
lator for the final down conversion at the head end of a
tracker channel.

FIG. 10 is a block diagram of the numerically controlled
oscillator used to clock the GPS coarse acquisition code.

FIG. 11 is a block diagram of the GPS coarse acquisition
code generator.

FIG. 12 is a block diagram of the clock and interrupt
generation unit.

FIG. 13 illustrates the time error conventions related to
trajectory position.

FIG. 14 is a graphic depiction of Kalman crank interval
subdivisions.

FIG. 15 is a graph of the MIC slew control.

FIG. 16 is a functional block diagram of the dual proces-
sor subsystem implementation of the GNS software.

FIG. 17 is a simplified hardware layout of the dual
processor subsystem.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The TIMED spacecraft major components include a sys-
tem for sounding of the atmosphere using broadband emis-
sion radiometry to measure pressure, temperature and infra-
red cooling. This is the SABER instrumentation package.
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Located on the underside of SABER, FIG. 1, is a Global
Ultraviolet Imager (GUVI) for obtaining temperature pro-
files and auroral energy inputs. A pair of NADIR S-band
antennas are located with the GUVL.

A graphite epoxy optical bench is positioned on top of the
SABER instrumentation package. The bench serves as a
mounting base for the TIMED Doppler Interferometer
(TIDI) profiler and four TIDI telescopes that constitute the
TIMED Doppler Interferometer system which obtains wind
and temperature profiles. A pair of star cameras, positioned
on the bench, provide inputs to attitude star trackers which
supply the attitude knowledge requirements of the TIDI.
Also positioned on the optical bench is the Solar Extreme-
UV Experiment (SEE) which measures solar x-ray, UV and
FUYV irradiance and a pair of S-band antennas.

Power for the system is derived from a battery power
supply augmented by two solar arrays.

The primary electronics for the TIMED system are con-
tained in an integrated electronics module (IEM). The sys-
tem is redundant, being comprised of two IEMs, IEM #1 and
IEM #2, see FIG. 3. Each IEM includes a 2.5 Gbit SSR with
command and telemetry interface on a command and data
handling card. An RF telecommunications card includes an
uplink receiver and down link transmitter. A DC/DC con-
verter card, 94, contains a pair of voltage converters. Also
contained in each IEM is a GPS navigation system, GNS.
Each GNS includes a GPS receiver card, 10, and a processor
card, 90, containing dual Mongoose V processors.

The GPS navigation system provides: 1) estimated posi-
tion and velocity of the satellite; 2) estimated UTC time and
transfer to the command and data handling card; 3) esti-
mated earth-sun vector data; 4) position-based event notifi-
cations; 5) position-based event predictions; 6) autonomous
orbit determination; 7) data for non-GPS navigation; and 8)
support for on-orbit software up-loading.

The GPS navigation system, i.e., GNS, operations and
specifications are presented in Table 1.

TABLE 1

GNS Operations and Specifications.

Parameter

Operation or Specification

Position (P)
Velocity V)

Coordinate frame
Earth-Sun vector (S)
Time of validity of
PVS

Time, output signal
@

Time, output data (T)

Data rate of PVST
Event notification (E)
Events:

Orbit determination
Data format:

Event predictions
Non-GPS navigation

Autonomous
operations

Uploads accepted:

Input voltage

<300 m (3 o), Geodetic latitude, longitude, height
(<10 m predicted)

<25 cmysec (3 ©), east, north, up

(<5 em/sec predicted)

ECEF-CTS (ECI-CIS for use by attitude system)
0.06° (3 0)

UTC 1-sec epochs

100 usec (3 0) (<1 usec predicted)

CCSDS Unsegmented Time Code (CUC) Epoch:
OH, Jan. 6, 1980

1Hz

Notify spacecraft of events, 5 sec uncertainty
Terminator crossing: primary and backup ground
contacts: SAA; polar region

Every 12 hours, predict forward 60 hours
NORAD 2-line element set and one state vector
per ground contact

Every 12 hours, predict forward 60 hours

No accuracy regs; errors grow w/atmospheric
density uncertainty

TTFF <30 mm, (cold start) 90% probable;

<2 min (warm start)

Solar flux; Geomag. Index; Polar wander;
UTI-GPS time offset

+15 Vdc and =5 Vdc
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TABLE 1-continued

GNS Operations and Specifications.

Parameter Operation or Specification

Power dissipation
Physical configuration

~7 W (1.5 W not including processors)

Two 2-sided stretch SEM-E circuit boards +
preamp + antenna

5 krads (Si); latch-up immune

(GTA & proc. > 1 Mrad, RF IC: = 50 krads)

Radiation

FIG. 2 is a simplified block diagram of the GNS. The
receive antenna, 11, is located on the optical bench on the
zenith-pointing surface of the orbital platform. The
preamplifier, 12, consisting of pre-select filters and a low
noise amplifier, is located just underneath the optical bench.
The preamplifier generates the dominant component of
system thermal noise power and conditions the received
signals and noise for processing by the RF downconverter,
13. The downconverter, using a low-noise, temperature-
compensated crystal oscillator (TCXO) as a frequency
reference, downconverts L-band signals to the baseband and
converts the resultant analog signal to a two-bit, three-level
digital signal.

At the heart of the electronics is a low-voltage, low-
power, radiation-hardened, high-speed application specific
integrated circuit (ASIC), 15. This GPS Tracking ASIC
(GTA) implements all the GPS-specific digital hardware
functions.

The received GPS signals are converted to baseband
digital signals and input to the GTA from the downconverter,
13, via a baseband eclectronics interface board. The GTA,
under software control, implements 12 independent GPS
tracking channels, 16, provides timing and control functions,
and incorporates a built-in-test capability. The device is
designed to accept up to four downconverted inputs to
support future attitude determination capabilities and can be
daisy-chained to support over 72 tracking channels. It will
support P/Y code operations with additional external hard-
ware.

The GNS’s computer system, 90, comprises two Mon-
goose V radiation-hardened 32-bit processors, the tracking
processor (TP), 91, and the navigation processor (NP), 92,
and associated memory and interface support circuitry. Each
Mongoose V operates at 12 MHz with no wait states for
memory access. The two-processor approach is used to
ensure adequate processor throughput. In an alternate
embodiment, a single processor, such as a 20-MHz Mon-
goose V processor is used. The tracking processor, 91,
implements the GNS acquisition, tracking, and data prepro-
cessing functions, and outputs its products to the navigation
processor, 92. Optimized “lost in space” or “sky search”
signal acquisition algorithms may be executed on the track-
ing processor. These algorithms are designed to minimize
the cold-start time-to-first-fix and to minimize the likelihood
of on-orbit GNS signal acquisition problems. The navigation
processor, 92, implements numerous functions including the
command, control, and telemetry processing, and the navi-
gation and orbit determination algorithms including a
45-state extended Kalman filter, orbit propagator, event
detector and predictor, and an orbit element set generator.

The GNS is implemented redundantly on two identical
TIMED Integrated Electronics Modules (IEM), each of
which includes a GNS receiver card, 10, and a GNS dual-
processor card, 90, see FIG. 3. The receiver card, 10, and
processor card, 90, interface to each other and to the rest of
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the IEM via a backplane bus, 93. Regulated DC power, 94,
and discrete reset signals are input to each card and discrete
analog telemetry signals and a 1 PPS signal, steered to align
with UTC, are output via the Cmd & Telemetry card, 95. The
interface to the IEM’s command and data handling (C&DH)
system, 96, including input commands and all output data
products, is provided through a 16-bit, 2.5-MHz (40 Mbps)
implementation of the PCI bus through the backplane con-
nector.

Six major elements comprise each GNS, they are: 1) a
GNS micro-strip antenna, 11; 2) an RF subsystem on a GNS
receiver card, 10; 3) a baseband electronics subsystem on the
GNS receiver card, 15; 4) a dual processor subsystem on an
independent GNS dual processor card, 90; 5) an IEM
backplane bus I/0 network, 93; and 6) the system soft-ware,
FIG. 16.

GNS Antenna

Each GNS antenna is a single-element microstrip patch
bonded to a truncated, cone-shaped ground plane. The
antenna is painted with a thermal control paint and coated
with 1200 angstroms of SiO, to protect the paint from
atomic oxygen erosion on orbit. The element is tuned, after
compensation for the effects of the paint, to receive right-
hand circular polarized (RHCP) signals at the GPS L1
frequency of 1575.42 MHz with a nominal bandwidth of 5
MHz. In the preferred embodiment, the antenna is a modi-
fication of a space-qualified design produced by Ball Aero-
space and Technology Corp. The shaped ground plane
provides excellent gain (nominally 22.5-dBiC) at 210°
elevations. Antenna gain on the order of +5 dBiC is achieved
at zenith. To eliminate obstruction of the GPS signals and to
minimize multipath effects, the antenna is mounted on top of
a graphite epoxy pedestal, which in turn, is mounted on the
zenith optical bench, providing a full hemisphere of unob-
structed coverage.

RF Subsystem

The RF subsystem, FIG. 3, is comprised of a GNS
Receiver Card, 10, for each GPS antenna, 11. Each receiver
card, 10, includes four RF preamplifier modules, 12, which
are space-qualified COTS devices with a preselect L1 filter
and a low-noise amplifier, 122 of FIG. 4. The filter is
comprised of a 3-dB bandwidth at 30 MHz element, 1231
and a 90-dB bandwidth at 250 MHz element, 123. It
amplifies the band-passed raw received signal and applies it
to an RF, L-band downconverter module, 13.

The downconverter, 13, is based on a COTS triple-
superheterodyne downconverting integrated circuit, such as
a Plessey 6P2010, adapted for the GNS design. It is a plastic
encapsulated microcircuit (PEM). There are eight
downconverters, 13, on a GNS receiver card, 10, but only
one is illustrated for simplicity as in the case of the eight RF
preamplifiers, 12.

A PPL frequency synthesizer, 19, functions as the local
oscillator for the downconverter. It is driven by the funda-
mental reference oscillator, 17, which is a high-stability,
low-noise TCXO crystal oscillator. The oscillator’s phase
noise is less than 45 dBc at 1 Hz offset from the carrier and
-95 dBc at 10 Hz with stability of less than +1 part per
million (PPM) over all operating temperatures. The refer-
ence oscillator, 18, also generates the system clock for the
GTA. A surface acoustic wave (SAW) filter, 18, in the
second intermediate frequency (IF) circuit provides filtering
of out-of-band signals and noise and establishes the system
bandwidth.

There are four RF receiver channels on each GNS
receiver card, 10. Each receiver channel comprises two RF
preamplifier modules, 12, and two RF downconverter
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modules, 13, supplying a set of complementary I and Q
signals. Thus the eight RF preamplifier/downconverter cir-
cuits provide sampled two-bit, three-level signals in four
sets of complementary I-signals, compl and comp2, and
complimentary Q-signals, compl and comp2, for digital
processing.

A block diagram of one of the RF front ends is presented
by FIG. 4 to illustrates how the GPS signal is downcon-
verted and digitized in the preamplifiers, 12, and
downconverters, 13. These modules produce a single pair of
complimentary outputs as I-signals or Q-signals. After
downconversion, the signal is buried in noise but it is
extracted as the state of a three level quantizer, 14. The
outputs of the eight quantizers, as I-signal or Q-signal
compl and comp2, are applied to the baseband electronics
module, 15 of FIG. 3, as the four GPS receiver channel
output signal pair sets, compl and comp2 for I and Q
signals. The signals are applied to an associated one of the
four input channels of the GPS tracking application specific
integrated circuit, 16, which is part of the baseband elec-
tronics system, 15.

Baseband Electronics Subsystem

The baseband electronics subsystem is comprised of the
hardware and software elements illustrated in FIG. 5. The
software element is an extended Kalman filter process
executed by microprocessors on the processor cards 90. The
hardware is comprised of processor cards 90 and receiver
cards 10 which are constructed around a GPS tracking
application specific integrated circuit or GTA.

FIG. 6 is a simplified block diagram of the GTA. It is
implemented in radiation hardened CMOS circuitry provid-
ing 12 independent tracker channels, 20, for acquiring and
tracking the downconverted GPS signals from four receiver
channels. The GPS downconverted signals are applied to the
GTA input which comprises four identical IF input channels,
each of which includes a data latch, 22, and an I/Q genera-
tion module, 23, for adapting various input formats to the
needs of the GTA circuitry and program routines. The 1/Q
generation modules supply quadrature and non-quadrature
in-phase data to a data router, 21, which feeds the data to an
available one of the 12 tracker channels, 20, as a function of
channel availability and GPS satellite source. The GTA is
relatively self contained in that it includes a time base, a
clock, an interrupt generator, 24, and a 16-bit microproces-
sor memory-mapped interface, 25. Each of the 12 tracking
channels, 20, incorporate full in-phase and quadrature (I&Q)
tracking loops that correlate local replicas of the GPS PRN
codes with the received signals. When acquiring and track-
ing GPS signals, numerically controlled oscillators (NCOs)
are steered by the tracking processor’s control loop filters to
force alignment of the received PRN codes and the locally
generated replicas clocked by the NCOs. Similarly, the
reconstructed transmitted carrier signal is tracked by a
carrier tracking loop. Each of the 12 channels also serve as
a signal search engine when new GPS satellites come into
view of the GNS antennas.

The GTA handles a wide variety of sampled data inputs.
The expected forms of sampled input to the GTA include
both 1 bit and 1.5 bit versions of quadrature (I&Q) and
non-quadrature (I only) outputs from the downconverters.
Quadrature inputs are desirable when the downconversion
process results in spectral folding due to a lower than
nominal sampling rate. The losses of spectral folding are
recovered when quadrature samples are used in a single
side-band (SSB) carrier mixing process which removes the
image frequency in the signal band. If spectral folding does
not occur in the downconversion process, the non-
quadrature (I only) samples are adequate.
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Regardless of the GPS signal data type received from the
RF downconverters, 13, it is applied to one of the four input
channels to the GTA. FIG. 7 is a schematic diagram of the
input latch, 22, and [/Q generator, 23, circuits which form
each of the four input channels. The latch circuit includes a
pair of exclusive NOR gates, 31 and 32, which route the data
in separate non-quadrature, I, and quadrature, Q, paths to
enable the system to obtain an ideal set of quadrature
sampled data. The I and Q input signals are each comprised
of complimentary outputs compl and comp2. This approach
is used because of its inherent immunity to phase imbalances
which exists between carriers in the quadrature downcon-
verters. Each exclusive NOR gate, 31 and 32, provides
inputs to the I/Q multiplexers 33 and 34. The multiplexers,
33 and 34, are each responsive to both exclusive NOR gate
outputs and the comp2 inputs in the I and Q channels. The
compl I and Q channel inputs are applied to a third
multiplexer, 35. The three multiplexers, 33, 34, and 35, form
the channel’s I/Q generation module, 23, which enables the
channel to handle different input formats and convert them
to an output which the remainder of the GTA can recognize.
There are eight different modes of operation which the I/Q
generator can handle. Each mode is listed and described in
Table 2 in terms of the output produced for the reset of the
GTA. This table includes the definition of the 1.5 bit output
signal in terms of two actual bits. During the I-only opera-
tion (Modes 5-7), the zero bit of the Q sample is set. The I/Q
generation module 1.5 bit representations are presented in
Table 3.

TABLE 2

1/QQ Generation Modes

Mode Description

I & Q, 1 Bit, use comp1 input of both I & Q channels

I & Q, 1.5 bit, generate zeros from compl and comp2 inputs

I & Q, 1.5 bit, comp2 = zero bit function for both I & Q

I & Q, 1.5 bit, generate quadrature data from non-quadrature data
I & Q, 1 bit, generate quadrature data from non-quadrature data
I, 1 bit, use compl input from I channel only

I, 1.5 bit, generate zero bit from compl and comp2 inputs

I, 1.5 bit, comp2 = zero bit function for I only

~ o W= O

TABLE 3

1.5 Bit Representations

Signal Value Sample (1) Sample (2)
-1 0 0
0 1 X (don’t care)
1 0 1

The data router 21 acts as an intelligent distribution means
for the outputs of the I/Q generators, 23. It provides an I
sample and a Q sample input pair to one of the 12 tracker
channels, 20. As seen in FIG. 8, the functional block diagram
of one of the tracker channels, each tracker channel includes
an I sample input, 41, and a Q sample input, 51, from the
data router. The I and Q sample channels are identical so
only the I sample channel is discussed in detail. It is
comprised of a suming network 43 which combines the
outputs of two carrier mixing operations, 42 and 45. The first
mixing operation, 42, multiplies the I sample input, 41, with
a cosine function from the phase mapping generator 44. The
other mixing operation, 45, multiplies the Q sample input 51
with a sine function from the phase mapping generator 44.
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The output of the summing network 43 is re-clocked with a
flip-flop 46 which provides parallel outputs to the three code
mixers comprised of accumulators 47 and associated latched
registers 48 and an un-mixed output 49.

The Q sample channel is nearly identical to the I sample
channel. It is identified in FIG. 8 by reference designators
51, 52, 53, 55, 56, 57, 58 and 59 which provided functions
similar to those provided by the circuit elements 41, 42, 43,
45, 46, 47, 48 and 49 of the I sample channel. The key
difference is the summing operation 53 is indicating the
difference between the mixing outputs 55 and 52.

The outputs of the flip-flops 46 and 56 represent the final
downconversion process which is achieved using an adjust-
able local oscillator frequency to accommodate the variable
Doppler shift present in the GPS downlink. A numerically
controlled oscillator, the carrier NCO, 54, generates a digi-
tally responsive version of the local oscillator frequency
required for the final downconversion process. A block
diagram of the oscillator is presented in FIG. 9. It uses a
24-bit full adder, 67, to provide the sequential logic which
is clocked at the sample rate of the signal by latch 61 and
kept in phase with sample by the phase and rate of phase
change circuit 68. The three most significant bits, MSBs, of
the adder provide the phase output, 62, to the mixing process
in the sample channels via the phase mapping means 44. The
carrier NCO provides the system with an ability to vary local
oscillator frequency. A register, 63, allows the system to read
the current phase information. The system can set the NCO
output to Os at anytime. The carrier NCO has a 32 bit
counter, 64, with which it keeps track of the number of
carrier cycles occurring during each measurement period
and provides integrated Doppler estimates during GPS
tracking. It’s value is read by the microprocessor on each
measurement interval. The carrier cycle counter and NCO
phase are set to O by either an align_ time condition or an
nco__car_ clear condition. The controls are maintained by
the microprocessor and actions occur only on the first
positive edge of the MIC signal following a clear request.
The 3 bit phase output of the carrier NCO, 54, is mapped to
sine and cosine components according to Table 4.

TABLE 4

Carrier NCO Phase Mapping

Carrier NCO Phase Cosine Value Sine Value
000 +2 +1
001 +1 +2
010 -1 +2
011 -2 +1
100 -2 -1
101 -1 -2
110 +1 -2
111 +2 -1

Three fundamental signals act as inputs during the carrier
mixing process in FIG. 8. The three signals are the two
quadrature sample data components, Isamp, 41, and Qsamp,
51, and three bits of phase from the carrier NCO, 54. The
two quadrature carrier components, cosine and a sine, are
generated by the phase mapper, 44, from the carrier NCO
phase information according to the data presented in Table
4. The carrier mixing process is similar to processing
employed for single sideband modulation (SSB). This tech-
nique provides a large amount of image rejection. It is used
to prevent image products from folding back down to the
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desired signal band and corrupting the signal. The funda-
mental mixing process is represented by the equations:

I=Isamp*cos+Qsamp*sin
Q=Isamp*sin-Qsamp*cos

The carrier mixing process is implemented with multiple-
bit accuracy. The input samples, Isamp and Qsamp, have the
values -1, 0, or +1. The sine and cosine components from
the carrier NCO have the values -2, -1, +1, and +2. This
results in mixing outputs which can take on the values 0, %1,
+2, +3, and +4. These values are represented by a four bit
binary output defined in Table 5. The outputs are re-clocked
at the sample clock rate for timing considerations.

TABLE 5

Multi-Value Bit Definition

Value Binary
-4 0000
-3 0001
-2 0010
-1 0011

0 1IXXX
1 0100
2 0101
3 0110
4 0111

The numerically controlled oscillator, NCO, which clocks
the GPS course acquisition code generator circuit, the CA
code NCO, 88, is similar to the carrier NCO, 54. A block
diagram of the CA code NCO 88 is presented in FIG. 10. To
emphasize the similarity between the NCOs 54 and 88,
common reference designators are used to indicate identical
circuits in FIGS. 9 and 10. For instance, in FIG. 10, the CA
code NCO phase and rate of phase change is set by register,
68, which is identical to register 68 in FIG. 9. It is also
controlled by the microprocessor bus as in the carrier NCO.
The phase increment register, chx_ code_ phincr, is used to
set the phase offset incremented to the current phase at every
sample clock time as in the carrier NCO. The current phase
clock of the CA code NCO, 88, is read at the current phase
register, 63, by performing a microprocessor read from the
address chx_ codenco_ phase as with the current phase
register 63 of the carrier NCO, 54. Verification of correct CA
code NCO operation is determined by directing the micro-
processer to clear the current phase prior to the next phase
addition by setting the appropriate bit in register nco__
code_ clear. This clear operation occurs at the next mea-
surement interval clock, MIC, cycle.

The GPS coarse acquisition code numerically controlled
oscillator, CA code NCO, 88 of FIG. 8, provides an output
to the GPS course acquisition code generator 70. A block
diagram of generator 70 is illustrated in FIG. 11. It incor-
porates two shift registers, 71 and 72, which generate the
PRN codes that are summed together by the modulo-2
summing means 73 to produce the desired GPS coarse
acquisition code. Each shift register is clocked on the
negative edge of the CA code NCO fchip to ensure that the
code generator is initialized at a specific time so the current
phase of the code may be derived from a code phase counter.
The code phase counter, 74, is a 10-bit counter that resets to
a value of zero at every epoch and increments by one on
every chip. Critical timing is achieved with the use of the
align_ time signal form the microprocessor along with the
MIC signal. Different codes corresponding to each GPS
space vehicle are generated by verying the initial phase of
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the lower shift register. It is possible to start generation of a
GPS course acquisition code at a point besides its epoch by
initializing the top register to something other than all 1s.

The next step in processing consists of mixing the signals,
i.e. the outputs of the differentiators 46 and 56, with a locally
generated replica of the code used during the data modula-
tion produced by CA code generator 70. This process occurs
simultaneously in six differential mixing circuits, 81 through
86, for every tracker. The purpose is to lock frequency and
phase of the code present on the received signal with a
locally generated code. Both the I and Q outputs of the
carrier mixing are multiplied by three time-shifted versions
of the local code produced by the 3-bit shift register 87. This
results in a total of six code mixing and correlation opera-
tions per tracker. Early, prompt, and late time-shifted ver-
sions of the code are used because their ¥ chip delay offsets
provide good code acquisition and tracking performance.

The code mixing process is illustrated in the functional
block diagram of a single tracker in FIG. 8. The components
of the I and Q carrier mixing products are clocked at the
input sample rate and the code to be mixed with them is
clocked at twice the CA code numerically controlled oscil-
lator rate, i.e., CA code NCO, 88, rate. Because the CA code
NCO is clocked at the sample rate, data transitions for all of
the involve signals occur on the same boundaries. Both the
I and Q carrier mixing products are adjusted so they are
represented by the values 0, 1, £2, £3, and +4. Using the
code values =1, the output of the code mixers, 81 through 86,
take on the same range of values as the outputs of the carrier
mixing process.

After the code mixing process, the GPS signal outputs IE,
IP, IL, QE, QP, and QL are loaded in the registers forming
the appropriate accumulators, 47 and 57. Because the accu-
mulator can be implemented easier as an up-counter instead
of an up/down-counter, the representation of the mixer
outputs is changed by adding an offset of +4 to the mixer
outputs. The new values represent the increment value
corresponding to each possible code mixing output. The
process is repeated for subsequent values of the products
coming out of each code mixer. This represents the corre-
lation operation of a GPS receiver. See Table 6.

TABLE 6

Relationship of Code Mixing OQutput to Counter Increment

Counter
Code Counter Increment

Code Mixing Value Mixing Bindery Increment Value Binary
-4 0000 0 0000
-3 0001 1 0001
-2 0010 2 0010
-1 0011 3 0011
0 IXXX 4 0100
1 0100 5 0101
2 0101 6 0110
3 0110 7 0111
4 0111 8 1000

The six accumulator values from the code mixing outputs
of each tracker are normally latched into a register 48 or 58,
at every internally generated code epoch. However, to
reduce the load on the microprocessor, each tracker has the
capability of latching the data at a multiple number of
epochs. Each tracker can be program so that anywhere from
1 to 20 epochs may occur between latching of the accumu-
lator contents.

The timebase, clock, and interrupt generator, 24, create all
timing and interrupt signals for the GTA. Certain portions of
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the clock generator work specifically with the TIMED
frequency plan while other parts of the generator are adapted
to provide different frequency and timing requirements. FIG.
12 is a block diagram of the timing and interrupt generator.
The generator is normally driven by the same sample clock
that the rest of the GPA uses for data processing.

A common clock or timing signal is required to efficiently
allow the microprocessor to download the latched accumu-
lator values between epoch states. This download signal, the
accumulator or interval clock (AIC), occurs at a 1.499812
kHz rate or a period of 666.75 microseconds. It is used to
generate an interrupt for the microprocessor.

The measurement interval clock (MIC) is a timing signal
used to notify the microprocessor when measurement read-
ings are to be be made. The MIC is used as a reference time
for aligning other signals such as the carrier and CA code
NCOs and code generator outputs. The MIC has four
different, selectable rates, they are 100 Hz, 10 Hz, 1 Hz and
0.1 Hz. During applications requiring critical timing
measurements, a 1 PPS signal is used as the MIC. When
using one of the internal MIC rates, this signal is a non-
square waveform with a positive pulse width of two AIC
clock periods, or 1333.34 microseconds.

The time base generation circuit provides a 1 pulse-per-
second (pps) UTC clock reference that is used to control the
TIMED spacecraft timing system. Under control of a track-
ing loop in the navigation processor’s extended Kalman
filter, a numerically controlled oscillator is continually con-
trolled such that it outputs a 1-PPS signal that is steered to
align it with UTC’s 1-second epochs. This is accomplished
by using a 25-bit synchronous divider (counter) which is
clocked by the sample__clk signal. When the counter reaches
a value set by the microprocessor, the 1 PPS signal is set
high and the counter resets to zero. The 1 PPS signal is then
set low halfway through the next count to create a clock with
a 50% duty cycle. This clock is capable of being aligned
with UTC time by modifying the 25 bit maximum count
value. Initially the 1 PPS divider is aligned with the MIC
signal. This is achieved whenever an align_time signal
occurs.

The time offset between the MIC and a 1 PPS signals must
be measurable. The measurement is obtained with a second
counter that determines the time interval between the 1 PPS
rising edge and the next MIC rising edge. Two registers hold
the number of sample_ clk cycles which occurred between
the two signals.

The GTA is implemented on a radiation-hardened
HR2300 series CMOS gate array produced by Honeywell
Solid State Electronics Center. The GTA uses over 200,000
gates, operates on 3.3 V for internal circuits and 5 V for
input/output, and dissipates =200 mW.

Receiver Timing

Receiver timing is unique for TIMED. The receiver
contains a fundamental oscillator which drives a group of
frequency dividers, one of which is coupled into the receiver
clock to produce a function of true time which is uncon-
trolled or open loop time. Controlled time is created by a
control process that drives the system time bias to zero. The
process is modeled as a continuous time adjustment to
frequency error which converts an uncontrolled time func-
tion to a controlled time function of true time for use by the
Kalman filter.

Correct modeling of the TIMED orbital dynamics and the
GPS measurements is key to achieving good navigation
performance. This includes having adequate gravity and
drag models and correct modeling of the measurements
derived from the GPS receiver carrier and code tracking
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loops. Modeling the effects of the receiver clock error on the
measurements is critical. A unique feature of the GNS
receiver is the control of the sampling times of the tracking
loops to align with Universal Coordinated Time (UTC) time
tics.

FIG. 4 illustrates how the GPS signal is downconverted
and digitized by preamplifier 12 and downconverter 13.
These circuit uses a Plessy RF front end and the GPS\L1
signal is downconverted from 1575.42 Mhz to 4.3 MHz.
This technology leaves the signal buried in noise. The final
output of the module is the state of a three level quantizer,
14.

The outputs of the quantizer are processed by an
application-specific integrated circuit, as shown in FIG. 6.
As previously stated, the ASIC chip includes twelve repli-
cations of a GPS tracker, so up to twelve GPS satellites can
be tracked. The signals are sampled and distributed to the 12
trackers by four receiver channels. In the trackers, this signal
samples are digitally mixed with a local carrier and code.
The sampling accomplishes an additional downconversion
of the L1 signal to —1.4054 Mhz. The negative sign arises
because the signal is oversampled and downconverted
through zero frequency. This results in a reversal of sign in
the Doppler shift. After lockup, the local carrier and code are
in phase with the received carrier and code. The GPS
message data is retrieved inside the carrier tracking loop as
the pseudo-range and integrated carrier. The data is manipu-
lated by an extended Kalman filter implemented by software
in the mongoose microprocessors.

The software used by the system is presented by way of
mathematical functions to avoid hardware and programing
language ambiguities. To simplify the presentation, the
analysis considers the pseudo-range and integrated carrier
produced by the code epoch accumulator and the carrier
phase accumulator using the output of a single exemplary
tracker channel. These accumulators are sampled at inter-
rupts generated by the Measurement Interrupt Clock (MIC).
The timing of this interrupt is controlled by the Kalman filter
so that at steady state, it occurs as close to the UTC time tics
as possible. Since this is different than what normally occurs
in a Kalman processed GPS evaluation, a thorough discus-
sion of the receiver timing is presented. Receiver timing is
developed by the GNS software which implements the
following equations, where: Vectors/matrices are repre-
sented as lower/upper case (x/T). The transpose of a vector
or matrix is denoted as x’. For quantities that depend on a
particular tracking channel, the tracking channel superscript
v is used. Thus o” is the pseudo-range associated with
tracking channel v. Quantities associated with GPS satellites
are identified by their tracking channel index (as opposed to
their PRN or SV numbers). Thus x"(7) is the position implied
by the GPS message ephemeris for the satellite being
tracked by channel v. Estimates are denoted as X. Reference
receiver time is denoted by t while true time is denoted by
T. The reference times at the MIC interrupt event are denoted
by t,. Sometimes t, is used to denote a general Kalman filter
update time. (Note that these form a subset of the MIC times
since a measurement is processed every m”* MIC interrupt.)
The apriori/aposteriori estimates of quantities at t, are
denoted as X ,_,/X; Unless otherwise stated, all vector
quantities are expressed in the Conventional Inertial System
(CIS).

Basically, the system uses an imprecise clock. To develop
error equations for a navigation system which contains an
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imprecise clock, a precise definition of error is required. This
is accomplished in the software by defining the asynchro-
NOUS errors as:

8 x(O=x(0-x"e)

where x(*) is any function of time, x(t) is its true value, and
x™(t) is its reference value according to the GNS system.
Similarly, the synchronous errors are defined as:

dox(y=x(x(0)~x"()

where o(t) is a function that takes the nominal time t of the
GNS system into the corresponding true time. This situation
is illustrated graphically in FIG. 13, where T(t)>t is assumed.
If the difference T(t)-t is small, and the difference between
the true trajectory and the reference trajectory is small, the
following relations hold between the two error conventions:

dx()=d (N +x()(x()-0) ®
where x(t)=dx/dt.

The synchronous error is the error in x"*(t) ignoring the
time tagging errors of the GNS clock, while the asynchro-
nous error takes these errors into account. If the difference
between the indicated and true time to be the state is defined
as T=t—7(t), the appropriate transformation between asyn-
chronous and synchronous errors is:

Ssx(1) _ I —x(2) [ Sqx(D)
[ () }_[o 1 H () }
and the associated suitably partition covariance is:

[cov(éxx) cov(ésx, T) } B [ I —x(0) H cov(8x) cov(bax, T) H I —x() }'

(symm)  con(T) 0 1 Jlymm  cowimy Jlo 1

For most sections in the following development, the syn-
chronous error convention will serve as the default. It will be
written without a subscript.

For the uncontrolled time receiver reference times, Let ©
represent the independent variable true time. The receiver
contains a fundamental oscillator with instantaneous fre-
quency fy(t)". (For the TIMED GNS receiver using a Plessy
RF Front End, £, is nominally 10 MHz.) It drives a group of
frequency dividers, one of which is coupled into the receiver
clock. The output of this frequency divider as a function of
true time is:

— 1
s(T) =si E

= sin(p(7) / kc)

f o) + b

Tset

where k_ is the (rational) divide-down ratio. (For TIMED the
system clock is coupled directly into the fundamental
oscillator, so that k_=1) The true time at which the clock was
set is T,,,, the phase (in radians) of the fundamental oscillator
is ¢(v)=2x), "f(E)dE+0,.,, and ¢,.,[0,2] is an arbitrary
phase of the Tundamental oscillator at T,,. The number of
complete cycles executed by this sinusoid since T, is
N, ere(D)=toor[(¢(T)-0,.)/ 2k, ]. IF £, cycles per second
are being executed by the fundamental oscillator, the esti-
mate of time is:

10

15

20

25

30

35

40

45

50

55

60

65

16

keNeyete
o) = yote (T)

f ref set
0

_ ke floor{(@(7) = ¢ser) /27K ]
- ref
0

= lser

where T, is the value placed in the clock at t,,,. Dispensing
with the floor function since all times of interest (the
sampling times) occur when the oscillator has executed an
integral number of cycles (i.e. when (¢(t)—¢, )/27 is an
integral multiple of k),

Then:

@) =g /2
= ref
0

(1) @

(T A©
= ref

Tset JO

dé =ty

=f (A —eENdE + 15

Tset

= lger + (T — Toer) — f s(§)dg

Tset

where the fractional frequency error is defined by:

©)

This is the uncontrolled or open loop time. If t__=t_, and

£,(2)=f," there will be no error and t*(t)=T. Since this is not
the case, there will be an error defined by:

T"n)=r(t)-7

= Iset = Tser — f s(§)dg

Tset

Q)

Note that t*(t) is the function that takes true time into the
simultaneous uncontrolled reference time. Note also that the
divide-down ratio k. does not appear. This function is
inverted to obtain the true time, T(t*), as a function of
uncontrolled reference time. This function is defined implic-
itly by:

T(t*) ®)
1=l = (T(") — Toer) —f &) d¢

Tset

The instantaneous phase of the fundamental oscillator is
recovered from t*(t) by solving equation (2) for ¢(t) to get:

@(0) = 2015 (1 () = 1) + b
=207 ([ = T"(@)] = tser = doer)

=2 @ = T () + b

where ¢, has been modified to include t ,,, because only
¢(t) is significant, modulo 2m and (t,,2mtf,"Ymod(2m) can
be absorbed in ¢,

The uncontrolled time thus far defined is used to derive
controlled time by driving the system time bias to zero. A
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quantized and control in a discrete time system is modeled
as a continuous time adjustment to the frequency error.
Applying the control process to equation (2) produces:

T 6
HT) = Lo + (T = Toer) — f [e(&) — ()] dg ©

Tset

where t(T) is the system reference time as a function of true
time, including the control effects, and u(T) is the continuous
time process used to represent the control. Its dimensions are
seconds/second (the same as fractional frequency error).
Note that t(t) is the function that takes true time into
simultaneous controlled reference time. This function is
inverted to obtain the true time, T(t), as a function of
controlled reference time. The inverse function is defined
implicitly by:

(1) €]
1= Lger + (T(0) = Toer) —f [£(&) —u(©))de

Tset

Defining the (controlled) clock bias to be that quantity
which when subtracted from the (controlled) reference time
gives the corresponding true time:

T =ur)-7 ®

=t f [o(@) —u(@)] dé

Tset

The rate of change of T(t) with respect to true time is
then:

T_ ()
e —o(7) + u(1)

The Kalman filter runs according to receiver time, there-
for the derivative of T(t)=T(t(t)) with respect to t. By the
chain rule, this is

dT(0) dT(Ew) dr() (10)
dr ~ dr  dr

1(t)=dt/dt is derived by differentiating equation (7) with
respect to t using the Leibniz rule which produces:

1=(1-e(e(O)+u(e(0)e()

or

1 an

0= To-0

where e(t)=e(t(t)) and u(t)=u(t(t)). Substituting equations
(11) and (9) into equation (10) yields:

dr(@)
dt

u(n) — e(1)
T 14+un—£

12

= () — ()

The variables T and t represent the true time and controlled
reference time independent variables as well and the func-
tions T(t) and its inverse t(t). The distinction is clear from the
context. When appropriate, superscripts identify the system
to which the time functions pertain. Thus, a reference time
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from the Guidance and Navigation System (GNS) leads to
the corresponding true time:
T()=t-1(f) 13)
By a notational slight-of-hand, as in equation (13), func-
tions may be accessed according to receiver time instead of
true time. This is accomplished by writing T(t) to mean
T(z(t)). The GNS time t represents the number of seconds in
the GPS standard epoch. It is stored in two variables so that
precision will not be lost:
t,=MIC__time,+t,

int

where MIC__time, is the number of seconds since GNS
turn-on and t,, is an integer that brings the sum MIC__
time, +t,,, close to the desired value when time is initially set.

MIC slew control, u(t), is a continuous time representa-
tion of the digital process used to control the timing of the
MIC interrupt in the GNS receiver so that it aligns with UTC
tic boundaries. The GNS receiver continually estimates the
difference between its internal clock and GPS time. The GPS
time differs from UTC by an integer; therefore the GPS time
tics are coincident with UTC tics. In the actual digital
implementation, the MIC interval counter is strobed by f,/k...
An interrupt is generated and the counter resets when the
counter reaches a value written into a memory location on
the GPS Tracking ASIC (GTA). The desired number of clock
cycles between MIC interrupts is known as the MIC register
count and is determined from Kalman filter estimates.

The objectives of the digital control are to compensate for
the time bias error and the fractional frequency errors, and
to bring the MIC interrupt into coincidence with the UTC
tics. The control will be applied across the whole Kalman
update interval consisting of m MIC interrupts so the
difference between the true and nominal MIC interval times
can be minimized. As described earlier, the nominal time
since the GPS standard epoch is constructed as:

1,=MIC__time,+t,,,

The corresponding estimate of true time after a measure-
ment update is found by removing the bias from the refer-
ence time:

Ta=MIC_time,=t,,,~ T (14)

It takes far less time to eliminate the clock bias and to
align the MIC with UTC tic’s if the clock bias is removed
by absorbing it in t,,;

..
it Ly

~round{T, .}

Tk/kejwk/k_round{jwk/k} (15)

where round{x} is the closest integer to x, i.c.

round{x} = arg  min|i — x| (16)
ieZ

where Z are the integers. It is clear that this redefinition
leaves the estimate of true time given by equation (14)
unchanged. This redefinition is done after every measure-
ment update. If the MIC slew is operating in steady state, the
time bias will be maintained at a very small value and this
redefinition will not do anything. The absorption of the
integral part of the clock bias will only happen after the first
measurement update or if the MIC slew is deactivated.
Assuming T, denotes k”* sampling time, then the k* MIC
interrupt is triggered when the GTA MIC counter (which is
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strobed at the frequency fo/k.)) counts up to a prescribed
value, n(k). The GTA MIC counter then resets. The true MIC
interrupt times (t,,k=1,2,3 . . . ) are thus defined by:

1
- Jol&)d& = n(k)

ke Tk-1

where T, is the true turn on time.
The Kalman update interval contains m MIC intervals and
a Kalman crank interval is:

k+m

1 Thk+m
E fk e =y ni

i=k+m

The update interval is divided into subsections of length
p and g=m-p, as in FIG. 14.

For the first p MIC intervals, the measurement update
calculations at t, are still underway and a default MIC
interval count n, is used. The value for the default MIC
interval count is based on the previously estimated fractional
frequency error so that the true MIC interval times are as
close to the nominal as possible: (If this is the first Kalman
crank, the estimate comes from preflight calibration of the
oscillator.)

ng=round{Ay,c'f; Dmf(l_ékfm/kfm)/ ko)

For the remainder of the Kalman crank interval, the MIC
interval counts are calculated to minimize the time bias
estimate predicted at the end of the crank interval:

an

fO k+m
T~ = prg+ 3 nlD)

i=k+p+1

assuming () is slowly varying. Using the above defini-
tions for the receiver time bias and frequency errors:

T =t,-1(t,)
then

Teom=tksrm= T (Esrm)
and

Jofo @ 1-<(t0)

Substituting these values into equation (17) yields:

k+m

(thom = Tltem) = [t =T = prg+ Y nid)
i=k+p+1

S - ew)
ke

Let Ay e=ts.1—t; be the nominal MIC interval in seconds
(=1 sec). Then t,,,~t=m-A,,, and:

qc = g — g5 intervals with n(i) = floor(S™ /g) + 1 as the count:

o ny = floor(S™ / q)
nil) =
ne =floon(S*/q)+1 ie{k+p+gr+l, k+p+gr+2,
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k+m

(m-Apic = [Ttem) = T = prg+ y, nld)

i=k+p+1

ke

Minimizing to find the integer sequence n(i) which makes
the clock bias at the next crank as small as possible:

[T @)l = - Dagic + T(5) =

k+m k
pry + Z n(i) <

ik p+l £I-e@w)

Note that this optimization problem defines only the sum of
the sequence

k+m

S = Z 0]

i=k+p+1

and can be expressed in the form:

S* =arg min|A — SB| (18)
SezZ

=arg min|B(A/B-S5)
SezZ

= in|A/B -S|
arg rsgll / |

where:

ke
A=m-Apyyc +T(g) - pnd[refi]
Jo (1 —&i)

- kc
(Y

By definition of the round function, the minimum of
equation (18) is attained if:

S* =round(A/B) (19)

ref
1-e(
= round| fo (- o) T S(k))(m'AMIC +T@w))| - pry
(1 -¢ .
= round[fi0 (k Su) (m-AMlc + Tk/k) - Py

The last line is used for computation because the causal
estimates are substituted for the true quantities e(t,) and
T(t,), which are unknown.

The optimal sum is generate by the following sequence
which is preferred over other sequences because it produces
a minimum variance from the optimal mean count value
S*/q. The last ¢ MIC intervals in the Kalman crank are
divided into two groups, one with g intervals using n(i)=
floor(S*/q) as the MIC register count and one with

20

ietk+p+l, k+p+2, .. k+p+gys}

.ok +m}
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The sum of the sequence is:

k+m
> n@ =gpong +aene =gpong +(@—gqp0n +1)
i=k+p+1 5

The integer g, that generates the minimum variance
sequence that satisfies

10

k+m
> n=S5"is ST =qpn+(@-gpy+ D

i=k+p+1

which yields: 15

q=q(np1)-S* @1

which is greater than zero, provided q, S*=1. Then q_ is: 20

ge=q-qr=5"—q-nys (22)

During the period between the first two Kalman cranks,
the MIC slew has to absorb time errors up to % second in
magnitude. The MIC is disseminated to the spacecraft as a
1-PPS timing source. There for, the time between MIC
interrupts cannot be shorter than 0.9999 seconds. (A,z;=1
sec.) To ensure that this constraint is met in the presence of
a 100 nanosecond time quantization on the GTA and clock
estimation uncertainties, the GNS uses a tighter constraint of
0.9999+100x10~°+30, seconds, where o, is the estimation
uncertainty of the receiver clock in seconds. Since A, is
expected to be 1 second and o4 is expected to be around 100
nanoseconds, 8=9.96x107° is used. If the shortest true time
interval between MIC interrupts is less than A, (1-9), the
system redefines the MIC counts for MIC intervals k+p+2 to
k+m so that the true time interval between MIC interrupts is
as close to A, as possible and lengthens the k+p+1? MIC
interval so that the total length of the Kalman crank is
increased by an integer number of seconds so that the length
of the crank is mA,,~+s seconds.

25

35

40

45
The MIC interrupt has been brought into coincidence with

UTC boundaries at the true time of the next Kalman crank,
this is still the case if an integer number of true seconds are
added to the Kalman crank interval. The rate of change of
the time bias estimate in the Kalman filter is computed based
on the actual time sequence of MIC counts, assuring that the
estimate of the time bias will evolve correctly.

50

The best estimate of the shortest true time interval result-
ing from the calculations this far is n}(c/(foref(l—ék/k)). The
minimum MIC interval constraint will be violated (on g,
intervals) if:

nrk (23)

< < Aprc(l - 9)

ST 60

If the foregoing is true, the system redefines the true MIC
interval for MIC interrupts k+p+2 to k+m to be as close to
the nominal MIC interval as possible: 65

)=y g LE[hAp+2, ktm] 24)

22

where

Ape fy7 (1 - ék/k)}

c

Rt = round{

The foregoing is the value for the default MIC count that is
used for the next Kalman crank interval.

Next, the counts for the k+p+1? interval are defined so
that the whole Kalman crank interval is lengthened by s
seconds, according to the estimates of the clock parameters.
Alengthening of s seconds means that instead of steering the
clock bias to zero, the count is selected for this new interval
so that the clock bias T(t,,,,) is as close to —s as possible.
n(k+p+1) is selected from the integers to minimize:

[T (@ +m) + 1 = |m-Apgre + T(tx) -

k+m k
phy + Z n(i) [ E— +s‘

ikrptl fF - e@)

k+m

A+s—B Z (i)

i=k+p+1

=|A+s—Blatk+p+1)+(g— Dngmll

=|A" =Btk +p+1)|

where A and B are as defined in equation (18) and A'=A+
s-B(q-1)n,,,,,- The optimal integer value for n(k+p+1) is
then:

n(k + p+1) =round{A’ / B}

_ round{ A+s— B(Z — Dngpe }
= round{ Ats —-(g- l)ndm,}

{fomf(1 = &) Awic + Tepe +9)
= round: 3

pry = (g — DA}t

{fomf(1 = &) Awrc + T +S)}
= round: 3 -

pry — (g — Dngn

The integer s is chosen so that the true-time length of MIC
interval (k+p+1) is greater than A,,;~(1-9). This is accom-
plished by setting A*rk+p+1>AMIC(1_6) or:

e+ p+ 1) > Al 4)@

25

Since round(x)s>x-" for x>0: n(k+p+1)>n'(s) where:

_ #7a = By )m- Aic + Tepe +5)

'(s) k

1
=Py = (= Digpe = 5
If the magnitude of the oscillator fractional frequency
error is bounded by |e,|<B, s is selected so that

nk+p+1)>n'(s) > (26)
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-continued
KA+ K70 -0
Apgic(l = 5)0/(7 > Apgre(1 - 5)0/(7,(
or
5 >
ke LYa+p 1
T N Ayl —5)/(7 + 3 + (g = Digpe + pry | —
fol (U =2) c

m-Bic = T

sO

LYa+p 1
ke Aprc(l =) 2——22 4 =
s = ceild ———— mict ) ke 2

T A
fol (L =&p) R
0 M| (g = D + pitg —m-Ayic — Ty

The upper bound for s is defined by:

refl 1
[ w1y g e

ke
s<ceil{ o Apic
for =B

m-Auic — fk/k} =

ke
207718

il (oA + = |-
cel m ﬁMIC W_k/k

il apre S5 = s Awc-T
cei MIC(l_é)(m_ ) + —m-Buype = Ty p <

Now [T,/ =% since the whole value part of the clock bias
is absorbed in t,,, (see equation 15), so s=1 if:

int

Mo pae + = | < L
[ MIC 7)< 2

This implies

foref — mk,
@mApc + D7

With default values of m=180, A,, =1 and f,¥=10°%
B<1.3867x10~> guarantees s=<1. This is a very loose require-
ment for the oscillator fractional frequency error (and its
estimate) since the expected flight oscillator will be bounded
by 30 ppm.

The following equations are used for calculation of the
MIC interval counts for a Kalman crank interval. The default
control used for the first p interval is:

nd=round{AM,C-fD’Ef(1—ék/k)/kc} @7
then
. ke (28)
A=m-Dyye + Ty — pry T
Jo ' (1= &)
ke
B=—
So (1 =)
S* = round(A/B)
ny = floor(S™ /q)
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and
ne=ngtl 29
If the minimum MIC constraint is satisfied (as it is in
steady-state operation), i.c.:

nrke (30)
> A=)
Jo (1 = &)
using the baseline rules:
ng ietk+1,... . k+p} (31)
ny=3nr i€tk+p+l,... . k+p+gr}
ne ietk+p+gr+1,...  k+p+m}

where q=q(ns+1)-S*. If the minimum MIC interval con-
straint is violated, the following is calculated:

Ay 77 (1= ék/k)} (32)

c

Ry = round{

ke
-2

ref
Apre(l = 5)@ +

1
s = ceil ¢ 2
(@ Dt + prg—m-Ayre = T

A"=A+s5-B(g— Dngpu

using the rule

s i+l ... k+p) (33)
n(i) =< round{A’ [B} ietk+p+1}
My yxt ietk+p+2,... k+p+m}

The average rate of change of the time bias over the
Kahnan update interval is:

~ T = Tage

uy
m-Auic

Which is manipulated to:

k+m

(m- Ausre = Tomp + Tap) = Z n(i)
fares]

ST
ke

to obtain:

k+m

ke Z n(i)

fares]
m-Buc- fo? (1= 2

(34)

mo=1-

This is the (constant) deterministic control value that is
applied across the receiver time interval [t,t,,,,] when propa-
gating the estimate of receiver time bias in equation (12).

To illustrate the operation of the MIC slew control,
consider first a case in which the MIC interval is 1 second,
the Kalman crank interval is 4 seconds, and the delay in
implementing the MIC slew is 1 second (p=1). Assume that
the time bias estimated after the 64th MIC interrupt is 1.4
seconds, that there is no frequency error, and that the time
bias is perfectly estimated. This scenario is illustrated in
FIG. 15 where the data is identified with o’s (the “0” data):
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After the rounded time bias is removed using equation
(15), the time bias drops immediately to 0.4 seconds. This
corresponds to point M64+. Note that the time bias is the
difference between the “o” data and the slope 1 line.
Following this, there is a period of one second in which the
default MIC interval count (n,) is used. The MIC slew
control then removes the remaining 0.4 seconds of time bias
by calculating a MIC interval count profile from equations
(28) and (31). (The quantization effects are ignored in this
example since they will not show up on a plot.) Since the
time bias is positive, the unquantized MIC interval count is
greater than its default value and the true time between MIC
interrupts is lengthened so that the minimum length con-
straint is not active.

Next consider the case where the time bias estimated after
the 64th MIC is —0.4 seconds. The true time between MIC
interrupts resulting from using equation (31) would be
lengthened by 0.4/3 seconds. Therefore the minimum length
constraint becomes active and the true time in the Kalman
crank is increased by one second. The MIC is then aligned
with the UTC time tics in the interval between MIC inter-
rupts 65 and 66. During this alignment, the true time interval
between MIC interrupts is increased to 1.6 seconds. Note
that in this example also, there is a period after the 64th MIC
in which the default MIC interval count is used. At the next
Kalman crank time (the 68th MIC interval) the MIC inter-
rupt is aligned with the UTC tic, but the time bias is now +1
second. Since equation (34) was used to propagate the filter
estimate of the time bias, the Kalman filter “knows” this.
When equation (15) is again invoked, the time bias is reset
to zero (point M68+).

Dual-Processor Subsystems

The GNS software executes on two processors, a tracking
processor and a navigation processor. In the preferred
embodiment, two Mongoose V, Synova, Inc. processors are
used. They run on an adaptation of the 32-bit MIPS proces-
sor architecture. Like the GTA, the processors are imple-
mented on a rad-hard HR2300 series gate array from Hon-
eywell. FIG. 16 is a functional block diagram of the dual
processor and FIG. 17 is a simplified layout of the hardware.
Both processor hardware configurations are nearly identical
with the exception that the navigation processor has a
command and telemetry interface with the spacecraft and the
tracking processor has a control and data interface to the
GTA. In addition, the tracking processor has no nonvolatile
memory and thus is slaved to the navigation processor,
which is responsible for booting it up after a reset and
continually monitoring its health.

The navigation processor communicates with the space-
craft via a memory-mapped, 8-Kbyte, dual-port RAM
(DPRAM), which interfaces to PCI hardware on the space-
craft side of the DPRAM. The “sharing” of the DPIAN
between the GNS and the spacecraft is arbitrated by the GSE
by use of interrupts and defined access timing constraints.
The navigation and tracking processors communicate with
each other via another memory-mapped 8-Kbyte DPRAM
and, like wise, arbitrate their access with the use of interrupts
and defined timing constraints. While the navigation pro-
cessor has read/write access to this entire DPRAM, the
tracking processor has read/write access to the upper 4
Kbytes but only read access to the lower 4 Kbytes. This
“read-only” memory provides a “pseudo-non-volatile
memory” for the tracking processor, which is utilized during
boot-up. The tracking processor communicates with the
GTA via a custom address and data bus used for sending
control and configuration information and receiving data and
status. The software executes an extended Kalman filter
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which is presented by way of a mathematical model imme-
diately after the following functional descriptions of the
software and its tasks.

GNS Software

The GNS software is presented as a functional block
diagram in FIG. 16. It is partitioned between the tracking
processor and navigation processor based on functional
requirements, system topology, and required and available
processor throughput. The navigation processor utilizes an
embedded Operating System (OS) such as the Nucleus Plus
produced by Accelerated Technologies, but only in a limited
manner i.e., limited to task switching, interrupt handling,
and minimal use of events and semaphores. The tracking
processor does not make use of an OS due to unacceptable
interrupt latencies on its high-rate interrupt (~667 sec). All
navigation and tracking processor software is written in
ANSI C, except for a minimal amount of modularized
assembly code.

Tracking Processor Software

The major tasks performed by the GNS tracking software
are listed in Table 7. This software, in conjunction with the
GTA, can acquire and track up to 12 space vehicles (SVs).
The software supports aided-search and sky-search acquisi-
tion modes for acquiring satellites on a channel-by-channel
basis. In aided-search, aids generated by the navigation
processor are used to determine the SV pseudo-random
noise (PRN) and the Doppler range searched out for poten-
tial acquisition. In sky-search, no aids are provided and the
system searches a wide Doppler range for SV PRNs from a
predetermined set. For each signal acquired, the software
uses a third-order, phase-locked loop to track the carrier, and
an aided first-order, delay-locked loop to track the CA code.
A signal monitor is used to determine when a channel drops
lock. When this occurs, the processor autonomously tries to
reacquire the satellite with a short search. If this fails, the
channel switches to the sky-search acquisition mode or if
aided by the NP, to the aided acquisition mode.

The software makes carrier and pseudo-range measure-
ments every second for each satellite in track, and outputs
these data to the navigation processor. In addition, the
software builds GNS message subframes, validates them
using the message parity bits, and then out puts validated
subframes to the navigation processor. Interrupts generated
by the GTA control the sampling and processing of the data
from the 2 tracking channels on the GTA. A measurement
signal generated by the GTA is used to control processing
and handling of the pseudo-range and carrier phase data, and
subsequent output to the navigation processor.

Table 7. Major GNS Tracking Software Tasks

Accept and apply acquisition aids

Execute sky-search algorithm in absence of aids

Control the GTA

Track up to 12 SVs simultaneously

Generate validated GPS message subframes

Determine SV transmit time for latched data

Execute commands from the navigation processor
Navigation Processor Software

Table 8 details the major tasks performed by the naviga-
tion processor. The core of the navigation processor software
is the Kalman filter task, which consists of two main parts:
the Extended Kalman Filter (EKF) and the Short-Term
Propagator (STP). The Kalman filter updates the state vector
and covariance at 180-second intervals and the STP gener-
ates all of the data products and outputs them at 1-second
intervals.
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Table 8. Major GNS Navigation Software Tasks

Process 1 CCSDS telecommand packet per second

Output 6 CCSDS telemetry packets per second

Output unpacketized data to guidance and control instru-

ments every second

Generate a pseudo-range table

Build OPS message data stores

Execute Kalman filter crank every 180 seconds

Output a PVTSE data set once per second; (PVTSE=

Position, velocity, time, Sun vector events)

Generate acquisition aids

Generate control for steering 1 PPS signal

Generate and output long-term propagation data

The GNS uses a Fault Detection and Exclusion (FOB)
RAIM technique. The software excludes measurements
from the GSE whose residuals exceed a defined threshold
via the Kalman filter. The GNS uses a current-state EKF to
obtain the current best estimate of the position and velocity
of the TIMED satellite center of mass. The EKF is essen-
tially a simulation corrected by periodic measurement
updates. The updates normally occur every 180 seconds and
process GNS range and phase measurements for up to 12
satellites in track. The state propagation in the EKF contains
a Jacchia upper atmospheric density model and a gravity
model using degree and order 15 spherical harmonics from
the EGM96 database.

The EKF uses a state space containing 45 states, defined
in Table 9, to model the measurements. The drag error state
normally represents the error in the drag model, which is
dominated by the unpredictability of the upper atmospheric
density. If the parameters for the density model are
unavailable, the drag error state can be used to model the
whole drag effect.

TABLE 9

The GNS EKF State Space

Parameter Number of States:

Position

Velocity

Drag Parameter Error

Clock Error

Frequency Error

Selective Availability Markov Process
Integrated Carrier Phase Bias

[ N TN

= |Hm
w

Total

The prediction capability of the EKF is primarily deter-
mined by how rapidly the atmospheric density fluctuates in
reaction to solar activity, which will be at a maximum during
the TIMED mission.

The clock and frequency error states are used within a
control system that drives the STA’s measurement clock and
1 PPS output to be coincident with UTC epochs. This
latching signal is also used to define the time of validity of
the output data products.

Atwo-state damped harmonic oscillator driven by process
noise models the selective availability errors for each SV
link. The integrated carrier phase bias is used to model the
integer ambiguity associated with the phase tracking pro-
cess. These selective availability (SA) Markov and carrier
phase biases are reinitialized when new satellites are brought
into track or during reacquisition after a tracking loss of
lock.

After each measurement update, the Kalman filter state is
propagated for 180 seconds to the next (anticipated) update
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time. After this, the STP propagates the state for two more
180-second intervals. These additional propagations are
used only for generating real time GNS output data products
for the spacecraft (position, velocity, time, Sun vector, event
notification flags, and data validity flags) and do not affect
the Kalman filter solution. A 5th degree Hermite interpolat-
ing polynomial is fit to the three points position and three
velocity points forming the boundaries of the two additional
propagations. The interpolating polynomial matches posi-
tion and velocity at the boundary points and is used to
interpolate position and velocity to one second intervals. The
interpolated position and velocity are used to generate the
five event notification flags: 1) primary ground station
contact, 2) backup ground station contact, 3) SAA
encounter, 4) polar region and 5) day/night at sub-satellite
point (used for signaling a terminator crossing).

Approximately every 12 hours, a long-term propagation
(LTP) is executed in order to predict the primary and backup
ground station contacts, and the SAA encounters for the next
60 hours. The duration of the propagation is limited by the
required accuracy of the data, which is largely dependent on
the uncertainty of the atmospheric density at solar max.
During the LTP, a state vector corresponding to each pre-
dicted ground station contact is saved and used to generate
an orbital element set for the respective contact. All of the
LTP data products are used solely on the ground (i.e., not
utilized onboard) by the MOC and the instrument Payload
Operations Centers (POC).

Extended Kalman Filter

The TIMED system thus far described is realized through
the application of an extended Kalman filter. The filter
distills information accumulated from received GPS signals
into current state estimates. This is accomplished by propa-
gation and measurement equations which involve nonlinear
transformations of the state. A mathematical model defining
the processes of the program implementation of the
extended Kalman filter is presented immediately after the
following graphic description of the filter.

The time update of the Kalman filter state contains models
for the earth’s gravity field and for drag. However, since the
drag model is uncertain, an error state is included in the state
space. Small errors induced by these and other sources are
eliminated by a linearization process wherein small errors in
the state are estimated and added to the whole value state.

The filter processes both pseudo-range and carrier phase
measurements. The pseudo-range measurements offer a
noisy (3-5 m with CA code) measurement of slant range
from the TIMED satellite to each GPS satellite. The carrier
phase measurements provide precise measurements of line-
of-sight velocity which is fully exploited only when the
selective availability mode is off.

The Kalman filter state space is divided into two partitions
which are dynamically uncoupled. The first partition
includes the states which directly determine the satellite
position and time, i.e., position, velocity, drag parameter
error, receiver clock and frequency bias. These states evolve
according to nonlinear dynamics. The influence of the
receiver position on the measurements is also a nonlinear
transformation.

The filter estimates current position and velocity in the
conventional inertial system (J2000). The position and
velocity change as a result of gravitational acceleration (as
provided by a 15x15 spherical harmonic model) and the
drag acceleration (provided by the U.S. Space Command
high altitude atmosphere model). Any errors in the drag
model are absorbed by the drag error state.

The effects of the imperfect receiver clock are modeled by
the time bias and clock frequency error which have been
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defined in the Receiver Timing section of this patent speci-
fication. The time rate of change of the receiver clock is the
receiver frequency error.

The second partition of the state space contains states
which do not directly affect TIMED position and time. They
are used to model errors in the GPS measurements. These
states evolve according to linear dynamics and their influ-
ence on the measurements is also linear.

These selective availability states are a set of second-
order Markov processes, one for each link, which model the
effect of selective availability on the pseudo- range and
carrier phase measurements. A second order process is used
with an undamped natural frequency of 300 seconds, damp-
ing ratio of 0.4, and a steady state standard deviation of 75
m. When a GPS track is initiated, the selective availability
state standard deviation is initialized with the steady state
standard deviation.

The carrier phase bias states model the unknown cycle
ambiguity in the phase-derived range. The carrier phase bias
state standard deviation is initialized at 1.9 when a new
track is initiated, or when loss of phase-lock is detected.

The Kalman filter can be initialized in one of three ways:
1) The normal mode of initialization through pre-loaded
orbital insertion data. The separation position and velocity in
an ECEF coordinate system are loaded by command prior to
launch. When the separation event is detected, the Kalman
filter transforms the initial conditions to J2000, initialize its
state and covariance, resets the crank interval counter, and
begins cycling. 2) through a GPS doublet. In this mode, the
GPS point solutions are used to establish the initial position,
velocity and associated covariance. This process assumes
that the point solutions are close enough in time that the
TIMED velocity can be regarded as constant. The Kalman
filter uses the GPS doublet to reinitialize this state if it
detects that its state vector is inconsistent with a large
number of GPS measurements. 3) through a commanded
upload. In this mode a NORAD two line element set
(compatible with the SGP4 orbit propagator) is transformed
to a J2000 state vector and covariance by the ground system.
This mode is intended for unusual cases in which the GPS
cannot function.

The filter time update propagates the state and covariance
between measurements. The filter time update is done imme-
diately after the measurement update so that the MIC
corrections can be spread evenly across a Kalman crank
interval. This requires that the Kalman filter measurement
updates be evenly spaced.

Every 180 seconds, difference measurements are formed
on the basis tracker and GTA data latched at the correspond-
ing MIC. The difference measurements are the pseudo-range
and carrier phase minus their predicted values. At this time,
measurement sensitivity is calculated. The filter state and
covariance are updated by the measurement update process.
The Kalman filter residuals are monitored to verify that there
are no huge discrepancies between the Kalman filter state
and the measurements. If there are, the filter is reinitialized
using the GPS doublet. After the measurement update, the
GNS output products are generated and a check is made to
determine whether the long-term propagation should begin.

The independent variable in this state propagation is
receiver time. An increment of receiver time differs from an
increment of true time because of the receiver oscillator
frequency error. The position, velocity, drag, clock and
fractional frequency error states (the dynamic states) are
coupled dynamically to each other by a system of nonlinear
ordinary differential equations, the derivations of which
commences with equation (35). A transition matrix that
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propagates small errors in these states is generated using the
gradient of the dynamic state derivative with respect to the
dynamic state. This discrete time process noise matrix for
the dynamic states is also found by integrating its o.d.e.
which involves the same gradient.

The system of nonlinear ordinary differential equations
describing the state dynamics is solved by using an 8 order
Runge-Kutta Fehlberg algorithm. The performance of the
filter begins to degrade because of measurement thinning if
the step size is increased beyond 180 seconds. Because
propagation is from measurement to measurement, a fixed-
step size version of the algorithm is used. The RFKS8
algorithm requires 12 function evaluations per step. The
subroutine that implements the algorithm integrates vector
(not matrix) differential equations. Therefore, the discrete
time process noise matrix must be remapped into a vector as
well as its derivative.

The selective availability (SA) states and the phase biases
(the “sat” states) obey linear dynamics. The separation
between measurements is constant, allowing the continuous
part of the transition matrix and discrete time process noise
to be precomputed. The “sat” states are ordered according to
tracker channel. The transition matrix (and the discrete time
process noise matrix for the “sat” states) model the effects of
a new GPS satellite in a given tracking channel.

A full state (“dyn” +“sat”) transition matrix is formed
from the block-diagonal concatenation of the “dyn” and
“sat” transition matrices. The “dyn” partition is computed by
solving an o.d.e. containing the “dyn” state derivative gra-
dient. The covariance factor is updated for deterministic
effects by premultiplying it by the full state transition matrix
using a sparse matrix multiply routine. To accomplish the
stochastic update of the covariance factor, a vertical con-
catenation of the deterministically updated covariance factor
and the full-state discrete time process noise factor is
formed. This array is then decomposed into an orthogonal
matrix and upper triangular matrix using a sparse QR
decomposition algorithm. The updated covariance factor
(transpose) is found in the upper part of the upper triangular
matrix.

The raw pseudo-range and carrier phase measurements
are formed from the following quantities: 1) fractional chip
count (pass-through from GTA); 2) chips into epoch (pass-
through from GTA); 3) epochs into bit (from tracking SW bit
sync process); 4) high order bits of Z-count or TOW (Time
Of Week) (from message); 5) GPS week (from message); 6)
whole cycle count; 7) fractional cycle count; and 8) receiver
time.

Predicted pseudo-range and carrier phase for each satellite
in track is then calculated from the receiver position, the SA
and phase bias states of the GPS message ephemeris. Since
the predicted pseudo-range is a function of the satellite
position at the predicted transmit time (which in turn
depends on the predicted pseudo-range) this process is
iterative. The Kalman filter processes the difference between
the raw measurements and their predicted values. The mea-
surement sensitivity depends on the unit vectors from the
TIMED satellite to the GPS satellites in track. They are
produced in the calculation of predicted pseudo-range.

In the Levy square root covariance Kalman filter
derivations, the array on the left of equation (67) is formed
from the measurement noise factor, the time-updated cova-
riance factor, and the measurement. This array is factored
into an orthogonal matrix and an upper triangular matrix
containing the measurement update covariance factor, and
the W matrix which is used to compute the Kalman gain.

After every measurement update, the filter launches a low
precision state propagation to fill a table containing position,
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velocity, sun-vector, event notifications, and time for the
next 180+ seconds. In this mode the orbit propagator may
only use the J2 part of the gravity module to improve
execution speed. The event notifications are: 1) entry into
the South Atlantic Anomaly (SAA) or Polar regions, 2)
ground contacts and 3) terminator crossings.

Every 12 hours, the Kalman filter launches a high preci-
sion orbit propagation using its last computed state vector.
This trajectory is monitored for contact events and any SAA
entry. When a contact event is found, the trajectory points
near the AOS are used to define an element set appropriate
for used in the NORAD SGP4 algorithm. After every
measurement update, the Kalman filter produces acquisition
aides for the tracking software. The aids contain Doppler
and Doppler rate for all GPS satellites based on the current
TIMED state vector and current almanac ephemeris.

To avoid missing an event because of the granularity of
the propagated orbit, the event detection and prediction is
based on polynomials fit to functions of the propagated
points. For the contact events, a polynomial is fit to the
elevation of the TIMED satellite as seen by the various
ground stations evaluated at the trajectory points. The roots
of this polynomial are the AOS (going +) and LOS (going -)
times. If AOS-LOS>5 minutes, it is a valid contact. For the
South Atlantic Anomaly, a polynomial is fit to the latitude
and longitude polynomials of the sub-satellite point. The
points at which the latitude and longitude polynomials cross
the latitudes and longitudes of the SAA region is calculated.
If the satellite is in the SAA latitude band at the same time
it is in the longitude band, an SAA event is flagged. The
polar region is done in a similar fashion, except only the
latitude is used. For the terminator crossings, a curved is fit
to the inner product of the sun-vector and the unit normal to
the reference episode at the sub-satellite point. The roots of
this polynomial define the terminator crossings.

Kalman Filter Implementation

The following presentation mathematically describes the
processes carried out by the software in implementing the
various routines used to accomplish the tasks of the
extended Kalman filter which forms the nucleus of the GNS.

The state space for the TIMED GNS Kalman filter is:

(D) (35)
a(n)
(1)
£(1)
sa(t)
40

x(1) =

9+3-nmax X1

where w(t(t)) is the position and velocity of the TIMED
center of mass (CM) in the conventional inertial system
(CIS):

r(T(@)

= [ W (o)

} (TIMED inertial position & velocity).
6x1

Note that w(t(t)) is defined as a composite function: w(*) is
an explicit function of true time. The evolution of w(*) is
governed by Newton’s second law, which involves deriva-
tives taken according to true time (not receiver time). The
units of w(*) are meters and meters per second. The drag
error parameter is defined as the ratio of the true value of the
parameter group p-Cp,-A/(2-M) to its nominal value:
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(drag parameter).

p-CD-A] . (p_CD_A]nominal
2-M )\ 2-M

a(t) = (

The state o includes the effects of errors in density, drag
coefficient, projected area, and satellite mass. The first term
on the right is the true parameter group, the second is the
parameter group predicted by the density model, with the
nominal spacecraft ballistic coefficient, mass, and an aver-
age projected area.

The clock related states T(t) and e(t) and are defined
according to:

T(H)=t—(z) (Clock bias) (36)

£~ oo 3D

&)= -
0

(Fractional frequency bias).

The effect of selective availability is modeled as a two-state
Markov process for each satellite. The vector sa(t) contains
two states for each satellite that can be tracked for a total of
2n,,,,.,. states:

sa(®)=[sa,(Dsax(D) . . . saz,,  _1(Dsar, O (38)

The odd elements of sa(t) represent the effect of SA in
meters on the pseudo-range and integrated carrier measure-
ments. The even elements are the (receiver) time derivatives
of the odd elements. The vector b(t) is an array of phase
derived range biases to account for the arbitrary initializa-
tion of the integrated carrier phase measurement:

b=[b,(0b,(») . . . b, _1(Ob,, (O] (Phase derived range
biases).

The equations defining the forming and processing of the
Kalman filter measurements use the index k to denote times
at which a Kalman filter measurement is to be processed,
which is every m” MIC interrupt. Previously, k was used to
denote the MIC times.

The pseudo-range measurement begins with the raw data
where the GPS signal coming into the TIMED antenna at
true time T is:

se(D=CAPRN" 20y m( (O sin(2nfy 1 (O~ ros @) (39)

where PRN” is the PRN (pseudo random noise) number of
the satellite in tracking channel v, CA(PRN",t") is the CA
(coarse acquisition) code transmission for the satellite as a
function of the signal-indicated transmit time t"(t), m(t*(t))
is the data modulation of the GPS transmission, sin(2nfL1tV
(T)-9,,,,.- (1)) is the GPS carrier, f, , is the nominal GPS
carrier frequency 1575.42 Mhz, and ¢, "“'(t) is the
phase retardation of the GPS carrier (relative to the code)
caused by ionospheric dispersion. This is equal to the
difference in the phase and group delays:

nt (40)
ghns (1) = %(&(m - 1T

where 1.7(t,) is the group delay in seconds and 1,"(t,) is the
phase delay. The GNS receiver generates a local replica of
the GPS CA code, which is synchronized with the received
code when the receiver has locked-up:

CA(PRN #*(1))=CA(PRN £(1))

At receiver time t,=t(t,), the local code phase is latched, this
is the measurement interrupt clock (MIC) event. The value
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of the transmit time in seconds since the GPS standard epoch

in terms of the local code phase and quantities in the GPS
message is:

1 = t_int] +t_float; 41)

t_int; = GPS_week, - 864007 + TOW -6
bits_n2 sframe, ~ epochs_n2_bit,
50 1000

chx_cacode_phase + chx_codenco_phase/ 16
1023000

t_float] =

Here t.” is the receiver estimate of the transmit time of that
point in the CA code that the local code was correlating with
at the k” MIC. It is composed of an integer part and a
floating point part which can never exceed 6 seconds. The
quantities bits_ n2_ sframe, and epochs_ n2 bit, represent
the number of completed bits into the current subframe and
the number of completed code epochs into the current bit for
tracking channel x. They are maintained by the tracking
software after it has achieved bit and frame synchronization.
The quantities chx_cacode_phase and chx_codenco__
phase are read from the registers on the TIMED GTA chip
containing the full chip count and the fractional chip count
for tracking channel x. The variable GPS__week (the current
GPS week) is initially set by the contents of word 3 of
subframe 1 in the GPS message and is incremented by one
(and seconds_n2 week is decremented by 7-86400) if

seconds_n2_ week=TOW-6+T_float,” exceeds 7-86400. ,

TOW is the number of 6 second counts from the beginning
of the week to the beginning of the next subframe, taken
from the handover word of the last completely assembled
subframe.

The pseudo-range is then constructed as:

pL=c e —1) “2)
=c-[(5 —t_int)) —t_float;]
where c is the speed of light, and t,=MIC __time,+t;,, is the

(controlled) receiver time corresponding to the MIC. Note
that the large integers t, and t_int,” are differenced before
subtracting the floating point number t_ float,” so as not to
lose precision. The model for the indicated receive time is:
L=+ T4

The signal indicated transmit time is the transmit time
derived from the modulation on the GPS signal. The model
for the signal-indicated transmit time is:

1 43)
§ =7+ T+ sl

The receiver indicated transmit time is the signal indicated
transmit time corrupted with receiver tracking errors:

=g+ “4)

1
=T+ T () + Esa:(r,f) +dr;

where t,” is the signal-indicated transmit time and 0t,” is the
tracking error: T,"=t’(t,) is the true transmit time of the
signal being tracked in channel v at the k” MIC interrupt,
T"(t,”) is the GPS satellite clock bias, sa**(t,”) is the
selective availability process, and the receiver tracking error,
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Tt,”, is assumed to be white at the MIC interval. The true
transmit and receive times are related by:

- _f ld7]
kK~ =
parn Vg(r)

where v (1) is the group speed of the GPS transmission as a
function of position, and where the integration path (PATH)
begins at the GPS satellite position at the true transmit time
(r.;; (z."), and ends at the position of the receiver antenna at
the receive time (1*"(T)=r(t)+T;,4, “(T)L,,,). Here 1(t,)
is the TIMED center of mass position in the CIS system at
the true receive time T, 1., (t;”) is the true position of the
GPS satellite in track by channel v at the transmit time T,”,
L, is the CM to antenna phase center lever arm in the
TIMED body system, and T,,,,,“*(t) is the transformation
from body to inertial coordinates obtained from the attitude
system.
Assuming:

11 1
v ¢ 1-(I-vgfo)

~ 1 Vg

=l (-]
the free space range delay and the ionospheric delay are
separable, so that the time difference may be modeled as:

ldr|

v _
T -1 =
pat Ve(r)

1 1
= —f ldr] + —f (1 - —Vg(r)]mm
C JPaTH CJpatH 4
Vg(r)

= l|rv(‘r—AV(‘z'))—r“’"’(‘z’)l+if (1— =
4 C JPATH 4

Jiar

= A+ (T e

where A"(7) is the free-space range delay (in seconds) for the
v link, and

1
po=g [ (120 Y

1
-1 f (U =)l
¢ Jparn

45)

is the ionospheric range delay (in meters) at the true receive
time. Here n(r) is the index of refraction as a function of
position. The free space range delay is given implicitly by:

1 .
A¥(r) = P " (r = A"(1) = () + Ty (D) L)

1
= <= A @) - ()

where r“”’(‘c)=r(‘c)+Tbody6i5(‘c)Lam is the position of the
TIMED GPS antenna. The model for the raw pseudo-range
measurement is:

pl=c i -1) (46)
=c (mp+ T =7 =T —sal(x) /e - 6¢))

=c- W)+ (m)/ e+ T = T'(1)) = say(t)) /¢ = )
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-continued
=c (A"(r) + Ti = T7(73) = 65) + Iy (i) + 50" (74)

where a second order markov random process in the range
domain keyed on receiver time, sa*(t,), is used to model the
true selective availability process —sa*"(t,”) (note the sign
reversal).

The Kalman filter pseudo-range difference measurement
is constructed as the difference between the measured
pseudo-range and pseudo-range predicted from all measure-
ments processed up to the previous time:

yo O=p,~ ﬁk/k—lv C)

The predicted pseudo-range is given by:
Pt = (Aeu_"+l, gumess CV AT g =T s (G0 (1))

where:

Ak/k_lvsestimated free space range delay
"(1,) group delay from GPS message

I g mess

Tox_,=estimated receiver clock bias (controlled)

Tess(tt ) = GPS satellite clock error derived from message

o s 2
=aj+a] (szw(tZ) —Igc) + a;(szw(t,f) — Ioe)

siw(1,”) seconds into GPS week corresponding to f,”

a,"=Clock compensation the params for sat v (all from
current message page)

to.=epoch for clock compensation (seconds into week)

38" (fj—1) = estimated selective availability markov(range)

= 321,37,;11(See equation (38))

The estimated range delay is defined implicitly by:

AV 1 v an 48
0= Ak/k—l - —|"V(Tk/k—1 - Ak/k—l) - ?k/I:—1| @
C

where:

N ant_g cis
Ppr =P 14T, body (L s
Ty—1 = estimated true receiver time

=1 — Tyt

trp 1™ is the estimate of TIMED GPS antenna position in
the CIS coordinate system at the receive time and rv(%k/k_
1-Ay_1") is the position of the GPS satellite tracked by
channel v at the estimated transmit time. (The procedure
used to solve equation (48) for A, ,* follows.)

An iteration is used to find the solution to the light-time
equation:

0=§ (Ak/k—l )

36

where:

1
fA)=A- Elrv(%k/k—l = A) = Pl

PO=T ™ (s (%)

1. (T) is the position of the v satellite in the earth-fixed
CTS frame calculated from the GPS message ephemeris.
Using an initial guess for A:

10

L. . 49)
A(0) = ;lr Frpe-1) = Fipen
15
the iteration proceeds as:
AGie 1) = L A — (50)
20 (j+1)= Elr Frgemt = A = Fapei |
until |[AGG+1)-A(j)|=tol. Typically, tol=1.e-11 seconds. At
convergence set A, . =A(j).
,s In the Kalman filter, the pseudo-range difference mea-
surement is determined by substituting into equation (47):
Yolk) = - (A¥(m) + Ty = T(a}) = 881) + I3(p) + sa* (5) -
2 e (Bt + Tugpms = T ) = ey 01) = S0

=c-(6A) + 6Ty + 0sa2” ™ + 60}

this assumes that I, "(t:")=1(t) and T, (t.")=T"(z.")
(no errors in the ionospheric compensation or GPS clock
compensation in the GPS message data). dp,“=c-dt,” is a
white noise process representing all high frequency delay-
locked loop errors, and 8A,"=A%(t)-A, ,_," is the error in the
estimated free space range delay. The solution for A.” in
terms of the Kalman filter error state follows:

The errors in position and velocity are synchronous,
therefor:

35

40

Fpp—1 = r(7(f)) = or (51)

=r(tg) = dry

Assuming that the attitude system provides an orientation
matrix that is a perfect real-time reference and the lever arm
is perfect: Tbodym(tk)LanFTbodyCls(Tk)Lam S0:

~ant A i
Fepimt = Frgiet + Toouy (Ti) Lans

o = r(ti) = i + T (T) L
=" (1) = Ory

The true quantity minus the error is substituted for the
estimated quantities in equation (48):
Where:

60

1 R
0= A(r) - o8y - = |7t = Tepmr — AY (i) + SAY) = r™ (7)) + O

65 v oLl v v
= AY(1y) — 64y —EV (t = (T = 0T;) = A%(7y) + 64;) —
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-continued
(1) + Or|

1
= A'(1;) — 6A] - E|"V(fk + 6T — AV(13) + 6AY) — F (1) + 61

1
= A'(1y) — SA] — E|"V(fk —AY(T) + V(1 = A¥(1y) - (6T, + SAY) —

P () + 0|

AV

v 1 v v nt v_ Sk
EA(T)_Elr(Tk —AY(z)) = 17 (Tk)l_éAk_?'

[0" (8T + 8AY) + 6]

via av ~ant
o (Tk/k—l - Ak/k—l)_rk/k—l

|”V("A'k/kfl - Alf/k—l) - 'A’Z;l/:fl|

v

= ;«V([k —Tups - AZ/k—l) (from GPS ephemeris).

1
But A"(7) - — (7 — A"(r) 77 (w0l = 0, s0

AV

0=6AY - 2[5V (6T, + 6A)) + 7]
C

Solving for dA,” yields:

oAy = @) [6n + Vr 6T;] (52)
c+ @)V
_raar ST AY ST
_[W]k o BT]/( ,
where:
[aAV] e (53)
AT I e+ @)
@ 64

5=
ol et @)

The measurement model for the pseudo-range observable is
then:

v

IA
) = c({[ et

v

A 55
] Brk] +3sa? ! +6p) 63
7k

A + 1}6Tk +

leading to the concatenated measurement model:

ow
S
6T
de
dsa
b

(56)

yolk)=[H, 0 Hr 0 Hyx 0] +6p;

&

= Hp -Ox(n) + (5pk

where dp, is modeled as white Gaussian noise with (dp)=
diag(op)kz) and where the measurement sensitivity partitions
are:
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&)

O APmax 0
[ ar ]k
[0AY/dr], as defined in equation (54)

AA! (58)
BT
A2
BT

+1
&

+1

I3

[BA”HW] .
aT |, *

and [0A"/9T], as defined in equation (53)
H,[1010 ... 10 (59)
The raw phase measurement in cycles is constructed as:

chx_cyc_cnt_lower
716

60
draw (T) = |chx_cyc_upper + 60

x=v

where chx_cyc cnt_upper, and chx_cyc_cnt_upper are
the registers on the TIMED GTA chip containing the whole
cycle count and the fractional cycle count for tracking
channel x.

In deriving the truth model for the raw phase
measurement, the oscillator phase as a function of true time
is given by: W(t)=2nf,¥(t+T*(x))+¢,,,, Where T* is the
uncontrolled time bias.

The GPS signal coming into the antenna is:

Sx(D=CAPRN £ () m(t(©) sin2f, 1" (1)~ (1)

If the phase of the signal after code and data wipe-off is

o(D):
$r(D)=29t], 1 £ (T) =y V()

as developed by equation (43),
1
§ =T+ 1) + —sal(r)
and

1
T -1 = AT )+ EI;(T,()

then:

Pr(T) = 27 f /() + TV (2}) +5a(T}) [ ©) — s ()

=0mf e + TV () = A () + (sal(T) = I(ze)) fe] -

Lijci
Piono

(74)
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The ionospheric phase delay relative to a wave propagat-
ing in free space is:

L' ()=-1"(v)

The minus sign indicates the wavefront arrives before a
wavefront propagating in free space. Referring to the defi-
nition ¢;,,,,”7"“!(t) in equation (40), the phase advance

relative to the code is:

2fy,

! = Iy = Ty(w)

Giono (Th) =

_ 4”J2L1
- C

)

\%vttllere I."(ty) the ionospheric group delay defined above.
us:

Py 20,4 (U T (0 )=A 0+, (g +sa (D)

The downconverter-sampler effectively mixes the
received signal with a k; multiplication of the fundamental
oscillator. The combined effect of the downconversion and
sampling process results in a value for k; of:

4

E)J’ 7

sampling cffect

10

downconverter effect

1
k= 140(1+— +

The continuous-time representation of the output of the
downconverter-sampler is:

$ip(7) = LFP{singg (7) - sin(k (1)}

1
= zcos[goR(T) — k(7))

where LFP{x(t)} represents a low-pass filterring of the
process x(t). When locked, the phase tracking loop will
match the total phase of this signal, modulo 2. The model
for the raw phase measurement (in cycles) is then:

Praw’ (=9 D)~k (r) )/ 270) +N"+5¢"

where N" is the cycle integer ambiguity which is constant as
long as channel v retains phase lock, and d¢" represents the
phase tracking error, which is regarded as a white noise
process at the Kalman crank iterval. The GNS tracking
processor samples this process at the MIC interrupts and
performs the following deterministic transformation on the
raw phase samples to provide the Doppler sense that is
conventional to the GPS post-processing community (i.e.
consistent with the RINEX file definition), and to eliminate
the large variation in phase caused by the known part of the
zero Doppler offset:

L)
¢*(10) = ~| Shaw (@) — @ 1~k 5F)

zero Doppler offsct

This transformed phase data is what crosses the boundary
between the tracking processor and the navigation processor.
The model for the phase data is derived by combining the
above results:

40

(v = =[(r(r) — k(@) [ 22 + N +08" — 0 w)(F s ~ki 9)] =

T + T @) = A (w0 + [(m) = sa* (601 / ©) =

5
k(T @ A T @) + oot [ 20) + NY + 087~ =
r@of -k )
FLil=me = TV (@) + A'(m) + 7 (7)) + (sa”(mi) = (T )) f Aws +
10

ke @+ T () =1 (1)) = N = 66" + ki e [ 27

and &, ;=c/f, , is the GPS L1 wavelength. From equation (4),
t*(T)=T+T*(t,) leading to:

15
#'(t) = 1y (T () = T (7)) + A (1) + (5@ () = I (z)) [ Ars +
b - S8
20 = (T (o) — () = T (0 + A¥(5) + (sa” (1) —
LT [Ap + 0" = 6¢"
when:
25
T ) -T () =t—7(0) = 1" = 7(1) (63)
Tk
= f w&)- d§
30 -

and where the biases have been absorbed into b"=—(N"-
qu)set/zn)'

The observable processed by the Kalman filter is the
difference between the phase measurement and its predicted
value based on the current state estimates:

¥, ¢V(k)=¢v(1:k)_(i)k/k—1v

40
The estimate of the phase measurement is given by:
(i)k/k—1v=},@1(f =BT O +A e 1)+ o> 71, emess ()
r1+bip 1"
45

The phase difference measurement is given by:

Yotk = ¢" (@) — by = (64)

50 FoT@) =) - TV (@) + A" (@) + (sa"(0) = I()) [Aps +
b’ —§¢¥ — [fAL](fk/k—l () =TV (rp) + Alf/k—l) +
(321/37/:1 - Ig/mm(f/f))//\u + @Ii/k—l] = FL(0A] +6T) +
55 [_ B0+ I s 1)) + 50" (1) — 3afyk‘1] / Apj +Oby — 8¢ =
assumed=0
, ([8A aa ot
fu([ﬁ]éTk + [WL&" + 6Tk) +0sayp g /AL +
60 ot —59 = 7 (|1 + 2o +[22] o
== o1+ o+ [ on )+
Ssafiy [ Ay + 0by — 64"
65  Because of the similarity between equations 64 and 55,

the concatenated measurement y(K)=[y,' (&), y,°(K) . . .
Yo ™ (k)] can be in the same form as equation (56):
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ow
S

6T
+ 0y

(65)

1
K=—[H, 0 H 0 Hy, 0
Yolk) /\u[ T ]6.9

dsa
b

= H¢ -Ox(n) + 6¢k
where 8¢, is modeled as white Gaussian noise with cov

. 2
(6¢k)=d1ag(0¢,k ).
The concatenated measurement matrices is defined as:

[yp } (66)
Vi =

Yo
H
]
Hy
R = [cov(épk) 0 }
0 cov(O¢y)

The measurement update proceeds as follows:

R,=R,*R,”? is factored where R,”* is the upper trian-
gular. Note that since R, is diagonal, R,"*=diag(V(R,);)

Q-R decomposition is preformed

€7

RI? 0 }
2 2 =
Plict Hp Pl

RE W] }
2
0 P;<// k

where P,,_,”* is the factor of the prior covariance, B,”*
is the factor of the residual covriance, and K,=W,B, ™
is the Kalman gain. The posterior covariance factor is
P

The measurement update of the state is then:

0% =Ky (68)

Since:
& 1=0

The whole-value dynamic state is re-initialized as:
B Rip Dy

The evolution of the position and velocity states depends
on the drag and clock states, but not the SA states or the PDR
range biases. The state dynamics can therefore be decoupled
by partitioning the state as follows.

w(T(1)) (69)
()
T
£(1)

[sa(t) }
Xsar =
b(1)

Xiyn =
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The time update is then represented as:
S Xatyn () B> Te1) (70)

[Xdyn(fk+1) } B [
D2(tyr1, 1)~ Xsar(ly)

Xsar(li+1)

The update of x,,, can be written in terms of the transition
matrix D2(t,,,,t,) since its dynamics are linear. The vector
O(X gynlti)slisles 1) is the solution of:

d
dT[Xdyn(f) = fayn X (D), 1)

integrated from t; to t;, ; with X, (1,) as the initial condition.

By using the chain rule, the position and velocity partition
w(t(t)) is evolved according to:

dw B dw(t()) dt
dr - dr  dr
= fulw(T (D), @, T

(7D

Where (1) is evaluated as described with respect to
equation (11), and where the rate of change of w(*) with

respect to true time is £, (W(t(t)),o1(t)). The term (1) is the
ratio of a true time differential to a receiver time differential
and arises because the system is integrating with respect to
receiver time. The explicit relation for the true time deriva-
tive £, (w(t(t)),0, (1)) is:

d [r(D) 72
folowie). a7 = %[v (T)}
T 1800 gt - p—(”‘ié?—’ 21+ @) o)
where r,,(7)=T,,.°“(t)1(t) is the CTS position of the

TIMED CM, g (r.(7)) is the acceleration of gravity,
T,_..°(7) is the transformation from the conventional inertial
system to the conventional terrestrial system (see “GPS
Theory and Practice” by B. Hoftman-Wellenhof, et. al.,
published by Springer-Verlag 1992, the contents thereof
which is incorporated herein by reference), p(r(t),7) is the
mass density from the atmospheric model, and f, is the
nominal TIMED ballistic coefficient, defined as M/CA.
The earth-relative velocity coordinatized in the CIS frame is
given by:

V) =v(t)0 xr(T)

where w, is the angular velocity of the Earth in the CIS
frame. Note that the explicit dependence on receiver time is
suppressed with the understanding that T=1(t). The time rate
of change of the clock error is given by the following form
of equation (12):

u(t) — e(r)
1+ u(t) — ()

T = 73

= (D) - e0)t(1)
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The time rate of change of x,,, is then:

Fow(@ (@), @, 7(0)- (D)

Sy Xy (D), 1) =

(D) — &) - 1)
0

1

il pre e

The PDR biases are not dynamically coupled with the SA
states, therefor the transition matrix ®D2(t,,,,t;) can be
partitioned as:

o Datp+1, ) 0 (75
satlli+15 i) =

ot ) 0 D (Tis1s 1)

The PDR bias states are true biases, they have no dynam-
ics. However the transition matrix must take account of
rising and setting satellites. (Loss of lock is modeled by
increasing the covariance on the PDR biases to infinity.). To
do this, a list of the PRN numbers is constructed for the
satellites in each tracker. At receiver time t, PRN(t), is the
PRN number of the satellite being tracked by receiver
channel i, for ie{1,2, . . . ,n,,,.}. If channel i is not tracking
any satellite PRN(t),=0. The selector matrix S1(t,, ,t,) is
defined as:

S1(tsaot);, j=O(PRN (b, 1) 1:pT1(8))) (76)

1 i=j, #0,j%0
Whered(i, j) = i, fe{l,2,3..., Pmax}

0 otherwise

For instance, assume a scenario with 3 tracking channels
(n,,..=3) and PRN 10, 14, and 22 are being tracked by
channels 1,2, and 3 at t,. At measurement time t, ;, PRN 14,
10, and 20 are being tracked by channels 1, 2, and 3:

PRN() =[10 14 22]

PRN(;,,1) = [14 10 20]

010
51(lk+1,lk)=\1 0 0]

000
S1(t,, ,,t,) connects the satellite identities at time t, to the
identities at time t,,,. Then:
an

D (a1t )=S1 (ts15)

For each satellite, SA is modeled as a second order
Markov process: The solution can be written in terms of the
transition matrix as:

_[—2-6- —wﬁ“mr)}
Tl 0 |ls0

d =F,
S0 = P 5(0)

d [51(1)}
di| sy(1)

Written in terms of the transition matrix, the foregoing is:

St 1)=Prmicr s i) St
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where ¢mkv(t,, ,t,) is given by:

Drir (e 18 =0T =0y F " AL(2X2)
u=—Arg-w,

03=At-6,,‘/1—_§2

ap=—e*(wsin w—0-cos w)/m
ay=e“sin 0)/®

A=ty 1~t; (78)
The full SA state vector is the concatenation of n,,, copies
of the per-link SA states, so that the full SA transition matrix
is block diagonal with ¢, (1., 1,tz) on the diagonals:

581 )= Ppuielrsti) 50 ()

D1t =diAG Pt G180 (20X 2 M) (79)
where t.,,” is a fictional time prior to updating the satellite
states to account for the addition and deletion of satellites.
Bookkeeping is accomplished with the selector matrix
defined in equation (76) by segregating the SA states into
terms associated with range (sa_1) and those associated
with range rate (sa_ 2):

[saﬁl(t,;rl)

sa,zuzﬂ)] = Prsaltc)

where P is a (constant) permutation matrix given by:

P:[E1 E - E, - E”max] (80)
(2 Amax X2 Amax)
e, 0
Em=[ } (2'”max><2)
0 ey
¢
m = [0 ’ 0 mth Coilponem 0 0] (Amax X 1)

The addition and deletion of satellites is accomplished
with the selector matrix defined above:

[ sa_L(t,) }

sa_2(1.y)

SI(tg1s 1) 0 sa_l(z )
[0 St i) HS?LZ([/:H) }

P is a permutation matrix, there for its inverse is its
transpose so the SA states are returned to their original order
by premultiplying by the transpose:

sa_1(zf,1) }

sa_2(1.y)

Sa(li+1) = P'[

The complete update to the SA states is:
854ty 1)= P (r1:8) 50 (8y)
where:

Dty 1t =P 82ty 1,8 PP g (b 510
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St 1) = S(tge1s i) 0
R SH(t1s 1)

@1

The time update of the extended Kalman filter state
estimates is exactly the same as the evolution of the Kalman
filter state described in the foregoing truth model, i.e.:

Xapnfein)

SR ayn(ts)s I vt ) }

Rearterr) e (tr 15 1) Ksar (i)

The TIMED Kalman filter is a square root covariance
implementation wherein the state error covariance P=cov
(8x) is maintained in factored form as P=P”>-P"* where P**
is upper triangular and P?=(P”* . The covariance factor
update is achieved by post multiplying the transpose of the
transition matrix:

P P=Prn @bt (82)
where 13k+1 7 is the state error covariance after the deter-
ministic update and prior to the stochastic update.

The full transition matrix used in equation (82) is:

[(I)dyn([k+la ) 0 ]

lo

Do (B15 1) J

where @, (1, 1,t;) is as computed above, and @, (1, ;1) is
the solution to:

d @ _F @ (83)
iz dyn(&s 1) = Fayn () Dayn(E, 1)

between §=t, and §=t,,,. The initial condition is ®,, (1,

)=l F, is the gradient of f,, with respect to x,, =[W’,

dyn X
a,T,e] as derived below:
_ O faym (84)
dyn = Tz
Afe-) st A D)
Iw da T de
0 0 0 0
i 0 0 0 o1
de
0 0 0 0
The partitions of F,,, are:
0y t) _0fw .
aw ~ Ow
0wty _9f .
da  da
(ft) 0f 9t
a1 "ot thar
=0
A 00 8f
“%r ar' " ar *
=0
a(fw'i') _ ot _ 22
9 = fo e S T
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-continued
af  al-n ar
de  de s

In the last two rows above:

ot 9 1 _[ 1 ]2__2
de  de l+u—2) |(l+u-2 =t

The above results are substituted into equation (84):

O O W (55
ow  da ot ¥

Fan=| © 0 0 0
0 0 0 -2
0 0 0 0

where T=(1+u(t)-€(t))™ and f,, is given by equation (72).
The of, /0w partition is:

ar oF (36)
8f, |ar av
ow v oy
ar dv
ar
ar
o _,
E = 13x3
v _ 9 (o Pras, T) el e
B = 5 L estran) = 55 (L @)
i 08as Oras  Plas, T) 9 11 rel
o peis iy 28 Bras Ve T (O e e
RG0S L
cis o O8ets ors
=T, Ta 0 +
Plress, 7) Vel yrelp g yredrely?
l+a WX
P )[ ] (wex}
9 _ 9 (s Pras, T) el e
By = | TR Oestras) = 52 L+ @)
P(ress, T)(l : Vel el o yred ey
=- +a
z'ﬁO |Vrel|

In the above differentiations, variation of density with posi-
tion are not considered. The df,,/dc partition is given by:

ar
dfy | da
da | 9
da
0
- _M.Wﬂq.vn’l
2- o

The df, /9t partition is:

3f, &
o5 _| 7%
ar | ay

ar
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-continued
w(7)
- [ ¥(r) }

where v(T) is as given in equation (72) and the important
terms in v(T) are given by:

. 0 s cts (88)
W) = %{Tm (7) - ess (T (OIr(7) =
Pres, T) rely. rel
2-—,80(1 + @)y }
. cis s, 0gas AT (OIr(n)
= T (T) Gors(Fess) + T (T) Ores . — ar
sy T) Lsa) yreb el yrely 4 prelgyrel ety
2-Bo [vrel|
. cis cis, 08ats i cts
= T (0) gaxsres) + Tl (0) = (Taiar + T2 -
Plresss T)(l o yrel (el yrel)y g grelret el
2-Bo [vrel|

where the time rate of change of the Earth relative velocity
is:

vy xV (89)

The effects of Process noise on the covariance factor are
accounted for by the following Q-R decomposition:
~1/2
PI’<+1/k (90)
QDr/Z

2
T[ P;</+1/k
0

where T is an orthonormal matrix and QD is a discrete-time
Process noise covariance matrix for the entire state, which is
partitioned as:
oD,,, 0 0 1)
op| 0 oD, O
0 0 QD

where QD,,,,=cov(dx,,,,) is the error covariance of the x,,,,
partition of the state. QD ,,, is the solution of:

d ©2)

deDdyn = Fayn(€)+ QDyy, + QD Fayn(€) + - Qupn

between §=t, and E=t, ;. The initial condition is QD,,,=0.
The square root QDY* is given by: QDY? =US'? where
QD=USU’ is the SVD factorization of (the symmetric) QD.
(QD™? obtained in this way is a symmetric square root, not
lower triangular. Although lower triangular square roots are
baselined in the Levy SRCF algorithm, any square root will
do).

The process noise for the dynamic states (Q,,,,) is essen-
tially a tuning parameter. The physics of the problem dictate
that: 1) There should be no process noise driving position. 2)
There should be enough process noise driving the velocity to
cover all of the unmodeled accelerations (third body effects,
Earth tides and so on). 3) The process noise on the drag
parameter must be large enough to allow the filter to react to
changes in the conditions in the upper atmosphere. 4) There
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should be enough process noise driving the clock frequency
error € to model the oscillator Allan variance.
Analytically, the process noise for the SA states is:
QD_,=block diag(Z,) where the blocks are initialized to the
steady state SA covariance matrix if the satellite is new in
track, or the accumulated process noise appropriate for an
interval of length A=t,,,-t, if it is not a new satellite:

Z if v row of S1(fe1, 1) = 0

Z B Z otherwise

v
A

93)

where the steady-state covariance is:

} (94)

o is the steady state standard deviation of the sa

sa_ng
process (currently 75 m),
Oy vei=Osu_mg®y, 15 the velocity sigma, and w,, is the

natural frequency of the sa markov (currently 300
seconds). The covariance for the existing satellites is:

R

e—Z{mnA
b= m(l —cos(2wm,4A))

95

c=

1 et ]
—— +cos(2w g A) +
T, i

+—
4wnd/ﬁn

Dnd sin(andA))
@,

n

1 e (1

Wnd .
= —cosQ2wpsA) + w—sm(Zw,,dA)]

T RN Vs
@t = N1 L2
B =%w,
P =}

2
Gs = Oy mgB1B2

The process noise for the carrier cycle ambiguities is zero
unless the satellite is new or a break in track has occurred,
in which case it is set to a very large value. Thus:

OD,;,=1.¢9-diag(p,) (96)
where:
1 if v, v* element of S/(z,1, 1) =0 or loss_lock, =1
b= 0 otherwise

The GNS state can be initialized or reset by any one of
three different ways:
1) The GNS state can self-initialize (or reinitialize) using
two GPS point solutions.
2) Initially, the state can be set using preloaded orbital
insertion data.
3) The state can be set (or reset) by a command upload of
a NORAD state vector.
Two GPS point solutions are used to initialize the state
and covariance partitions for all of the dynamic states except
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for drag. In each point solution, the system solves for the
receiver position and clock parameters. It assumes constant
velocity, the two point solutions are therefor treated as data
for estimating the position, velocity, receiver clock error,
and receiver fractional frequency error at the second epoch.
At least 4 satellites must be in track before point solutions
can be obtained which are defined completely by the data.
With the inclusion of prior information on the clock and
fractional frequency error, the technique works with three
satellites. The information on the clock is obtained from the
constraint that the propagation delay is around 60 millisec-
onds (+/-20 milliseconds) and is applied in the non-linear
least squares point solutions. The information on the frac-
tional frequency error is obtained from preflight calibration
and is applied in the combining procedure.

Under the assumption of constant velocity, and assuming
there is no MIC control being applied, equation (9) may be

approximated as T=-¢, then:

(1) I —1-At 0 0 [ v(z(s)) 97)
T(11) o 0 1 A r(r(n)

) | "l 0 0 ol Tew

T(t2) o o 10 £(12)

z H x

z=[z,,2,"] with 2i=[f’(ti),T(ti)]’ is then calculated from the
position-clock point solutions at epochs i=1,2 (as described
below). The point solution estimate errors are regarded as
independent (although this is not true for the errors caused
by selective availability), to enable the system to solve the
Bayesian least-squares problem:

z=Hx+v
XNE)
VN(O.R)

where H is as above, 2 and y represent any prior information
on X, and R is the measurement noise associated with
uncertainty of the single point solutions given below. The
solution to this problem is obtained using the same method
that was used to perform the measurement update, namely
equations (67) and (68). This is a square root procedure
requiring that the covariance matrices be factored as /X%
22 and R=RY?R"? where %% and R'? are upper trian-
gular. Since only prior information need be incorporated in
the case where there are only three satellites in the solution;
> and u (partitioned consistent with the partitioning of x

in equation (97)) are of the form:
. el 0 0 0O
00 el 000
Z: 00 e 0
0 0 0 a

{o’s three satellite solutions
a=

oo four or more satellite solutions
p= [0, 0%, 0, bT

&y three satellite solutions
"1 0 four or more satellite solutions

where €, and o, are the prior estimate of the fractional
frequency error and its associated one-sigma uncertainty.
The noise factor is given by:
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where T';** are the covariance matrices from the point
solution nonlinear least-squares procedure described below.
The aposteriori covariance and state estimate are nexed
mapped into the Kalman filter order.

The point solutions used above are arrived at by the
following a nonlinear least squares solution to the point
navigation equations.

Starting with an initial guess for the receiver position in
the inertial frame (£) and the receiver clock error (T), the
initial guess for the clock bias is obtained by subtracting the
estimate of the transmit time corrected for a mean propa-
gation time of 60 milliseconds with the receiver reference
time from the tracking processor:

T=t,(1,+0.060)
The true time at the receiver © =t+1 is then determined:
For tracking channels v=1, n,,,, . the implicit light time
equation is solved:
A1/l (6)-#)|
TV=1-A"
PO=T ets™ (O s ()

(98)

where r_,’(t) is the satellite position according to the
message ephemeris

After convergence, the unit vectors are computed:

=AY D) 9
e T
The sensitivity matrix is then created:
- 1 (100)

m| T

—(yf'maxy ]

If channel v is not tracking a satellite, that row of M is zeroed
out.

The measurement vector is formed:

y=lio ¥, 01 (101)

where: y, = p¥ — C[AV + (YA" - TV(TV))] (101

predicted pseudorange

where pY is the raw pseudo-range measurement and T(t") is
the satellite clock bias computed from the message data.
(The SA and the ionosphere are ignored in the foregoing
initialization procedure.)
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Next, errors in the state are determined and the state is
updated:

(102)

~>

where B is the Kalman gain associated with the Bayesian
least-squares problem:

10
y=Mx+v
XN, D)
VN, E
0, E) 15
ool 0
D=
0 e
or three satellite solution
‘= oo four or more satellite solution 20

where EY?=diag(UERE) is a diagonal matrix representing
the average user effective ranging error and 0,=0.020 rep-
resents the uncertainty in the coarse estimate of clock error
obtained from the constraint that the range delay is approxi-
mately 60 milliseconds. (This is dominated by SA if it is on.)
The above process is repeated until the estimates are not
changing rapidly, i.c. |By|Stest. At convergence, the error
covariance factor using the algorithm of equation (67) is
selected as PV2. This is used to form the measurement noise
factor for the combining step described previously.

The Delta guidance system will place TIMED at a posi-
tion and velocity specified in the Conventional Terrestrial
System (CTS).

()
o

35
o [f’c’ﬂ’”(n}
Wes@ =] o0
! Vo ),
40

represents the true position and earth-relative velocity of the
TIMED CM in the CTS system and w_,,"*"(t) represents its

nominal value. Then the orbital insertion error appearing in
the Delta specification will be of the form:

O s =Wy (i) Wess ™ (™) (103) 45

where T, is the true orbital insertion time, defined to be the
time immediately after all thrusting (including pyrotechnic
separation devices) is over, and t,, " is its nominal value.
By specifying the insertion error in this way, there is no
penalty for placing TIMED in the correct position and
velocity at a different time than intended. The desired orbital
insertion vector w,_./"”"(t,."”") is a point fixed in the
Conventional Terrestrial System (CTS). If the launch time
slips, this aim-point will remain constant, implying that the
right ascension of the ascending node of the TIMED orbit
will rotate at Earth rate. The six-vector w_,.*"(t,,,""") will
be loaded into memory on the spacecraft prior to launch. The

actual orbital insertion time (t,,;), which may be substan-

[ Snis
Ttg5m)

(Lasw)

52

tially different than the nominal time (t;,,””™), is communi-
cated to the TIMED GNS via a measurement of the TIMED
disconnect switch time (t,,,,). The difference Ty, *" ..~
T, 1s the error in time tagging the insertion event and is
assumed to be small (at most a few seconds). The TIMED
Guidance and Navigation System (GNS) position and veloc-
ity state vector is defined in the Conventional Inertial
System (CIS). Therefore w_, . "(t,,,"”) must be trans-

formed into the CIS using a transformation valid at t

Weis" (bato)=A o) Weis™ " lins™ ™) (104)

TS 0
0 Tcix( 0

cis

where: A(r) = [

1 0
{we X x} 1}'

The transtormation from Earth-relative to inertial velocity
is built-in to A(t). The synchronous error of the TIMED
position and velocity state at t,,, is then:

WL (Ldsw) = Weis (T8 (L)) — Wity (Laswy)

= Weis(Tins) + Weis (Tins) * (T8 (tdsw) = Tins) =
Altgse) Wi (T

= Weis(Tins) + Weis (Tins) - (78 (Lasw) — Tasw + Tdsw — Tins) —
[A ) + Altas) (Tt — Tins)]

= Weis(Tins) = A(Tins ) Wegs (L) +

[ ins

W)

cts

Weis (Tins) * (TESY = Ttgsn)) = ATius) - WA (B10) - T
where:
Tcix ., 0 / 0
A([) _ crs([){w x} . H }
0 T ({wex} | wex} 1

T(tasw) = Lasw — 75" (Tsw)

s _
T = tysw = Tins

Ow ;5™ has to be written in terms of the orbital insertion
error defined in equation (103), since W, (T;,..)=A(T;,.) W,

(Tins):

WG (Tao) = AlTins)  Wers(Tins) = AlTims Won (E32) +

ins

Weis(Tins) - (T2 = T(t50)) — ATins WIS (1207 - TEY

cts

= AlTin) - W 4 Wiy (Tin) - (T = T(is)) —

cis

dsw
Tbias

AlTins) - W 2 -
= A(Ty) - OW

s — Weis(Tins) - T(Tasio) +

s
ins bias

[Weis (Tins) — A(Tius W2 (3]

where weis(t ., )=f(w_;)(t,,.) is the model predicted rate of
change of inertial position and velocity (largely driven by
local gravity). Arranged in matrix form to clearly show the
error source contributors as:

ins
cts

T(tasw)
Tdsw

bias

}_[A(W Tis) W (Tins) = ATi) W)
oo 1 0



US 6,608,589 B1

53

-continued

[ At =itz wum)—A(sz)-w';i;’"(tf‘;;’")}

0 1 0

M

The following approximations have been used

Allgsw) = ATins) + A(Tins) s — Tins)

= AlTing) + ATy TESY

to substitute the computable A, ., W(tm) and A(tdw) for the
corresponding quantities evaluated at (the unknown) T,

11157
realizing that terms like Ty, *"A(T,,)0w_ ™ are higher
order. The covariance structure for the synchronous errors

consistent with the initialization in equation (104) is then:

cov(8wEe) cov(dwiie, T) (105)
(symmetric) cov(T) ”
cov(Swis 0 0
M 0 cov(T)  covT, TEH | M
0 (symmetric) cov(de‘-fX) )
dsw

The actual correlation between the errors in the discon-
nect switch time tagging of the insertion time and the
receiver clock error (cov(T,T,,,.“")) depends on whether
and how recently the C&DH clock has been synchronized
with the GNS 1 pps. It is assumed to be zero.

In addition to the initial setting of the position and
velocity state vector, the system can reset the state vector by
command based on NORAD radar tracking. This command
consist of CIS position and velocity estimates along with a
defined time of validity (t,,,.)-

The first step in implementing this upload is to transform
the orbital elements provided by NORAD on its two-line
element set format into the CIS position and velocity:

W (T ig) = £, Tupid) (106)

W (T i) = E- 60

where 5 = 060, Tupia)
- a0

cov(wgdy = 2. cov(8,0)-E'

cis

where 0 are the orbit-defining quantities in the two-line
element set, and §(0,t,,,,) is the nonlinear transformation
implemented in SPG4 that takes these quantities into the
inertial position and velocity at time T,,,,,- The derivative of
the transformation E can be found analytically or by the
numerical differentiation of SGP4. The error dw,, ¢
(T, pis) 1s DOt identified as synchronous or asynchronous
because there is no error associated with t,,,, since it is a
defined time at which the SGP4 transformation is evaluated.
The error (if any) associated with time-tagging the NORAD
epoch will propagate through the transformation E(*). In this
case, the synchronous and asynchronous errors are equal, so
a generic designator is used.

Since the Kalman filter time update propagates between
receiver times, the time of validity must be transformed from

54

ins
cts

T(tgs)
ew

bias
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a true time to a GNS receiver time, using the process
illustrated below:

tupldgm‘_"fl QR

where T7'(*) is the inverse of the function that takes GNS
reference times into their corresponding true times.
Specifically, the GNS time corresponding to T, is calcu-
lated from the relation:

~gns

Iy — [upkz’

=1+
Tk — Tupld

where:

te=current receiver time (know)
T,=true time corresponding to t,

T, prg=time of validity of uploaded state according to
NORAD

t =receiver clock reading corresponding to T,
€,=current estimate of receiver frequency bias
which is solved for t,,,,* to obtain:

B =l — (T = Tuua)(L+ 8) (107

=5 —(Tk - _Tupkz')(l +&)

The foregoing completely defines the TIMED state
upload. The position and velocity are given by:

Wcix§’u(tupldgns)=Wcis’mnld(1:upld)

and the start time for the time update (t,,,,) is set to fup,dgm
from equation (107).

The covariance matrix implied by this initialization pro-
cess is derived s follows. The synchronous error of the GNS
state is:

Som(t) = wais(T(D) = WES (©)

~gns ~gns s Agns
SW(Tepi) = Weis(T(api)) — Woiy (Foit)

d
= Weis(Tuptd) = Weis - (Tupia)

= W (T i)

cis

cis

= W (Tpia)

indicating that the GNS inherits the synchronous error of the
NORAD uplinked state vector, which is the generic error
defined in equation (106). The appropriate transformation of
the error state is then:

Sowltg) | [T 0] owigre
- [0 1 ][ T }

T
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The appropriate transformation of covariance is:

cov(sw)  cov(dw, T)} [cov(éw/;ﬂmd) 0
(symmetric) cov(T)  Jens - (symmetric) cov(T)

The foregoing defines only the GNS position, velocity,
and clock error covariance. Default values are used for the
rest of the state space.

Short Term Propagator

The short term propagator creates the navigation data that
is placed on the TIMED data bus every second. This short
term data includes (in the order of calculation):

Data Validity Flags (5),

CIS frame Position and Velocity,

Time,

Sun Vector,

Geodetic Latitude, Longitude, Altitude,

East, North, Up Velocity,

Day/Night Event Notification Flag,

South Atlantic Anomaly (SAA) Event Notification Flag,

Polar Region Event Notification Flag,

Ground Station Event Notification Flags (GSENF)

The methodology used to create these data is described by
the following derivations wherein reference is made to the
dynamic propagation routine, a primary part of the Kalman
Filter (KF) that performs the time update for the KK Crank.
This routine is capable of operating in both covariance
propagation and non-covariance propagation modes.

During the short term propagation, the dynamic propaga-
tion routine operates in the noncovariance propagation
mode.

These data are computed after the time update in each KF
Crank interval. This is part of the “Cleanup” of the KF Crank
interval. During each KF Crank, the short term data is
computed for a 180 second interval beginning at the start
time of the next KF Crank. Thus, the basic flow of the KF
Crank for a single crank interval is:

KF Crank Start at T,

Command Input

Measurement Update,

Time Update (TU) (state propagated to T, 50)

Short Term Propagate (for T,, ;55 t0 T;,360)

In the following description, the short term data is valid
for the period T, ;54 to T;, 560- The short term data cannot be
created for the same interval as the KF Crank because the
KF Crank takes longer than 1 second to complete. Therefore,
the short term data for the for the first several seconds of the
current interval is not available when it is needed.

The short term propagator begins with the propagated
dynamic state vector X~ (position(3), velocity(3), drag,
clock, frequency), state vector derivative X~, and covariance
factor matrix L”. These variables are created by the time
update part of the KF Crank and are valid at time T, ;.. To
simplify the notation, the superscript “~” denoting “before
measurement” is dropped. Assuming T, =T, ; 5o the required
calculations are:

Compute Data Validity Flags

Propagate State to T;, ;50 and T, 56

Compute Polynomial Fit Coefficients

First 180 Second Loop: at every second

Compute X(t)

Compute T,..°*(t)
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Compute Sun Vector

Compute OTS Frame Position, Velocity, and Sun Vector
Take QxR out of velocity in X,

Compute Geodetic Latitude, Longitude, and Altitude
Compute East, North, Up Velocity

Compute Day/Night Event Notification Flag

Compute South Atlantic Anomaly Event Notification Flag
Compute Polar Region Event Notification Flag

Compute Ground Station Event Notification Flag
(GSENF)

Second 180 Second Loop: at every second
Compute X(t)

Compute T, (1)

Compute GSENF

Shift GSENFs

The data validity flags are computed using the L matrix.
They are constant throughout the 180 second interval. The
following values are used to compute the one sigma values:

The covariance matrix P=L-L? and that L is lower trian-
gular. This means that the diagonal values of P are given by

P, i) = ) (L )2

]

This yields the one sigma values for position, velocity and
time. The data validity flags are then set from these one
sigma values according to the following:

if all three O,,,;;.,, values are < the position validity value,

the position and event validity flags are set to VALID,
if all three o,,,,.;,, values are < the velocity validity value,
the velocity valid velocity flag is set to VALID,

if the o ;. value is < the time validity value, the time and

sun vector validity flags are set to VALID.
The same dynamic propagator that is used in the Time
Update of the KF Crank is used to propagate the state to
T, 180 and T, 5. (See equation (34) and the derivations
leading thereto.) This gives state vectors and state derivative
vectors at S0, S0+180(S1), and S0+360(S2). At this point the
system has the following information:

X(S0), X(S0), X(S1), X(S1), X(S2), X(S2)

The system requires short term data at a 1-Hertz rate,
therefor the data is interpolated between S0, S1, and S2. This
is accomplished by fitting a 5th order polynomial to the
curve described by:

X(S0), X(S0), X(S1), X(S1), X(S2), X(S2).

This structure is used to interpolate data for the state
vector and the state vector derivative defined as follows:

For the state vector:

X(O)=A+B t+C-C+DL+Et*+F-1° (108)
For the state vector derivative:
X(0)=B+2-C-t+3-D-1>+4-E-£+5-F-t* (109)

The interval between S0 and S1 is the same as the interval
between S1 and S2 and denoted by I. By letting the time(t)
for the above equations go from -180 to +180 instead of 0
to 360, the system can then use the following six equations
to determine the six coefficients:

X(t=—Iy=A-B-I+C-P-D-P+E-I'-F-P

X(t=—D=B-2-C-I+3D-I*-4-E-P+5-FI*
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X(1=0)=A

X(e=0)=B
X(t=D=A+B-I+C-P+D-P+E-I*+F-P
X(t=D=B+2-C-I+3-D-P+4E-P+5F-I*

This yields the following equations for the six coeffi-
cients:

A=X(S1)

B=X(51)
C=(1/P)(X(52)-2:X(S1)+X(S0)-I-X(S2)/4+-X(50)/4)
D=(1/(4D))-(5-X(52)-5-X(S0)-8-I- X(S1)-I- X (S2)+I-X(50))
E=—(1/2-1*)-(X(S2)-2-X(S1)+X(50)~[-X (S2)/2+IX(50)/2)
F(1.0/(4P))-3:X(50)-4-I-X(S1)-I-X(S2)+I-X(S50))

The foregoing provides the coefficients required to com-
pute X(t) at any point by looping through the first 180
second interval and proceeding as follows at each of the 180
(Ls0+1 10 tso.1s0) Points.

Using the previously described points, equation (108),
X()=A+B-t+C-t*+D-P+Et*+F-t°, X(t) is computed each
time(t) goes from —180 to 180 while the trajectory time goes
from SO to S0+180.

The same routine is used to compute T, that is used in
the Dynamic Propagation Routine (see also equations (71)
and (72) and the comments therefor).

The sun vector, S_;,, in conventional inertial system, CIS,
coordinates is computed using the same routine that is used
in the Dynamic Propagation Routine.

With T, and S_, computed, the system determines
position, velocity and sun vector in the conventional terres-
trial system, CTS, frame:

The position vector in the CTS frame is determined by:

P =T ;"X ;(position) (119)

The velocity vector in the CTS frame is determined by
transforming the coordinate system from CIS to CTS and
removing the earths relative velocity from the inertial veloc-

ity. The velocity vector in the CTS frame is:

Vers=Teis™ X cis(velocity)=Q g rop cis¥Pess (111)
The matrix multiplication is eliminated because:
0 ~wem 0] [p1
Qearhcrs X Pets = | Wearth 0 Ol p2
0 0 0l lps
which simplifies the process and results in:
(Rearin,cs?P i) (D=0 g,y Pers(2)
(Rearin,cis?P i) (D=0 ey Pers(1)
(Qearim, et P s (3)=0
The sun vector in the CTS frame is:
Sers=Teis™"S cis (112)

The Geodetic Latitude (lat) and Altitude are computed
using a routine that is the same as used in the Dynamic
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Propagation Routine. The Longitude (lon) is computed
using the standard C library routine a tan 2:

longitude=a tan 2(P_,(v_axis), P (x_axis) (113)

To compute the east, north, and up velocity, the system
computes the transformation from CTS coordinates to East,
Down, and North @ Equator (EDN) coordinates:

cos(lon + g) sin(lon + g) 0

edn _
Tcrs -

—Sin(lon + g) cos(lon + g) 0

0 0 1

It then computes the transformation from EDN to East,
North, Up (ENU) coordinates:

1 0 0 114

7o = 0 cos(g —lat) sin(g —lat)

0 —sin(g —lat) cos(g —lat)

T,

enu enu, enu
cis =T edn T, cis

VeriTeun™ Vs (114

The system uses the Geodetic Latitude, therefor “UP” is in
the local vertical direction.

Because the normal to the surface in the ENU coordinate
frame is given by the vector [0,0,1], the system transforms
the vector to the CTS frame using:

Ugs = TS5,+| 0

enit

which provides:
Uns(D=T o, (1,3)=T :™(3,D)
Uei(D=T 0, (2:3)=T;s(3,2)

Uas(D=T ™ (3:3)=T c1s™(3,3) (119)
This provides a vector normal to the surface of the earth in
the CTS coordinate frame. The system then creates:
D=U_S_.. IfU_.S_ =0.0, then the latitude and longitude
point is in sunlight and the flag=1. When U_,,-S_,,<0.0, the
flag=0.

The South Atlantic Anomaly, SAA is described in the
GNS by 12 longitude and latitude points which are vertices,
in clockwise order (looking down at the earth), of a convex
polygon inside which lies the SAA. When these values are
loaded into the KF database, the system computes vectors
for each side using S,=V,,-V,, where V,=(longitude,,
latitude;). These are longitude and latitude points (NOT
latitude, an longitude) and are ready for use in the Short
Term Propagation loop.

To determine if the spacecraft is within the SAA polygon,
the system performs the following operations for each side
of the SAA after setting the SAA event notification flag to
‘EVENT".

The spacecraft vector, S ;, is computed using the pre-
viously computed spacecraft latitude and longitude (Long,,
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Latg., which is in the form of the vector from V, to the

spacecraft location:
Ssc,i=(L0nsc>Latsc)_Vi (116)

A z-coordinate (=0) is appended to each vector and used

to successively compute the cross-product of a side of the
SAA polygon with the spacecraft vector:

0 0 0 Sy I[Sscin (117)
Q=85%xSsc;=| 0 |=| 0 0 =Sxl||Ssciy
Q. —Sy S 0 0

The system uses the right hand rule, i.e., if Q,>0 the
spacecraft lies outside the SAA and the SAA Event Notifi-
cation flag is set to ‘NO-EVENT". The system then exits the
loop.

The Compute Polar Region Event Notification flag is set
using a simple comparison, i.¢., if |Latitude|Z Value, the flag
is set to 1.

The location of each ground station is described by a
latitude and longitude. When these values are loaded into the
KF Database, the system computes CTS coordinates Vg, .
for each of the ground stations using the ground station
latitude and longitude and an altitude 0. It then computes the
CTS vector N, ., normal to the surface of the earth at the
ground station coordinates using the following steps:

Multiplying the two matrices of equation (114) reduces
the operation to:

0=—=—lar
¢ =lon+ %

cos(¢p) sin(¢) 0
Tod = | —cos(@)sin(¢) cos(@)cos($) sin(6) ]

sin(@sin(¢)  —sin(@)cos(p) cos(@)

The normal to the surface in the ENU coordinate frame is
given by the vector [0,0,1 ] as established by equation (115).
The vector is transformed to the CTS frame

— 12
Nesicrs = Toe | 0 |-

This yields:
Nosicisl =T e (1,3)=T ;,™(3,1)=sin(B)sin()
Ngsi,etsD=T ne™(2,3)=T ,"(3,2)=-sin(6)cos(9)

Ngsiyets3)=T e (3,3)=T 1,"(3,3)=cos(6) (118)

The values are now ready for use in the Short Term
Propagation loop. To determine if the spacecraft is above the
horizon relative to each ground station, the system computes
the dot product of the vector from the ground station to the
spacecraft and the ground station normal vector: D=(P

cts™
VGSi,cts) 'NGSi,cts

If D=0, the spacecraft is at or above the horizon and the
GSENF is 1.

The system computes the second 180 second loop using
the previously described operations, i.e.:
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X(t) is computed each time(t) goes from —180 to 180
while the trajectory time goes from S0 to S0+180.

X(O)=A+B t+C-P+DP+E-1*+F-r°

The same routine is used to compute T, that is used in
the first 180 second loop.

The same routine, equation (118), that is used in the first
180 second loop is used to compute the GSENF.

The system then shifts the GSENF as the short term
propagation continues to provide GSENFs for each ground
station for a period of 360 seconds. The extra 180 seconds
allows the system to predict rise or set times up to 180
seconds in advance of the time it outputs the data. The
GSENFs which are output may need to be set before the
spacecraft rises above the horizon and may need to be unset
before the spacecraft has set below the horizon to satisfy
Rise/Set Lead Time requirements. The system predicts rise
time so that instruments on board the satellite can be ready
to send data when the satellite rises above the horizon
instead of spending time gaining acquisition to the ground
station. The system also computes set lead time so that the
satellite may know when to start shutting down the data
transmission sequence. The time shifts for the Rise Lead
Time R;, and Set Lead Time S,, are GNS parameters.

For example, if R;,=4 seconds and the GSENFs are

00000011111 . . . 111
the time shifted GSENFs are

000111111111 . . . 111
Or if R;,=5 and the GSENFs are

1111 ... 11111100
the time shifted GSENFs are

1111 . . . 1110000000
There are several situations that can occur in the stream of
GSENFs during the 360 second interval.

1) There are no GSENFs set. These flags do not need to
be modified for Rise/Set Lead Times.

2) The GSENF stream started unset, changed to set and
stayed set for the remainder of the interval. These flags
need to be modified as in the first example above.

3) The GSENF stream started set, changed to unset aud
stayed unset for the remainder of the interval. These
flags need to be modified as in the second example
above.

4) The GSENF stream started unset, changed to set, and
changed back to unset. These flags need to be modified,
first, as in the first example, and next, as in the second
example 2. The system performs the modifications in
that order to cover the situation in which the GSENFs
are set for a period of time =S,-R,,.

The foregoing is considered as illustrative only of the
principles of the invention. Since numerous modifications
and changes will readily occur to those skilled in the art, it
is not desired to limit the invention to the exact construction
and applications shown and described. Accordingly, all
suitable modifications and equivalents may be resorted to
and are considered to fall within the scope of the invention
and the appended claims and their equivalents.

What is claimed is:

1. A satellite navigation system, comprising:

a radio frequency receiver incorporating a plurality of
channels for concurrently processing code containing
signals received from a plurality of global positioning
system satellites, wherein said radio frequency receiver
comprises:
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a plurality of antennas;

a plurality of preamplifiers, driven by each one of said
plurality of antennas; and

a separate downconverter for each one of said pream-
plifiers for processing the amplified signals produced
thereby, wherein each of said downconverters com-
prises:

a phase locked loop frequency synthesizer;

a reference oscillator for driving said phase locked
loop frequency synthesizer;

a mixing means for combining an output of said
phase locked loop frequency synthesizer with an
output of said preamplifier;

an intermediate frequency band pass filter for pro-
cessing the output of said mixing means; and

a quantizer for producing a pair of complementary
signals from an output of said intermediate fre-
quency band pass filter;

a microprocessor for executing software which manipu-
lates data processed by said plurality of channels
according to an extended Kalman filter to autono-
mously generate estimates of position, velocity, time
and earth-sun vector data; position-based event notifi-
cations and predictions; and orbit determinations; and

an application specific integrated circuit for tracking said
code containing GPS signals, wherein said application
specific integrated circuit comprises:

a latch circuit for sampling said pair of complementary
signals from two of said downconverters and pro-
ducing therefrom a pair of complementary quadra-
ture signal samples and a pair of complementary
non-quadrature signal samples;

a plurality of tracker channels, wherein said tracker
channels each comprises:

a plurality of accumulators;

a separate latch register for outputting the contents of
each of said accumulators for outputting the con-
tents thereof;

a coarse acquisition code generator; and

a differential mixer for combining said signal
samples with a code created by said course acqui-
sition code generator to lock the phase and fre-
quency of said code carried by said signal samples
with said code created by said course acquisition
code generator; and

a data router for distributing each of said complimen-
tary signal sample pairs to a different one of said
tracker channels;

wherein the application specific integrated circuit pro-
duces tracking data for each of said global position-
ing system satellites from said amplified signals
processed by said downconverters;

wherein the radio frequency receiver, the microprocessor,
and the application specific integrated circuit are
onboard the satellite.

2. A satellite navigation system, comprising:

a radio frequency receiver incorporating a plurality of
channels for concurrently processing code containing
signals received from a plurality of global positioning
system satellites;

a microprocessor for executing software which manipu-
lates data processed by said plurality of channels
according to an extended Kalman filter to autono-
mously generate estimates of position, velocity, time
and earth-sun vector data; position-based event notifi-
cations and predictions; and orbit determinations;
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an application specific integrated circuit for tracking said

code containing GPS signals;

a plurality of input channels for producing GPS signal

samples, wherein each of said input channels com-

prises:

a first exclusive NOR gate for processing a pair of
complementary non-quadrature signals derived from
one of said code containing signals;

a second exclusive NOR gate for processing a pair of
complementary quadrature signals derived from one
of said code containing signals;

a first multiplexer for producing a non-quadrature sig-
nal sample in response to an input from said first
exclusive NOR gate;

a second multiplexer for producing a first quadrature
signal sample in response to an input from said
second exclusive NOR gate;

a third multiplexer for producing a second quadrature
signal sample complementary to said first quadrature
signal sample from one of said complementary non-
quadrature signals and one of said complementary
quadrature signals; and

an output means for a non-quadrature signal sample
complementary to said signal sample produced by
said first multiplexer from said one of said comple-
mentary non-quadrature signals;

a plurality of tracker channels for accumulating code

carried by said GPS signal samples, wherein each of

said tracker channels comprises:

a numerically control oscillator;

means for combining a cosine function of said numeri-
cally control oscillator with said non-quadrature sig-
nal samples received from said IF input channel;

means for combining a cosine function of said numeri-
cally control oscillator with said quadrature signal
samples received from said IF input channel;

means for combining a sine function of said numeri-
cally control oscillator with said non-quadrature sig-
nal samples received from said IF input channel;
means for combining a sine function of said numeri-
cally control oscillator with said quadrature signal
samples received from said IF input channel;
means for summing a product of said cosine function
combined non-quadrature signal samples and said
sine function combined quadrature signal samples;
means for summing a product of said cosine function
combined quadrature signal samples and said sine
function combined non-quadrature signal samples;

a non-quadrature flip-flop for producing a plurality of
parallel output signals of different values from an
output of said means for summing a product of said
cosine function combined non-quadrature signal
samples and said sine function combined quadrature
signal samples;

a quadrature flip-flop for producing a plurality of
parallel outputs signals of different values from an
output of said means for summing a product of said
cosine function combined quadrature signal samples
and said sine function combined non-quadrature
signal samples;

a coarse acquisition coated generator;

a coarse acquisition code numerically control oscillator
for controlling said coarse acquisition code genera-
tor;

a multibit shift register responsive to outputs from said
coarse acquisition code numerically control oscilla-
tor and said coarse acquisition code generator for
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producing a plurality of time shifted coarse acquisi-
tion codes for combining with said plurality of
outputs from said non-quadrature and quadrature
differentiators;

a plurality of accumulators, each of which accumulates
code resulted from said combination of said time
shifted coarse acquisition codes and said plurality of
outputs from said non-quadrature and quadrature
flip-flop; and

a latch register for each of said accumulators for setting
and output thereof;

a data router for distributing said GPS signal samples to
said tracker channels as a function of tracker channel
availability and said global positioning system satellite
originating said GPS signal samples;
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a timing means synchronizing the circuits of said

application-specific integrated circuit; and

a bus interface for coupling said accumulated code to said

microprocessor and for receiving controlling data from
said microprocessor;

wherein the radio frequency receiver, the microprocessor,

and the application specific integrated circuit are
onboard the satellite.

3. The satellite navigation system as defined by claim 2,
wherein the sampling times of the tracker channels are
controlled to align with Universal Coordinated Time (UTC)
time tics.
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