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NAVIGATION SYSTEM AND METHOD USING
MODULATED CELESTIAL RADIATION
SOURCES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The subject invention relates to a system and method for
determining the absolute and relative position, velocity and
attitude of a vehicle, such as a spacecraft or a terrestrial
vehicle, utilizing modulated radiation emitted by various
celestial sources. In particular, the present invention directs
itself to a mobile receiver for detecting signals generated by
celestial sources of modulated radiation. The mobile receiver
may be mounted on a spacecraft, satellite, planetary rover, or
other vehicle, and the received signal is used to calculate
navigational data for the vehicle. More particularly, this
invention directs itself to a clock or timer in communication
with the mobile receiver for generating a timing signal cor-
responding to the reception and detection of the modulated
celestial radiation. The timing signal is used to calculate a
time difference between predicted and measured reception of
the timing signal at the mobile receiver. Incorporating prede-
termined models of the modulated celestial radiation arrival
times within an inertial reference frame, navigational data,
such as a position offset of the mobile receiver, is then be
determined from the time difference.

Further, the mobile receiver is in communication with a
digital memory system. The digital memory system stores
information including the positions and pulse timing model
parameters of known sources of modulated celestial radiation
with respect to the chosen inertial reference frame. Further,
this invention directs itself to a navigational system including
a processing means for calculating navigational data for
spacecraft, satellite, planetary rover, or vehicle based upon
the calculated time difference in combination with the known
positional and timing model data of the sources of celestial
radiation stored within the digital memory system.

Additionally, the invention directs itself to a navigational
system and method allowing for calculation of either an abso-
Iute position of the spacecraft with regard to an absolute
reference, or a relative position being calculated with respect
to a relative selected position, such as another spacecraft.
Further, the processing means allows for the calculation of
error correction data which may be applied to the computed
navigational data. Errors due to relativistic effects are also
computed and corrected for.

2. Description of the Prior Art

Celestial objects, or sources, have been utilized throughout
history as navigational aids. The motions of the Sun, Moon,
and planets, as observed from the Earth’s surface, have pro-
vided the concept of time, and are a form of a celestial clock.
Using catalogued almanac information, the observation of
visible stars have provided travelers on the Earth a means to
determine position information relative to observation sta-
tions fixed on the Earth. As these methods have matured over
time, and with the addition of instrumented time clocks, or
chronometers, the performance of navigation methods has
improved.

Navigation of vehicles above and beyond the Earth’s sur-
face have benefited from this knowledge of celestial source-
based navigation. Satellites orbiting the Earth and spacecraft
traveling throughout the Solar System have relied on celestial
sources to successtully complete their missions. Additionally,
celestial source navigation systems have been augmented
with human-made systems to further increase vehicle and
spacecraft navigation performance. In fact, a wide variety of
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2

methods have been used to compute the navigation informa-
tion of spacecraft which have traveled around the Earth,
through the Solar System, and beyond the Solar System’s
outer planets, as far as the heliopause.

Navigation of spacecraft is defined as determining the
spacecraft’s three-dimensional position, velocity, and atti-
tude at a specific time or times. Position determination of
near-Earth missions has included the use of ground-based
radar and optical tracking, Earth-limb horizon sensors, Sun
sensors, and Global Positioning System (GPS) receivers.
These sensors use knowledge and observations of celestial
objects and phenomena to determine position relative to the
Earth. The GPS system produces signals from multiple trans-
mitting satellites that allow a receiver to determine its position
from the ranges to the transmitting satellites. Position deter-
mination of spacecraft on interplanetary missions has utilized
Doppler radar range measurements, standard radio telemetry,
and target body imagery. Attitude, or orientation, of space-
craft has typically been determined using magnetometers,
gyroscopes, star cameras, star trackers, Earth-limb horizon
sensors and Sun sensors. Time has often been determined
using an on-board clock on the spacecraft, or through periodic
computer updates from ground control stations.

Radar range and tracking systems have been the predomi-
nant system for tracking and maintaining continuous orbit
information of spacecraft. In order to compute position of
spacecraft, radar range systems compute the range, range-
rate, and/or the angular orientation angles to the spacecraft
relative to the radial direction from a radar tracking station to
the spacecraft. This is achieved primarily through the reflec-
tion of signals transmitted from an Earth observing station by
the space vehicle structure and measurement of the transmit-
ted signal round-trip time. Although this system requires no
active hardware on the spacecraft itself, it does require an
extensive ground tracking system and careful analysis of the
measured data against an electromagnetically noisy back-
ground environment. Using the best known position of the
observing station and processing multiple radar measure-
ments, the vehicle’s orbit parameters can be computed. The
position of the vehicle can be propagated analytically ahead
in time using standard orbital mechanics along with known
models of Solar System object’s gravitational potential field;
as well as any known disturbance or perturbations effects,
such as object body atmospheric drag. This propagated navi-
gation solution is then compared to subsequent radar mea-
surements and the navigation solution is collected for any
determined errors. This process continues until a navigation
solution converges to within the expedition’s required param-
eters. However, vehicle maneuvers or any unaccounted-for
disturbances will affect the trajectory of the vehicle. Without
exact knowledge of these maneuver dynamics or disturbance
effects, it is necessary for the propagation and radar measure-
ment comparison to continue throughout the flight.

As the spacecraft moves further away from Earth observa-
tion stations, the error in navigational data increases. To
achieve the necessary range determination, the radar system
requires knowledge of the observation station’s position on
the Earth to great accuracy. With sophisticated surveying
systems, including GPS, such accuracy may be achieved.
However, even with this precise knowledge, the position mea-
surement can only be accurate to a finite angular accuracy.
The transmitted radar beam, along with the reflected signal,
travels in a cone of uncertainty. This uncertainty degrades the
position knowledge in the transverse direction of the vehicle
as a linear function of distance. As the vehicle gets more
distant, any fixed angular uncertainty reduces the knowledge
of vehicle position, especially in the two transverse axes
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relative to the range direction. These axes are along-track of
the vehicle’s velocity and cross-track, or perpendicular, to the
vehicle’s velocity and radial direction. Even utilizing inter-
ferometry, using the difference between multiple signals
compared at two ranging stations, the angular uncertainty
rapidly grows above acceptable limits.

Alternatively, many deep space spacecraft have employed
active transmitters to be used for navigational purposes. The
radial velocity is measured at a receiving station by measur-
ing the Doppler shift in the frequency of the transmitted
signal. The spacecraft essentially receives a “ping” from the
Earth observation station and re-transmits the signal back to
the Earth. Although improvements in the radial direction
range and range-rate measurements are made utilizing such
system, transverse axes, including along-track and cross-
track axes, errors still exist, and this method has errors that
also grow with distance.

Optical tracking measurements for spacecraft position and
orbit determination are completed in a similar fashion as radar
tracking. Optical tracking uses the visible light reflected off a
vehicle to determine its location. Some optical measurements
require a photograph to be taken and the vehicle’s position is
calculated after analysis of the photograph and comparison to
a fixed star background. Real-time measurements using such
systems are typically not easily achieved. Additionally, opti-
cal measurements are limited by favorable weather and envi-
ronmental conditions. Because most missions have been ori-
ented around planetary observation, augmentation to the
ranging navigation system can be made within the vicinity of
the investigated planet. By taking video images of the planet
and comparing to known planetary parameters (such as diam-
eter and position), the video images can determine position of
the spacecraft relative to the planet. Since, often the objective
is to orbit the planet, only relative positioning is needed for
the final phase of the flight and not absolute position.

To aid the position determination process, an accurate
clock is a fundamental component to most spacecraft navi-
gational systems. On-board clocks provide a reference for the
vehicle to use as its own process timer and for comparison to
other time systems. Atomic clocks provide high accuracy
references and are typically accurate to within one part in
10°-10"° over a day. As calculated by Melbourne in “Naviga-
tion Between the Planets”, Scientific American, Vol. 234, No.
6, June 1976, pp. 58-74, in order to track radio signals at
accuracies of a few tenths of a meter, a clock with nanosecond
accuracy over several hours is needed. This requires the clock
to be stable within one part in 10*3. As early chronometers
helped improve navigation over the Earth’s ocean, more
accurate chronometers will help navigation through the solar
system.

To gain increased autonomy in spacecraft operation, it is
desirable to develop systems other than the operationally
intensive human-controlled radar and optical position deter-
mination methods. Methods that employ celestial sources,
which provide positioning capabilities and do not require
labor-intensive operations, remain attractive.

In order to navigate using celestial objects, precise knowl-
edge of their positions relative to a defined reference frame at
a selected time epoch is required. Catalogued ephemeris
information of Solar System objects provides this reference
frame information. The Sun, Moon, and planets all translate
within the Solar System in a reference frame viewed from the
Earth. Since the orbits of the objects are near-Keplerian, and
nearly circular, this translational motion is nearly periodic,
repeating after a certain time span elapsed. It is exactly this
periodicity that leads to the concept of time. The motion of
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these objects, or their angular displacement in their orbit, can
be interpreted as a clock measuring time.

Although seemingly “fixed” with respect to a frame on the
Earth, the visible spectrum stars can also provide a measure-
ment of time and, therefore, can be interpreted as a naviga-
tional reference. In this case, however, it is the Earth or
spacecraft that provides the time measurement, by rotating or
translating with respect to the fixed background of stars. The
extremely large distances to the stars in the Milky Way galaxy
and other galaxies essentially create the illusion that the stars
are fixed. Just as the Solar System rotates, however, so does
the Milky Way rotate and the Galaxy translates with respect to
neighboring galaxies. Thus, objects are continually speeding
away and towards the Earth at all times. However, the motion
of'the stars is so slow compared to many other measurements
of time that this motion is perceived as fixed.

In addition to providing a measure of time, just as humans
“triangulate” their Earth position relative to identifiable land-
marks, it is conceivable to use persistent star light as markers
for triangulating position. Observing known stars allows a
spacecraft to initially estimate its orientation and begin a
process of determining its position relative to another object.
However, due to the large number of visible stars, detecting
specific stars can be time-consuming due to necessary alma-
nac database searches. Also, since there is no method of
determining “when” the visible light was sent from the stars
and because the stars are located so far away, determining
range information from an individual star to help “triangu-
late” a spacecraft’s position is problematic. Only during the
instance of occultation, or when a known celestial body
passes in front of a selected star while it is being viewed,
allows a dependable method of position determination
directly from star light.

However, individual stars that do have a uniquely identifi-
able signal, for example, whose signals are periodic, can be
utilized directly as celestial sources for navigation purposes.

Astronomical observations have revealed several classes of
celestial objects that produce unique signals. A particularly
unique and stable signal is generated by pulsars. It is theo-
rized that pulsars are rotating neutron stars, which are formed
when a class of stars collapse. Conservation of angular
momentum asserts that, as the stars become smaller, or more
compact, they rotate faster. Neutron stars rotate with periods
ranging from 1.5 ms to thousands of seconds. A unique aspect
of this rotation is that for certain classes of pulsars, the rota-
tion can be extremely stable, providing thereby a stable
source of radiation modulated by the neutron star’s rotation.
The most stable pulsars have stabilities on the order of 107*#
when measured on time scales of a year, which is comparable
to the best terrestrial atomic clocks. No two neutron stars have
been formed in exactly the same manner, thus their periodic
signatures are unique. Because pulsars provide signals that
are unique, periodic and extremely stable, they can assist in
navigation by providing a method to triangulate position from
their signals. Pulsars can be observed in the radio, optical,
X-ray, and gamma-ray ranges of the electromagnetic spec-
trum. They exist as isolated neutron stars or components of
multiple star systems. Several classes of high and low mass
binary companions exist for pulsar stars. The cyclic eclipsing
of a pulsar by its binary companion provides a secondary
periodic signal from these sources.

Downs, in “Interplanetary Navigation Using Pulsating
Radio Sources”, NASA Technical Reports, N74-34150, Oct.
1,1974, pp. 1-12, presented a method of navigation for orbit-
ing spacecraft based upon radio signals from a pulsar. How-
ever, both the radio and optical signatures from pulsars have
limitations that reduce their effectiveness for spacecraft mis-
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sions. In order to be effective, optical pulsar-based naviga-
tional systems would require a large aperture to collect suffi-
cient photons, since few pulsars exhibit bright optical
pulsations. To date there are only five pulsars that have been
observed to emit pulsed visible radiation. This small number
of sources severely limits the options for an optical-based
variable source navigation system. The large number of fixed
radiation visible sources requires precise pointing and signifi-
cant processing to detect pulsars in the presence of bright
neighboring objects. This is not attractive for vehicle design.
At the radio frequencies which pulsars emit (~100 MHz-few
GHz) and with their faint emission, large antennae (likely 25
m in diameter or larger) would be required, which would be
impractical for most spacecraft. Also, neighboring celestial
objects, including the Sun, Moon, close stars, and Jupiter, as
well as distant objects, such as supernova remnants, radio
galaxies, quasars, and the galactic diffuse emissions are
broadband radio sources that could obscure the weak pulsar
radio signals, as shown by Wallace in “Radio Stars, What
They Are and The Prospects for Their Use in Navigational
System”, Journal of Navigation,Vol. 41, September 1988, pp.
358-374. The low radio signal intensity from pulsars would
require long signal integration times for an acceptable signal
to noise ratio.

Chester and Butman in “Navigation Using X-Ray Pulsars”,
NASA Technical Reports, N81-27129, Jun. 15, 1981, pp.
22-25, propose the use of pulsars emitting in the X-ray band
as a better option for navigation. Antennae on the order of 0.1
m? could be used for X-ray detection, which is much more
reasonable than a large radio antenna. Additionally, there are
fewer X-ray sources to contend with and many have unique
signatures, which do not get obscured by closer celestial
objects. One complicating factor is that many X-ray sources
are transient in nature. The transient sources are only detect-
able at irregular intervals as a result of a modulation in the
accretion rate onto the celestial source. Typically, the
“steady” sources (such as many of the rotation-powered pul-
sars) would be used for navigation. By cataloging pulsar
positions and recording their signal periodicity and identify-
ing parameters, as well as the data from other types of modu-
lated celestial radiation sources, a table of candidate stars can
be created for use in navigation. These catalogs can then be
stored in data memory format for use by algorithm processes
onboard vehicles that detect modulated radiation signals.
Maintenance of these catalogs, and timely dissemination of
data updates, is required for a high performance navigation
system.

SUMMARY OF THE INVENTION

The present invention provides for a system and method for
calculating navigational data utilizing modulated celestial
sources. In accordance with aspects of the invention, a
method for determining navigational data using modulated
celestial radiation first selects a localized reference point in a
reference frame. Modulated radiation from at least one celes-
tial source is received at a reception point located in the
reference frame, where the reception point is located an
unknown distance away from the reference point. Each
source is located along a line in a known direction with
respect to the reference point. A signal is generated for each
source from the received modulated radiation, where each
signal is characterized by a modulation characteristic of the
corresponding source. A time of arrival signal is generated
corresponding to each source, where the time of arrival signal
indicates a coordinate time of reception of a first state of the
modulation characteristic of each signal. The time of arrival
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signals are used to estimate a second state of the modulation
characteristic, which corresponds to the state of the modula-
tion characteristic at the reference point and at the coordinate
time of reception of the first state. At least one navigational
parameter at the reception point relative to the reference point
is determined from the first and second states of the modula-
tion characteristic.

In another aspect of the invention, a method is provided for
determining navigational data using modulated celestial
radiation selects a localized reference point in a reference
frame and provides a timer at a displaceable reception point in
the reference frame. The timer generates a timing signal
indicative of a proper time of reception of a modulation char-
acteristic of modulated radiation. Modulated radiation is
received at the reception point from at least one celestial
source located along a line in a known direction with respect
to the reference point. At least one signal is generated from
said modulated radiation, where the signal is characterized by
a corresponding modulation characteristic of a corresponding
source. Time of arrival signals are generated by the timer
responsive to the detection of the modulation characteristic of
each signal. The time of arrival signals are transferred to the
reference point to produce corresponding coordinate time of
arrival signals. The coordinate time of arrival signals are used
to estimate coordinate times of arrival of the corresponding
modulation characteristic at the reference point. Navigational
parameters relative to the reference point are determined from
the coordinate time of arrival signals

In another aspect of the invention, a navigation system is
provided, which includes a displaceable receiver located at an
unknown distance from a predetermined reference point. The
receiver is operable to detect modulated radiation generated
by at least one celestial source thereof, where each source is
located along a line in a known direction with respect to the
reference point. The receiver provides a signal corresponding
to each source that is characterized by a known modulation
characteristic of said modulated radiation. The system further
includes a timer in communication with the displaceable
receiver and that is operable to generate at least one time of
arrival signal corresponding to each source. Each time of
arrival signal is indicative of a time of detection of the char-
acteristic of a corresponding one of the signals. A processor is
provided to be in communication with the timer and that is
operable to compute at least one navigational parameter from
the at least one time of arrival signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of an exemplary system for
navigation utilizing sources of pulsed celestial radiation in
accordance with the present invention;

FIG. 2 is a schematic view illustrating a light ray path
arriving from a source of pulsed celestial radiation within the
Solar System;

FIG. 3 is a schematic diagram illustrating spacecraft posi-
tion relative to the sun and the Solar System Barycenter (SSB)
origin;

FIG. 4 is a schematic diagram illustrating pulse arrivals
from a plurality of sources of pulsed celestial radiation;

FIG. 5 is a vector plot showing range vectors from a single
pulsar to the Earth and spacecraft location;

FIG. 6 is a schematic diagram illustrating phase difference
for an individual pulse arriving at a spacecraft and the Earth;

FIG. 7 is a schematic diagram illustrating pulse plane arriv-
als within the Solar System from two separate sources of
pulsed celestial radiation;
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FIG. 8 is a schematic diagram illustrating the phase difter-
ence at the Earth and the spacecraft from two separate
sources;

FIG. 9 is a schematic diagram illustrating the phase cycle
candidate search space, centered about the Earth;

FIG. 10 is a schematic diagram illustrating the phase cycle
search space, containing candidate cycle sets, centered about
the Earth;

FIG. 11 is a schematic diagram illustrating the navigational
system mounted on a spacecraft;

FIG. 12 is a schematic diagram illustrating relative navi-
gation showing two spacecraft receiving pulses from pulsars
and communicating pulse arrival time information between
them;

FIG. 13 is a schematic diagram illustrating the arrival of
pulses at two separated detectors affixed to the same vehicle
to determine attitude of the vehicle; and

FIG. 14 is a flow diagram illustrating fundamental methods
steps of certain embodiments of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

1. Overview

The present invention is now described with reference to
the Drawings. In the Figures, like elements are annotated with
like numerals and descriptors.

Referring to FIG. 1, there is illustrated an exemplary sys-
tem 10 for absolute and relative position determination using
celestial radiation sources in accordance with the present
invention. As used herein, a “celestial source” refers to a
natural (not man-made) celestial body emitting radiation.

As is shown in the Figure, a spacecraft, satellite or other
vehicle 12 is positioned near Earth within the Solar System,
as indicated by the position vector rs.,z. The location of the
Earth relative to the Solar System Barycenter (SSB) is r and
the location of the spacecraft 12 relative to the SSB is .. The
spacecraft 12 is operable to receive modulated radiation, such
as pulsed radiation 14, generated by a celestial body, such as
pulsar 16. The modulated radiation is subsequently used to
generate navigational information, as is described more fully
below.

It is to be noted that, while many of the exemplary embodi-
ments are described with reference to extraterrestrial
vehicles, such as spacecraft, the navigation methods of the
present invention may be applied to planetary-bound vehicles
as well.

In accordance with certain aspects of the invention, the
spacecraft 12, an exemplary embodiment of which is sche-
matically shown in FIG. 11, includes a receiver 60 having
means for detecting the modulated radiation, such as radia-
tion detectors 22a-22x, for detecting the pulsed radiation 14.
In the exemplary embodiment, each radiation detector 22a-
22xis mounted on a respective actuator 62a-62x for purposes
of pointing the corresponding detector towards a particular
celestial source. The detectors are coupled to a detector inter-
face 64, which produces radiation profiles for each celestial
source, and provides the radiation profile data to processor 30
via bus 35. It should be noted that while the exemplary system
of FIG. 11 is illustrated with a plurality of radiation detectors,
receiver 60 may be equipped with only a single detector. The
radiation profiles from separate celestial sources may be col-
lected in a multiplex fashion, such as by pointing the detector
at a first source for a period of time and then pointing the
detector at the next source for a period of time.
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In certain embodiments, modulated radiation is synchro-
nously integrated over time to produce “folded” profiles,
whereas in other embodiments, electromagnetic data are
sampled to produce the profile data. It should be apparent that
many methods for obtaining the profile data from a celestial
source exist and may be used with the present invention.

Known modulation characteristics of celestial sources,
such as pulse profiles of known pulsars, are stored in source
catalog 90 within memory 34, which is in communication
with processor 30. Memory 34 also has stored therein execut-
able code that, when executed by processor 30, conducts a
timing model 70 to estimate a state of the modulation char-
acteristic, such as phase, frequency or time of arrival, at a
reference location, as will be described in detail below. The
memory 34 also stores executable code of various algorithms
for computing navigational parameters, as indicated at 80.

As will be discussed further below, comparing the pre-
dicted arrival time with the actual measured arrival time of a
pulse from a celestial source provides an indication of posi-
tion, or difference in known position, along the line of sight to
that source. The system clock or timer 24 measures the time of
receipt and pulse frequency of electromagnetic pulses 14 in
order to be compared with the pulse profile stored in source
catalog 90. The pulse profiles are compared with correspond-
ing measured timed pulses through algorithms executed by
processor 30.

As shown in FIG. 11, the satellite or spacecraft 12 also
carries a power supply 32, which may be implemented by, for
example, batteries or solar panels, and a vehicle control sys-
tem 40 for maneuvering the vehicle 12, such as through
torque rods, reaction wheels or control jets. The vehicle 12
may by outfitted with external sensors 38, such as an optical
star tracking system, GPS receiver and Sun/Earth sensors,
and supplemental sensors 39, such as gyroscopes, accelerom-
eters and magnetometers. The external sensors 38 and supple-
mental sensors 39 provide supplemental data to the vehicle 12
for navigation and other purposes. The vehicle 12 also may, in
certain embodiments, include a communications module 36
and associated antenna 33 for contacting and transmitting
data to, and receiving data from, other parties such as a
terrestrial based command center or another spacecraft.

II. Observables and Errors

Many celestial sources emit modulated radiation that is
detectable through known detection methods. As used herein,
the term “modulated celestial radiation” refers to celestial
radiation of any frequency, or equivalently any wavelength,
that exhibits a modulation characteristic, i.e., a variation in
amplitude, frequency or phase, where such variation is
imposed by some cosmological influence. This concept is
exemplified by the theorized operation of pulsars given
above, where the cosmological influence is the rotation of the
neutron star, the action of which imposes a periodic structure
onto the celestial radiation. Regardless of whether or not this
theoretical model of pulsar activity is the actual mechanism
by which pulsar signals are generated, such definition pro-
vides a basis upon which to, at a minimum, describe the
present invention in unambiguous terms. That is to say, that
whatever cosmological influence is actually responsible for
forming the variation in the radiation of an emitting pulsar,
the term “modulated celestial radiation” is adequately
descriptive of the signal in view of the definition provided
above.

Due to the stability of the emission mechanisms of some
modulated celestial radiation sources, the arrival time of a
state of the periodic radiation is often predictable. In many
useful cases, the modulated radiation approximates a periodic
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pulse train, such as that indicated at 14 in FIG. 1. Thus, for
reasons of simplifying the description of the invention, but
not to limit the scope thereof, the discussions below will be
with reference to pulsed radiation from the celestial sources,
unless otherwise indicated. However, it should be clear to the
skilled artisan that many other modulation waveforms may be
utilized with the present invention through minor changes in
a particular implementation thereof.

At sufficiently high energy levels, an individual pulse is a
collection of photons emitted and assembled through the
radiation modulation mechanisms of the celestial source.
However, it should be clear to those skilled in the art upon
reviewing this disclosure that radiation at lower energy levels
may be used with the invention. For example, certain embodi-
ments of the invention may detect and process radiation at, for
example, radio frequencies using technology known in the
art. The exemplary embodiments below, however, will be
described with respect to quanta of sufficiently high energy
levels so as to be detected using technology easily incorpo-
rated onto movable vehicles, such as spacecraft.

Each single photon travels along a light ray path, or world
line. This world line follows the path of a null geodesic as the
photon travels from the emitting source to the receiving loca-
tion of an observer and is affected by the gravitational influ-
ence of nearby bodies. Thus, certain embodiments of the
present invention include relativistic effects in the computa-
tion of navigation data so as to accurately determine the true
path of a photon from the source. The more accurately the
path may be determined, the more accurately distance may be
determined from the traversal time of photons.

Considering a single pulse from a celestial source, the
transmission time of one photon is related to the reception, or
observed time of the photon by the distance along the path the
photon has traveled. FIG. 2 illustrates the applicable geom-
etry of an emitting source 16 and the observation of the
photon at spacecraft 12 about Earth. The distance to the
source from the Sun is the length of the vector D, the position
of the spacecraft 12 relative to the Sun is p, and the line of
sight from the spacecraft 12 to the pulsar 16 is indicated by the
unit vector fig.. A pulse has a characteristic peak of a large
number of photons within the periodic cycle thereof. By
measuring the arrival times of all the photons within a pulse
period, the arrival time of the pulse peak can be determined.

For a pulse arriving in the Solar System, the relationship of
the transmission time, t, to the reception time, tis given by
the following:

< 26me | hse D o
fisc P, +
' kln‘ sC fk Pl
¢ fisc - Dy + Dy

1 —
(rge =) = Zhsc-(D=P) =

k=1
_ hsc-D)Y
ﬁSC'(D—ﬁ)[((nSCD )] +1

el o3

+2(ﬁsc-5)[% -1]

The first term on the right hand side of Eq. (1) is the geometric
separation between the source 16 and the observer 12. The
second term is the summation of Shapiro delay effects of all
P sbodies within the Solar System. The third large term is the
deflection of the light ray path of the pulse due to the Sun,
which is the primary influencing gravitational force within
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10
the Solar System. The second and third terms in Eq. (1) canbe
combined together to represent all the relativistic effects on
the path length such that

1, — 1 2)
(Rge =) = Zhisc (D =P) + — RelEff,

where c is the speed of light.

III. Range Measurement

The absolute range, p, i.e., the distance from the source 16
to the observer 12 can be computed from the transit and
receive times of Eq. (2) as

3

p=cltrgc—t1)

Using the representation of these times from Eq. (2), range
can also be expressed in terms of the position vectors as

p=fisc'(D-p)+RelEff. 4

The unit vector along the direction from the observer 12 to the

source 16 canbe written in terms of the pulsar 16 and observer
12 positions as

®

Sl
|
A~

fisc =

S|
|
=

Using Eq. (5), the range from Eq. (4) becomes,

pD-pl-+RelEff. (6
The range vector is defined to be in the direction from the
source to the observer. Since the magnitude of a vector is
equal to the magnitude of the opposite direction vector, or ||
7]|=||-7]|, Eq. (6) can be more properly stated as the following:

p=|p-D|+RelEft. 7
This form of the equation is preferred because of the choice of
the direction of the range vectors, and will be discussed in
more detail in the “Measurement Differences” section below.

Egs. (3), (4), and (7) represent the total path length, or
range, that a pulse must travel from a source 16 to the observer
12. Ifthe observer’s position vector p and the source position
vector D are accurately known, then the range can be directly
determined from Eq. (4). Conversely, if the range between the
source 16 and the observer 12 can be measured and used in
conjunction with knowledge of the source position D, rear-
ranging Eq. (4) allows the observer’s position p relative to the
Sun to be computed. Thus, as is expected, any method that can
provide a measure of the absolute range p can contribute to
determining observer position.

An absolute range measurement can be computed using
Eq. (3), if the transmission and reception times are known for
an individual pulse, and this measurement could be applied to
Eq. (4) to determine observer position. However, a major
complication is encountered in such implementation in that
pulsars do not provide a means for conveying when an indi-
vidual pulse was transmitted. Whereas, navigation systems
such as the GPS and GLONASS systems, and Earth-bound
navigation systems, provide the signal transmission time,
which allows direct computation of range between a user and
the transmitting satellite or station, pulsars, unfortunately, do
not provide this information. However, as will be shown,
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observer position can still be determined using measurements
from pulsars via beneficial features of the present invention.

III-1. Range Measurement Error

Within a navigation system, the range measurement, p, will
differ from the true range, p, by some error amount, dp. The
relationship between the true and measured range can be
written as

p=p+p. (®)
In terms of measured, or estimated, transmit and reception
time for the i” pulsar, the measured range from Eq. (3) is

fsi =c(Trge=I1)- ©)]
The measured range as determined from transmit and receive
times will differ from the true range by several errors, includ-
ing station clock and signal timing errors at the observer’s
station, dt¢, intrinsic timing model errors or unknowns for a
specific pulsar, 8T,, and range measurement noise, ,. Assum-
ing that these errors are introduced on the measurement lin-
early, the true range can be represented as the sum of the
measurement and its errors:

Pi=C(ErgTr)+COlsc+cOT M, (10)

Similarly, in terms of measured, or estimated, source and
observer position with respect to the i” pulsar, the measured
range from Eq. (7) is

ﬁi:Hﬁ_DiH"’ReIEﬁi- (11
This form of measured range will also differ from the true
range by several errors, including observer position error, dp,
source position error, 8D, relativistic effects error, dRelEff,
as well as range measurement noise. If these errors are lin-
early imposed on the measurement, the true range may be
represented as

p;=]15-D|+RelET+/|5p| +/|8D; +ORelEffr4n,. 12

The range measurement of Eq. (11) uses the magnitude of
the geometric difference between the source and the observer.
Alternatively, the estimate of line of sight direction to the
source can be used from Eq. (5), such that the measured range
is

Fsi:ﬁsci'([)i—ﬁ)"'m- 13)
The errors for this equation include those discussed with
reference to Eq. (12) with an additional effect by the line of
sight error, 8fig... The true absolute range to the i? pulsar is
then,
Pi=Fscy (Di—ﬁ)"‘RelEffi"‘ﬁsci'631"”7156{615"‘6’756{ O
P)+ORelEff 41, (14)
It has been assumed in the discussion above that representa-
tive errors sum linearly to the measurement. Non-linear error
effects may also be compensated for by known techniques as
appropriate when such prove significant.

IV. Phase Measurement

The periodic nature of certain modulated celestial sources,
such as pulsars, makes them valuable as navigation beacons.
Since the periodicity of these sources is stable, itis possible to
differentiate individual pulse cycles, i.e., the spatiotemporal
periodicity of the radiation. At any given measurement time,
however, the peak of the pulse, or other identifying structure
of the modulated waveform, is not the characteristic of the
pulse that is detected. Instead, a certain instance within the
modulation cycle, or state of the modulation, will be mea-
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sured. In certain embodiments of the invention, such modu-
lation state is represented as the phase of the cycle, or a
fraction of the pulse period, often measured in dimensionless
units from zero to one. As such, a series of modulation cycles
can be represented as a full cycle phase, @, which is the sum
of'the fraction of a pulse, ¢, plus an integral number N of full
cycles that have accumulated since a chosen initial time.
Thus, full cycle phase can be written as

D=¢+N. 15)

The phase of a cycle, or series of elapsed cycles, emanating
from the source and arriving at the observer is related to the
range between the source and observer by the wavelength, A,
of'the cycle,

P=AD=MP+AN. (16)
Therefore, if the number of cycles plus the fraction of the
current pulse could be determined between the pulsar 16 and
the observer, the range can be computed from Eq. (16). This
equation provides an alternative method of determining
range, rather than using transmit and receive time in Eq. (3) or
source and receiver positions as in Eq. (4). However, as dis-
cussed earlier, the complication with using these celestial
sources is that no identifying information is provided with
each pulse, so that there is, no direct method of determining
which specific cycle is being detected at any given time.

IV-1. Phase Measurement Error

The total measured cycle phase, ®, of a celestial source
pulse from a detector system will differ from the true phase,
@, by any phase error, 0P, unresolved within the system, such
as

D=D+dD a7
This phase error can be separated into errors, d¢ and ON,
within the measured fraction of phase, $, and the measured
number of full cycles, N, respectively:

P+N=¢+N+-0+ON. (18)

Using Egs. (11) and (16), the measured phase fraction and
cycle number relate to the measured source and observer
position as

1, D=0 @+N;)=|p-D|+RelETE;. 19
Since the measurement of phase is directly related to the
timing of arriving pulses and the distance to the source, the
combined effects of the errors from the range measurement of
Egs. (10) and (12), along with the specific phase measure-
ment noise error, f3,, relate the true phase to the measured
phase by the following:

AD; = Ai(hi + V) (20)
= ||p - Di|| + RelEfF; + cotsc + cST; +

1671l + 16D;| + SRelEff; + ;.

The measured phase can also be computed in terms of the
source line of sight as in Eq. (13) to produce

DM, sy (D;—p)+RelETT,. (2D

By including the line of sight errors from Eq. (14), the true
phase can be represented as the following:
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A0; = Ai(g; + N;) (22)
= fisc, - (Di — p) + RelEJf; + clisc +coT; +
fisc; -0D; + fisc, - 6 + Sfisc; - (D; — p) +
SRelES, + i

V. Pulse Timing Model

The modulated emission from variable celestial sources
arrives at the Solar System with sufficient regularity that the
arrival of each pulse can be predicted by a suitable model. By
way of example, a starting cycle number, ®,=D(t,), can be
arbitrarily assigned to the pulse that arrives at a specific loca-
tion at an initial time, t,. The phase of subsequently arriving
pulses, ®, measured as the sum of the fractions of the period
and the accumulated whole value cycles as in Eq. (15), can be
specified at the specific location using a pulsar phase model
given by

@23

O() = V) + f11- o] + g[,_ ol + g[f—lo]s-

Eq. (23) is known as the pulsar spin equation, or pulsar spin
down law. In this equation, the observation time, t, is in
coordinate time, discussed in further detail below. The model
in Eq. (23) uses pulse frequency, f, however the model can
also be represented using pulse period, P, (also angular veloc-
ity Q=2mxtf) using the following relationships:

11 24)
f_F’P_7

P 7
f=—ﬁ-P——ﬁ

o P o

R
to produce

(25)

P , (PP
[t—10]" +

1
1) = Blto) + 3l =10 = 575 ﬁ—@][t—tof-

The model parameters for a particular pulsar are generated
through repeated observations of the source until a parameter
set is created that adequately fits the observed data. The
accuracy of the model prediction depends on the quality of the
known timing model parameters and on the intrinsic noise of
the pulsar rotation. The pulse phase depends on the time at
which it is measured as well as the position in space at which
it is measured. Thus, a pulse timing model must also be
defined for a specific location in space. The location of where
the model is valid must be supplied in addition to the param-
eters that define the model to achieve accurate navigation data
from pulsar radiation.

The pulsar phase model of Eq. (23), or (25), allows the
determination of the phase of a pulse signal at a future time 1,
relative to a reference epoch to, at a specified position in
space. Thus, it is possible to predict a state of the modulated
radiation, such as when any peak amplitude of a pulsar signal
is expected to arrive at a given location. The model shown in
Eq. (23) utilizes pulse frequency and only two of its deriva-
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tives (equivalently, Eq. (25) uses period and its two deriva-
tives), however, any number of derivatives may be incorpo-
rated to achieve a model that reproduces a particular pulsar’s
pulse timing behavior to within a desired accuracy. Addition-
ally, a larger number of model parameters are used in certain
embodiments of the model to predict more complex behavior
of certain pulsars, such as those in binary systems. As long as
these parameters can be sufficiently determined and incorpo-
rated in the model, any source with detectable periodic modu-
lation may be used in the navigation method of the present
invention.

VI. Coordinate Time

Arrival times of photons from celestial sources is a funda-
mental measurable component within a pulsar-based naviga-
tion system. Accuracy of the pulse arrival timing is critical for
a high performance navigation system. Referring once again
to the exemplary onboard pulsar-based navigation system of
FIG. 11, there is shown that in addition to a detectors 22a-22x
and instruments to detect arriving photons, a high perfor-
mance clock 24 or oscillator (such as an atomic clock) is
utilized for accurate measurement of photon arrival timing.
The processor 30 facilitates the data collection and performs
navigation calculations based on the measured photon arrival
times and the modeled arrival times. The time measured by
the onboard clock 24 is referred to as proper time, which is the
time a clock measures its detected events as it travels though
four-dimensional spacetime. This proper time can be differ-
ent from coordinate time, which is the time measured by a
standard clock that is fixed (not moving) in an inertial frame
and not under the influence of gravity (located at infinite
distance). The appropriate method of converting from space-
craft proper time, T, to coordinate time, t, is to account for the
total gravitational potential, U, acting upon the spacecraft’s
clock, and the total velocity, v, of the spacecraft 12 within the
inertial frame. Coordinate time can be determined from
proper time by integrating,

26)

dr = [1 + ng + %(g)z]dr.

Since the clocks onboard orbiting spacecraft, as well as
those on Earth, will measure proper time, all observation
times must be converted to coordinate time defined within an
inertial reference frame so that pulse arrival times measured
at different detectors can be properly compared. Many exist-
ing spacecraft systems align their onboard clocks with Earth
standard times such as Coordinated Universal Time (UTC),
or Temps Atomique International (TAI, International Atomic
Time). These times are then often converted to Earth-based
coordinate time of either Terrestrial Dynamical Time (TDT)
[sometimes referred to as Terrestrial Time (TT)], or Temps
Coordonnée Geéocentrique (TCG, Geocentric Coordinate
Time). TCG is the coordinate time scale with respect to the
Earth’s center, and TCG differs from TT by a scaling factor.

Two time scales exist which support event timing within
the Solar System, and each have their origin at the SSB,
shown at 100 in FIG. 1. These are the Temps Dynamique
Barycentrique (TDB, Barycentric Dynamical Time), and
Temps Coordonnée Barycentrique (TCB, Barycentric Coor-
dinate Time). Many current pulsar observations are computed
using the TDB time scale. Recent improvements in time-
ephemeris models may prove that the TCB scale produces
increased pulsar model accuracy.

Once a pulsar’s model is defined, such as in accordance
with the “Pulse Timing Model” section above, the model’s
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use is contingent on the coordinate time scale and the valid
location being provided to an observer. For example, a com-
mon scheme presently utilized is the Solar System Barycen-
tric (SSB) coordinate frame combined with the TDB time
scale. These models are often described to be valid at the
origin of the TDB frame, which is the origin of the SSB frame.
As is described further in paragraphs that follow, a timing
model of the present invention based on this configuration
would be valid at the SSB and would expect as input a coor-
dinate time transferred to the SSB in accordance with TDB
system of time measurement. The model would then return a
state of the emitted celestial radiation, e.g., phase or pulse
arrival time, at the SSB and at the inputted coordinate time
corresponding to the celestial source so modeled.

Certain navigation processes of the present invention
require that pulse arrival time at a detector, such as one on
Earth or on a spacecraft, be compared to a pulsar timing
model that is defined to be valid at a specific location, such as
the SSB origin 100. As such, pulse arrival time must be
transferred to the SSB origin 100 for comparison. Alterna-
tively, the pulsar timing model could be transferred to another
known location. For example, at a given time instance, the
pulsar timing model could be transferred to the Earth’s center,
if time of measured pulse arrival is to be compared with
arrival at the Earth’s center.

To accurately transfer time from one location to another,
geometric and relativistic effects must be included in the
transfer. These effects account for the difference in light ray
paths from a source to the respective locations of the detector
and the model, in accordance with the existing theory of
general relativity and known effects of the celestial planetary
systems.

To provide an example, consider the time transfer between
a spacecraft 12 and the SSB origin 100. FIG. 3 presents a
diagram of the positions of each relative to the center of the
Sun, which is the primary potential gravitational influence
within the Solar System. As shown in the Figure, the SSB 100
is the origin of the reference frame identified by the X gz, Vssz
axes and is located relative to the Sun, which is at the origin of
the x_, y, system, at b. The location of spacecraft 12 with
respect to the Sun is p, as was illustrated in FIG. 2, while the
location of spacecraft 12 with respect to the SSB is r. The
spacecraft’s location with respect to pulsar 16 is D, as was
shown in FIG. 2.

Eq. (1) may be used to compute the elapsed time between
the emission of a pulse at the source 16 and the arrival of a
pulse at the spacecraft 16. The corresponding equation for the
elapsed time for a pulse to traverse the region between the
emitting source 16 and the SSB origin 100 is the following:

(trggp —17) = @n

23
¢ DySSB

ZGMk ﬁSSB 'zk + bk
——1n|

| Pss
Shssu-(D ) - Z "

k=1

w57
oot

fissp Dy + Dy

1|+ 2(fssp -5)[% - 1] +

DXSSB ]}
DySSB

The difference in elapsed coordinate time between the time
for a pulse emitted at the source to arrive at each of the
spacecraft 12 and the SSB positions, can be represented by
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(Trssp=tD)~ R 1D)=(Rgsp~Irsc)s (28)
Subtracting Eq. (1) from Eq. (27) yields the transfer time
between the spacecraft 12 and the SSB 100,

Ipge = 29

IRgsp =
Pss
2GM,

o3
k=1

fssp by + by
In|——— | +

1 o1 .
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2GMy
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Clearly, Eq (29) entails a certain complexity in its algorithmic
implementation. However, simplifications to this algorithm
can still produce accurate time transfer (on the order of a few
nanoseconds). For example, if the line of sight to the emitting
source is considered constant within the Solar System, such
that fgo~fgz=~N=Dy/D,, the proper motion of the emitting
source is included, such that D, ~D+V(t;, ~t,)=D+VAt,
for the M™ pulse, where V is the velocity vector thereof and
the difference of the curvature of the light ray paths is negli-
gible, Eq. (29) can be simplified to the following:

([RSSBM - [RSCM) = S

o rlzl/l (fl?‘M )2 7‘M -VA[T
"M = St T, Do
(A-Varr)
(h-7y) | (B-Fy) "
D(:Vl D%M [(rM VA[T) - TM +
(7-Var)  (A-Vae)
1 i) (P -VAr)  (BuFu) .
¢ ;3 DE | Do *
(35w
(R-Fu)  (R-Fap) L b =
D(:W + D%M [_(EM"'M)_TM"'(EM'VA[T) +
(A-Varr)
W) Doy -7
(”DZM [_@M rM)— - + (rM VA[T) + FM er)
0 0
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-continued

< o6m, | A-Fu, +
/i R-Fp Fag,
In| —% "% 4
03

= B-bygy +bag

In Eq. (30) and referring to FIG. 3, r,, is the position of the
spacecraft 12 with respect to the SSB 100 at the time of
reception of the M™ pulse and b,,, is the location of the SSB at
the time the M™ pulse is received.

Additionally, further simplifications, such as ignoring all
terms of order O(1/D,?), yields a time transfer algorithm
accurate to roughly 10 microseconds,

([RSSBM ~ sy, )= S

M aD, T 2D,
(ﬁ-VA[T) Pss .
1 . 2GMy | -Fagy +mgy
2| FuVAy (i) + Son————+1
Dy D, —~ by, +by,
(Bu - 7ar) N (B )R- Fap)
Do Do

Using any of the expressions from Eq. (29), (30), or (31),
provides a method to transfer time from the spacecraft’s
position to the SSB position. Additionally, these equations
can be used to transfer time between the spacecraft 12 and any
known position, by replacing the position of the SSB’s origin,
b, with the known position. Thus, these expressions provide a
method to accurately compare the arrival time of a pulse at the
spacecraft 12 with those of pulsar timing models that can be
defined at any known location.

Time transfer is an important aspect for accurate naviga-
tion using modulated celestial sources. However, as will be
discussed in paragraphs that follow, this time transfer requires
knowledge, or at least an estimate, of detector position in
order to be implemented. For an absolute positioning system,
prior knowledge of position is not intended to be an input to
the navigation process and is not known. In fact, it is the
determination of the unknown position that is the ultimate
goal of the process. Although this time transfer requires posi-
tion knowledge, it will be shown that further simplified time
transfer expressions from those listed above can be used,
which do not require prior knowledge of detector position.

VII. Pulse Arrival Time Determination

The exemplary methods described below rely on differ-
ences in range or in modulation phase as measured at the
spacecraft and as estimated at the model’s defined, or valid,
location. If the model’s defined location is far from the space-
craft, then many pulse cycles may exist between the two
locations. Whereas, if the model’s defined location is rela-
tively close to the spacecraft, then it is possible that only a
fraction of a pulse cycle exists between the two locations. In
order to calculate the range or phase differences, photon
arrival times at the detector must be transferred to the model’s
defined location.

For spacecraft orbiting Earth, implementation problems
associated with multiple pulse cycles between the vehicle’s
detector and the SSB, i.e., the exemplary model validity loca-
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tion, are ameliorated by using pulsars with large periods.
Using sources with periods greater than 500 sec (=1 A U/c)
ensures there is only one cycle between the SSB and Earth.
Long pulse periods, however, also require longer observation
time, which is detrimental to the spacecraft’s ability to
quickly resolve absolute position. A more desirable method
for allowing only few cycles between the spacecraft and the
pulse model location is to ensure that the model’s defined
location is close to the spacecraft. For example, spacecraft
orbiting Earth, or near-Earth, are better served by embodi-
ments of the invention that use model locations at the geo-
center (Earth-center) or the FEarth-Moon barycenter.
Although these locations are not truly inertial locations, com-
pensations in the pulse models as well as short observation
times would allow these locations to be used as defined model
locations. Alternatively, any location near the spacecraft
could be used for the model location. For example, a space-
craft orbiting Mars or Jupiter could use the center of those
planets or their system’s barycenter, as the model location. In
such cases, transferring, or redefining, existing pulsar timing
models defined at the SSB to these new locations would be
required, but still may be used with the present invention.

To identify a pulsar and using a signal emitted thereby for
navigation, certain embodiments of the present invention col-
lect observation data, e.g., incoming photons, over time to
produce a modulation profile corresponding to a modulated
celestial source. As these data are collected, the celestial
source that is likely to have emitted the modulated celestial
radiation may be identified, for example, by comparing the
integrated observation data to a catalogue of modulation pro-
file templates stored in, for example, on-board memory 34. In
certain embodiments of the invention, the identity of the
celestial source can be used to filter the observation data, such
that a modulation profile with higher signal-to-noise ratio
may be obtained.

High signal-to-noise template profiles that reveal a pulsar’s
pulse profile with great clarity require exact knowledge of
where the pulses were detected prior to time transfer. The
signal-to-noise ratio of the real-time modulation profile is
also dependent on knowledge of the location of the detector.
However, much spacecraft navigation data are generally
unknown, and as such, time transfer from the unknown loca-
tion introduces noise onto the transferred profile. Using a
planetary center as an assumed location instead of actual
detector position alters the pulse profile shape from the ideal
after time transferal of the data, which produces navigation
errors when the profile is compared to a stored template. The
noise within the pulse grows due to the time transfer error.
Assuming no knowledge of spacecraft position at all is to
ignore the effects on photon arrival time attributable to the
spacecraft’s motion within the inertial frame.

Certain embodiments of the invention have among their
beneficial features an improved comparison by which a pulse
arrival timing model is formulated that exists at a planetary
center. The difference of the pulse arrival time at a spacecraft
that is close to a planet to the predicted arrival time at the
planetary center thereof is computed, instead of the compu-
tations referred to the distant SSB. For example, for pulse
cycle wavelengths of modulated celestial source emissions
that are approximately 10,043 km (=0.0335%c), vehicles
located near a planet of radius of about 6,400 km will remain
within + one cycle with respect to that planet’s center.

If a spacecraft is moving in a plane perpendicular to the
direction towards a pulsar, then arriving pulses will not be
affected by the vehicle’s motion. However, motion towards or
away from the pulsar, introduces a shift in wavelength caused
by the well-known Doppler Effect. In certain embodiments of
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the invention, radiation profiles are created by a technique
known in the art as “folding”. This is a process by which data
are synchronously integrated over time to produce a high
signal-to-noise profile of one cycle, or perhaps a small num-
ber of cycles. If a profile is not corrected by time-transferring
photon arrival times to the inertial origin, the Doppler Effect
essentially smears, or distorts, the folded modulation profile.
Motion perpendicular to the direction towards a pulsar is
indicated by the dot product of this direction and spacecraft
velocity being small, preferably zero. In certain simplified
embodiments of the present invention, only observations
made when the vehicle’s motion is primarily within this per-
pendicular plane are utilized in navigation computations.

Certain embodiments of the invention implement an itera-
tive scheme involving observations to improve the absolute
position determination process. In some embodiments, a first
iteration assumes the vehicle is at some predefined location,
such as a planetary center and a position estimate is updated
by processes described below. Subsequent iterations of the
same observations using the corrected position estimates fur-
ther remove position error until a solution is reached that
satisfies all observations from multiple pulsars.

VIII. Measurement Differences

Referring to FIG. 4, there is shown an illustration of the
arrival of pulses at a spacecraft 12 from three pulsars. At any
given instance, certain embodiments of the invention assumes
that there is only one unique set relationships between arriv-
ing pulses from the set of pulsars that solves for the exact
location of the vehicle. By identifying a set of pulses having
the unique spatial relationship, the position of the vehicle can
be determined.

Due to the significant distances between the celestial
sources and the Solar System, the modulation wavefronts of
arriving radiation are assumed to be planar, as illustrated, not
spherical. By ignoring the spherical effects of the wave propa-
gation, position determination is significantly simplified.
However, when the spacecraft 12 and location of the model
used for comparison are very far apart, effects of the spherical
geometry should be accounted for.

For a single pulsar 16, a difference can be computed
between the pulse arrival time at the detector and the pre-
dicted arrival time at the model location. The difference iden-
tifies a set of candidate positions along the line of sight to the
pulsar 16. These candidate locations correspond to the value
of'pulse phase plus or minus multiple whole value pulse cycle
lengths. By adding phase information obtained from multiple
sources, only one unique position satisfies the differences
between data from a set of pulsars and their corresponding
models.

Alternatively, a “phase cycle ambiguity search space” can
be created. Prior art Time Difference of Arrival (TDOA)
systems utilize two detectors or sensors to measure a source’s
signal, and data from these two systems are differenced.
Contrastingly, certain embodiments of the present invention
uses a model of pulse arrival that is defined to exist at a
specified location, thus there is only one physical detector
actually present in the system. The navigation system of the
present invention can compute the entire absolute position
without externally supplied navigation data from a secondary
reference source. This is a true absolute positioning system,
since the navigation system’s detector needs only to observe
celestial source data, and determine its location within a given
inertial frame.

Several types of differencing techniques are described
below. The “Single Difference” is the difference between the
measured phase at the detector and the phase predicted at a
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model location for a single pulsar 16. The “Double Differ-
ence” is the subtraction of two single differences from two
separate pulsars. The “Triple Difference” is the subtraction of
two double differences between two separate time epochs.
The benefits of computing these differences include remov-
ing immeasurable errors; and higher order differences
remove additional errors. The complexity of using higher
order differences includes requiring more observable sources
to produce solutions, which may involve additional observa-
tion time.

IX. Single Difference

Measurements of the pulsed radiation from celestial
sources can be differenced with the predicted arrival time
from a pulse timing model, which is defined at a specific
location within an inertial frame. Any specified location can
be used, however, the most common location is the SSB
origin 100, which will be used as the model location in the
exemplary embodiments described below.

The single difference method advantageously removes any
values common to both the spacecraft 12 and the model
location, such as the range to the pulsar, which is often not
known to any great accuracy.

X. Range Single Difference

The range vectors between the pulsar 16 and Earth, p,., and
between the pulsar 16 and the spacecraft 12, g, are shown in
FIG. 5. The source is assumed to be extremely far away from
the Solar System. Consequently the difference in these range
vectors provides an estimate of the difference between Earth
and the spacecraft 12, AX.

X-1. Geometric Considerations
Considering only the geometric representation from FIGS.
1 and 5, the position of the spacecraft 12 relative to Earth can
be represented using the vectors of these two positions within
the SSB inertial frame:
AF=AF =g (32)
This position can also be represented by the range vectors
from the i” celestial source as,

A}:Aﬁizﬁsci‘ﬁa- (33)
Within the SSB inertial frame, the direction, or line of sight,
to the source may be considered as a constant, due to the
extreme distances to the sources. Thus, the unit direction to
the source can be represented using its known position within
the inertial frame, which is in the negative direction from the
source to either the spacecraft 12 or Earth:

(B4

The range vector can be represented using its magnitude and
direction, as |[p|Fp, or p=pp. Using the unit direction from
Eq. (34), the difference in range magnitude represents the
spacecraft’s position along the line of sight to the pulsar 16 as,

Ap=pr;Psc; Ay ¥, (335
It is important to notice the distinction between the range
vector difference, Ap,, from Eq. (32) and the range magnitude
difference, Ap,, from Eq. (35). Since the line of sight from the
SSB 100 to the source 16 is in opposite direction with respect
to the range vectors, the range vector difference is in opposite
sense as the range magnitude difference. This is shown in
FIG. 5.
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X-2. Relativistic Effects

As was discussed in the “Observables and Errors” section
above, the relativistic effects on the path of a photon from the
source to either the spacecraft 12 or Earth should be consid-
ered if accurate position determination is desired. With the
addition of these effects, the range difference using Eq. (7)
becomes,

Ap; = pg; — psc; (36)
= [|Fe - Di|| + Reikffy, | - [|[Fsc — Di|| + RelEffye, |
=[|IFe - || - |[Fsc - Di||] + [RelEffE‘_ - RelEffSCi]

The position magnitude difference in the first term of Eq. (36)
can be represented as

L 37
(72 = Bl - lFsc ~Dill = (s ¢ -2 B+ BB =

L
(Fsc -Fsc — 2Fsc - Di + D; - Dy )

1

2 ) 2

—= | 'E ZrE-D;
=D|—= - +1| -
‘[D% o7 ]

N N L
(3 2D ]2
Di| = - +1

‘[D? D}

Using a binomial expansion of the square root terms and the
line of sight simplification from Eq. (34) produces

PO B T O Sy >} (38)
=i -lpse -5 = ) o 5 - 222 -
R (R 2Fc-D;
D[lz[D_ C H

) )

r o, ., . D
B Z_D;(rE_rSC)+ rSC-E -

i

= fy - (Fse —Fe) + L(r2 -1k +
i ZD; E Ne
1
o)

Therefore the range difference expression can be simplified
from Eq. (36) as

Ap; = 39
i (Fsc = F L (22 20) + [RelEf, - RelE of &
fi- (Fsc —TE) + Z—D‘_("E—”sc)*'[ elEffy, - RelEffic,] + (D_‘]
In that the second term of Eq. (39) is small,
Ap,eon Ax+[RelEff~RelEffsc J+O(1/D). (40)
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The expression for the single difference in Egs. (39) or (40)
shows one of the benefits of its implementation. The poorly
known pulsar distance, D,, has been removed from the equa-
tions. Thus, spacecraft position computations no longer rely
on the measurement of range directly from the pulsar 16. The
range difference is only related to the spacecraft position
difference and the difference in relativistic effects to order
O(1/D,).

X-3. Range Single Difference Measurement with Errors

The true range difference is actually a function of the
measured values and error terms associated with the limita-
tions in measuring those values. From the range expression of
Eq. (12), the range difference becomes

Ap; = [|[Fe = Dif| + RelERF g, + 67|l + ||6D | + (G2

SRelEffy, +n5;] -
(IFsc = i+ RelERF sc, +l16%scll + [|6Dsci | +
SRelEffsc, +nsc;]

= Iz = Dil| = 7sc = Dil]] + [RelERF i, = RelERF s, | +
67l = Nlé7scll] +
(16D | - |6Dsc |] + [0 RelEfty, ~ SRelEfc, ] +

[nE; +ns¢;]

The first term in Eq. (41) was estimated in Eq. (38) and the
range single difference is thus

Ap; = Py - AX + [RelEfF 5, — RelEf ¢, ] + [167£l — 167sclll + 42)

;- D, + e, = e, + e, =

XI. Phase Single Difference

The phase of the arriving pulse from a celestial source can
be differenced between the spacecraft and a known model
location, similar to the range difference described above. The
phase difference represents the fraction of cycle phase, or
fraction of phase plus a fixed number of integer cycles, from
an arriving pulse between the spacecraft 12 and the model
location. FIG. 6 provides a diagram of arriving pulses from a
single celestial source 16 at a spacecraft 12 and Earth, how-
ever any location where the pulse timing model is defined can
be utilized. By measuring the phase difference, A®,, the
spacecraft’s position with respect to Earth along the line of
sight to the source, 1),, is determined. Using multiple mea-
sured phase differences from different sources provides a
method of determining the spacecraft’s three-dimensional
position with respect to Earth in an inertial frame.

XI-1. Geometric Considerations

Phase difference is directly related to range difference
when the wavelength, A,, of the cycle is included. From FIGS.
5 and 6, the geometric relationship of phase with respect to
range from a source can be expressed as

Ap; = pE; — psc; 43)

= LAD;
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-continued
=Ai(Ag; +AN;)

= Ail(¢E; — dsc;) + (Ng; = Nsc;)l-

The geometric relationship of phase with respect to space-
craft position is then
MNAD =N (APAAN) =7 Ax. (44)
X1-2. Relativistic Effects
As was the case with the range differencing method
described above, improved accuracy is attained in phase dif-
ferencing when the relativistic effects on the light ray paths
from the source are included. From Eq.(36), the phase difter-
ence becomes
}“iA(Df (AP AAN)=([rg=D]|-[[Fsc-
D/[J+[RelEff; ~RelEffsc]. 45)
If the simplifications to the first term are included, as was
considered in Eq. 38), and the line of sight is included from
Eq. (34), this phase difference becomes
MAD = (AP +AN,)~F A
x+[RelEffy~RelEffj+O(1/D). (46)
XI-3. Phase Single Diftference Measurement with Errors
Actual phase measurements made at the detector, or pulse
sensor 22, of a spacecraft 12 will contain errors, similar to an
actual range measurement. Referring to the measurement
errors for phase from Eq. (20), the phase difference calcula-
tion is related to these errors as

LAD; = A;(Ag; + AN;) @7

= [IIFz = Dill = [#sc = Dill] + [RelERF i, ~ RelEf ¢, ] +
[edtg — cdigc] +
[e8T; — c6T:1 + 67l = 16Fsclll +
016D | - 16Dsc; 11 + [6RelEffE‘_ - 6RelEffSC‘_] +

[BE; = Bsc;]

Itshould be noted from Eq. (47) that the term involving pulsar
intrinsic model error, cdT,, cancels when computing a phase
single difference. This is a significant benefit in that any errors
that exist in the pulse timing model for a specific pulsar 16 are
removed from the computation of position when using a
phase difference. With the additional simplification of the
first term on the right hand side of Eq. (47) using Eq. (38), the
phase single difference equation becomes,

LAD; = A;(Ag; + AN;) 48)

~ i - AX + [RelEff 5, — RelEff s, +
[cdtg — cdtsc] + 167 £l - 167 scll] +
(16Dl = 16Dsc; I + [6RelEffE‘_ - 6RelEffSC‘_] +

[Bg; — Bsc;]

Alternatively, the geometric representation of phase can be
stated in terms of the line of sight and its related errors from
Eq. (22) by
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LAD; = A;(Ad; + AN;) 49)

~ [g; - (Di = g ) = fise, - (Di = Fsc)] +
[RelEff 5, — RelEff g, ] + [cte — cotsc] +
[(Gig, —Fisc,)-6Di] + [fig, 0T —fisc, - OFscl +
[07is, - (Ds = &) = S isc, - (Ds = Fsc )| +

[6RelEffy, — SRelEffsc. | + [Br; - Bsc;]

With the additional assumption that the line of sight is con-
stant throughout the Solar System such that fi,=ii, =~fi;.., the
above representation can be simplified to the following:

AAD; = A;(Ad; +AN;) (50)

AT+ [RelEffEi - WFSC‘_] + [cdtg — cdrsc] +
[72; - (0FE — 0Fsc)] + [67; - AX] +

[6RelEffy, — SRelEffsc. | + [Br; — Bsc;]

The fourth term on the right hand side of Eq. (50) is related
to the error in spacecraft position, or (8r,-0r.)=8Ax. If the
position of Earth is accurately known, then the error in Earth
position is effectively zero, or 8r.~0. Thus, this expression
simplifies directly to spacecraft position error. Using phase
single difference measurements and an estimate of spacecraft
position, AX, Eq. (50) can be used to solve for any unknown
spacecraft position error, drg.

XII. Double Difference

The primary benefit of the single difference computation is
the removal of the poorly known pulsar distance, D,. Imple-
menting a double difference is also beneficial. A double dif-
ference is the subtraction of two single differences from two
separate pulsars. This difference removes values that are
common to both pulsars, such as navigation system depen-
dent values. However, double differences require observa-
tions from multiple sources to be conducted contemporane-
ously, such that the pulse arrival time measurements from
these sources can be computed simultaneously and effec-
tively at the same position of the spacecraft. This may require
multiple detectors to be integrated into a single system for full
absolute position determination. Otherwise, methods must be
employed to adjust arrival times for observations made at
different times to the same time epoch.

XI1II. Range Double Difference

The range double difference is computed from data from
two sources, the i” and j* pulsars. FIG. 7 provides a diagram
of'the arriving pulses from two pulsars into the Solar System.
As is shown in the Figure, an x-axis is formed by the line
between the Earth and the spacecraft 12. The line of sight to
a first pulsar is in a direction 0, with respect to the x-axis, and
is represented by 11, . The line of sight to a second pulsar is in
a direction 0, with respect to the x-axis, and is represented by
f,.
XIII-1. Geometric Considerations

If only the geometric relationship for two pulsar range
vectors and the spacecraft position is considered as in FIGS.
5 and 7, the range vector double difference can be expressed
as
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VAﬁz'j:Aﬁi_Aﬁj: (Esci—ﬁEi)— (5SCJ-_EEJ-)> (1)
where the symbol V is used to represent a double difference,
and should not be misinterpreted as the gradient operator.
From the representation of a range vector single difference
from Eq. (33) it can is observed that the range vector double
difference equals zero, or,

VAﬁij:Aﬁi—Aﬁj:AE—MZO (52)

Although the range vector doubled difference is zero, this
is not true of the range (scalar) double difference. Since the
line of sight vectors are different for each pulsar, the range
double difference is not zero. Instead, from a purely geomet-
ric point of view, the range double difference using Eq. (35) is

VAPz'j:(PEz-‘Pscz-)‘(P@‘Psc}-):(ﬁi—ﬁj)'&- (53)

XIII-2. Relativistic Effects

Including the effects of relativity on the light ray path for
range single differences as in Eq. (40), the range double
difference for two pulsars becomes

(A; —j)- AX + [ARelEff, — ARelEff;] + (54)

Vap;~ 0(1 1]
D; Dj.

XIII-3. Range Double Difference Measurement with Errors

Including the measurement errors for the range single dif-
ferences, the double difference between two pulsars from Eq.
(41) becomes

(63

7z = Dil| = IFsc = Di|
Apy = - N N -

|7z = Dyl + |IFsc - D)

[ ot B P

ARelEff; — ARelEff ;

(ARelEf; - ARe fff]+[—||675||+||673c||]

DEN WDl | g

7 - + ClEff, — ASRelEff,] +

16D, || + [|6Dsc, | !
NE; —Ns¢
—NE; —7sc;

This expression can be further simplified, since the terms
involving Earth location error and spacecraft position error
cancel, to produce

e D -l - D) 9

~(lFsc = Dl = [IFse - D)

V Ap; = + [BReIER; - AReIER ;] +

(15Dl - 6D )

B N + [AGRelEff, - ASRelEff;] + [An; - A;]
~(16Dsc; Il - ||5Dscj||)

If the line of sight vectors are utilized instead, as in Eq. (42),
then this range double difference becomes

V Apy = ()]
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-continued
(16D Il = [|6D [[) -

(s — 1))~ A% + [ARCIEFf, - ARIEF 1 +| -
(16D, 1l - ||5Dscj||)

[AGRIES;, — ASRelEff;] + [Ar; — Anj].

The range double difference of Egs. (56) and (57) involve
differences of small values. It is likely that in practical situa-
tions many, if not all, of the differences other than spacecraft
position and noise can be ignored.

XIV. Phase Double Difference

As was shown for range, phase double differences can be
calculated for the i and j” pulsars. FIG. 8 provides a diagram
of the phase single difference for two pulsars, A®, and AD,,
respectively, which can be subtracted from one another to
produce a phase double difference.

XIV-1. Geometric Considerations

The full phase double difference is composed of the frac-
tional phase double difference and the whole cycle double
difference is given by

VAD~AD~AD=YAQ;+ VAN, ~(APH+AN;)-(Adr+

AN)). (8)
From FIGS. 6 and 8, the geometric relationship of phase with
respect to spacecraft position is given by

MAD ~ WAD =Dy APHAN;) - Ay A +AN,)=(7,~11,)-AX (59)
or, by dividing through by cycle wavelength,
ARy (60)

VA®U=VA®U+VAN;J-=(A r]-Ax.
i J

XIV-2. Relativistic Effects

Analogous to the range calculations, improved accuracy is
attained by including the relativistic effects on the light ray
paths from the source. From Eq. (45), the phase difference
becomes,

ALAD; — LA = A;(Ad; + AN;) — A;(Ag; + AN;) 61)
IFg = Dill = IFsc = Dill =

= - |+
lIFg = Djll +I7sc = Djll

[AReIEf, — ARelEff;)

If the simplifications to the first term are included as was
considered in Eq. (46) and the line of sight is included from
Eq. (34), this phase double difference becomes

AAD; — AAD; = Ai(Ad + AN — A;(Ag; + AN;) (62)
~ (7 — 1)) AT +
ARelEff, — ARelE] 0( ! ! ]
[ARelEff, — ARelEff;] + DD

i

or, by dividing through by cycle wavelength this becomes
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V Ay = V Ay +V AN, (63)

ARelEff; ( 1 1 ]
+0| — -
D AD;

ARelEff
N

XIV-3. Phase Double Difference Measurement with Errors

From Eq. (47), the phase double difference equation when
measurement errors are included becomes

LAD; — AD; = N(Ag; + AN;) — L;(Ad; + AN)) (64)

~ (f; — ;) - AX + [ARelEff; —AﬁelEffj] +
[cétE — cdise — }

cOtg + cStgc
[ I67£ll = 6Fscll - }

67El + 167 scl

16D, || = 16 Dsc; Il = }
[[Dz || + [[6Dsc|
[AGRelESff

[Ag -4a8)]

— ASReIESF] +

Observing the terms within Eq. (64), errors associated with
time measurement at spacecraft 12 and Earth cancel, as well
as the spacecraft and Earth position errors. Removing these
terms yields

LAD; — AD; = N(Ag; + AN;) — L;(Ad; + AN)) (65)

~ (A; — Rj)- AX + [AReIEF; ~ ARIEF ;] +
16Dg; Il - 116Dse; 11 —
[[Dz || + [[6Dsc|

[AGRelESff

[Ag -4a8)]

— ASReIESF] +

In terms of phase double difference, the Eq. (64) becomes

V AD; =V AD; + V ANy, (66)
() |ARelEf,  AReEf,
~(’1_"_’1_J]A [ Y *

s s 1 1
[(“ ’S“(x- - rj] ¥
A
4
[(Ilé‘ I o7 ||>(1 1] '
Fe|| — |67 —_
£ ST TR
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-continued
ASReIEff, AGRelEff;] [AB; A
A _/I—j Y

Alternatively, the geometric representation of phase can be
stated in terms of the line of sight and its related errors from
Eq. (50) such that the phase double difference becomes

ALAD; — LAD; = A;(Ag; + AN — A;(Ad; + AN;) ©67)

= (7 — 1) - A% + [ARelEff, — ARelEff;] +
[ —72j)- (6F — 6Fsc)] +
[(67; — 071,) - A%] +

-ABj]

[AGReIES;, — ASRelEff;] + [Af:

If this is represented as phase only, this expression becomes

V A, = V Ay +V AN, (68)

. ARelEff.  ARClESf;
-A?+[ olEf; _ ff]}+
A A,

1
(corg — cﬁtsc)(— - /\_J]

a
(RS
=5

+

(57;‘ 5nj] o~

% /\_J x|+

AéRelEff AGRelEff;) [A5; _AB)
N TN A_J]

For most practical systems, the phase double difference of
Egs. (65) or (67) are very beneficial, since the time errors
cancel inthese representations. However, certain applications
may not compute individual phase single differences, but
rather direct phase double differences. For those applications,
Egs. (66) or (68) may be used. However, navigation methods
based on Eqs. (66) or (68) must retain all terms for accurate
position determination as the time errors do not cancel.

XV. Triple Ditference

The triple difference is created by subtracting two double
differences over time. This difference removes any values that
are not time dependent. For a static system or when measure-
ments are made over fairly short periods of time, many of the
time independent terms will cancel.

XVI. Range Triple Differences with Errors
The triple difference for range can be computed from Eq.
(57) attime t, and t, as,

v Ap;j(l‘z) -V Ap;j(l‘l) = (69)

;= itj} - [AX () — AR ()] +

V ARelEf;(t2)
V AReIEf; (1) }

V AGRelEff; (1) -
[ +[V An(2) = V Anyi(n)]

V ASROIEf (1)

This representation of Eq. (69) assumes that the triple difter-
ence of pulsar position error, with respect to Earth and the



US 7,831,341 B2

29

spacecraft 12, is negligible. The triple difference of the rela-
tivistic effect and its errors can also be considered to be very
small, so for most applications the range triple difference can
be stated as

VApij(l2)_VApzj(ll)E{nAi_nAj}'[A}(lz)_A

X(t)+[VAN,(6)-VAN, ()] 70)

XVII. Phase Triple Difference with Errors

Similarly to the range case described above, a phase triple
difference can be computed using Eq. (66). If all the triple
differences with respect to relativity effects and its errors,
time errors on Earth and the spacecraft 12, and position errors
are considered negligible, then the phase triple difference can
be written as

V AD;(12) = V AD; (1) = [V A1) = V Ay (2] + 71

[V AN;j([z) -V AN;j([l)]

A ﬁ} Ax Ax
~{/1—‘ - rj [A% () — AX(21)] +
[Aﬁi(fz) —Afim)
A
Aﬁj(fz)—Aﬁj(fl)]

A

Ifthe time difference t,—t, is sufficiently short, and the phase
cycle is long, then the measurement is made within a single
cycle, thus the triple difference from Eq. (71) will be zero, or
[VAN,(t,)-VAN, (t,)]=0. This simplifies the expression, and
spacecraft position can be determined using only the frac-
tional phase measurements.

XVIII. Velocity Measurement

Among the beneficial features of the triple difference tech-
nique of the present invention is that by subtracting values
over time, the difference provides a method for vehicle veloc-
ity determination. Rewriting Eq. (71) with the time difference
between t, and t, as

v A(I);j(lz) -V A(I);j(ll)
-1

VA1) - 72

v A¢u([1)]
-1

V AN;;(52) = V ANy (11)

n-n ]

_’L} Ax(fz) Ax(tl)]
j

-1
[Aﬁ‘ () - ABi(1)
At — 11}

I-|
=
\E

ABi(n) —Aﬁj(h)]
Ay =11}

Spacecraft velocity can be introduced as

AZ(n) — A%(1y) (73)

I —1

A% =

Creating similar derivatives for phase double difference and
phase noise, the triple difference of Eq. (72) becomes

20

25

30

35

40

45

55

60

65

VAQ; =V AP, + VAN, a4
oA - [AB AB
Hd— — = AR+ | — - —=|.
Py Py

Certain embodiments of the present invention are operable to
determine phase measurements over a period of time, thereby
allowing vehicle velocity to be estimated through Eq. (74). If
the whole cycle velocity term is zero, or VAN, =0, then the
spacecraft velocity can be determined directly from the frac-
tional phase velocity.

XIX. Search Space and Ambiguity Resolution

The previous section provided exemplary methods to
determine the position of a spacecraft 12 with respect to the
known location of Earth, or any known location, in accor-
dance with certain aspects of the invention. These methods
rely on measuring the phase of an arriving pulse at a detector
22 and comparing the measured phase to the phase predicted
to arrive at Earth. The predicted phase is determined using a
pulse timing model. However, comparing measured and pre-
dicted phase of a single pulse does not determine absolute
position unless the number of full pulse cycles between these
two locations is also known. Since the number of integer
phase cycles is not observable in the pulse measurement from
a pulsar 16, or they are ambiguous, certain embodiments of
the present invention include methods to resolve the position
of the vehicle despite the ambiguities so that the absolute
position can be determined.

This section describes the pulse phase cycle ambiguity
resolution processes. These processes assume that for a given
fully-determined set of phase measurements from separate
pulsars, there is a single unique position in three-dimensional
space that satisfies the measurements of phase from separate
pulsars. Thus, only one fully unique set of cycles exists which
satisfies the position as determined from the phase measure-
ments. Once this set of cycles is identified, the three-dimen-
sional position can be determined by adding the fractional
portion and whole number of phase cycles that are present
between Earth and the spacecraft 12.

A solution for the cycle sets can be generated through
direct solution methods, which use a linear combination of a
subset of measurements. Given a sufficient number of mea-
surements, solutions sets can be created for the unique set of
cycles and the absolute position. However, the phase mea-
surements and the position produce an under-determined sys-
tem (more unknowns than equations). Thus, provisions for
establishing initial assumptions on some of the unknowns are
implemented by embodiments of the invention.

The solution cycle set may also be selected from a search
space, or three-dimensional geometry that contains an array
of candidate cycle sets. Each set within a chosen search space
is processed and the likelihood of each set being the unique
solution is tested. Individual candidates that satisfy process-
ing tests are retained for further evaluation. Using measure-
ments from a sufficient number of pulsars, or by using mul-
tiple measurements from a single pulsar, a unique cycle set
within the search space may be chosen as the most likely set
for the absolute position of the spacecraft 12. Testing each
candidate set of cycles within a large search space can be
computationally intensive and may require long processing
time. However, certain embodiments of the present invention
include methods for reducing the search space, or to more
quickly remove unlikely candidates therefrom. Additionally,
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multiple tests of the candidate sets, which help identify likely
candidates and thereby improve the efficiency of the selection
process, are also implemented by embodiments of the inven-
tion. The space reduction methods and selection tests insure
that 1) the correct solution is guaranteed to be among the
potential solutions; ii) the true candidate set lies within the
chosen search space; iii) test criteria must account for mea-
surement noise within the system; and iv) any chosen set of
cycles must be continually monitored to insure its validity.

The following sections describe methods on initializing the
cycle determination process, generating a valid search space,
and resolving phase cycle ambiguities. Various options may
exist for search space geometry and cycle test characteristics.
The exemplary methods described below provide a broad
overview of some of these options, while still others will be
obvious to the skilled artisan.

XX. Search Space

In certain embodiments of the present invention, the search
space is symmetrical about its origin. The origin, or center
point, of the search space can be chosen depending on the
application and, in certain beneficial embodiments of the
invention, is collocated with the model validity location.
Since most pulsar timing models exist at the SSB 100, the
barycenter is a potential choice as the search space origin. For
spacecraft missions studying the Solar System’s planets,
especially inner planets, the SSB is an appropriate option for
the origin. For spacecraft 12 operating within the Earth-Moon
system, or in orbit about Earth, Earth’s center, or perhaps the
Earth-Moon barycenter, is a more useful choice for the search
space origin. When a spacecraft 12 is known to be orbiting a
planetary body, choosing this body as the origin of the search
space significantly reduces the size of the search space over
the methods using the SSB as origin. Candidate cycles can
exist within the search space on either side of the origin,
unless some prior knowledge allows the removal of candi-
dates from one side thereof. The search space could be shifted
with respect to the origin if information regarding its shape
can be determined.

For spacecraft that have failed for some reason and must
implement absolute position navigation in order to solve the
vehicle’s “lost in space” problem, another suitable choice for
the search space origin is the vehicle’s last known position.
This position could, for example, be stored routinely in
backup memory onboard the vehicle. This provides the ambi-
guity resolution process and its search space definition a
much better prediction of where the vehicle could be, rather
than starting the process entirely over and using the SSB as
the origin.

From an operational point of view, any known location can
be utilized as the search space origin, since only known loca-
tions are valid for defining the pulse timing model. However,
the origin should be chosen in the most prudent manner given
the vehicle’s situation and application.

FIG. 9 shows a diagram of a candidate cycle search space.
The SSB, Earth, and spacecraft positions are shown, and
arriving pulse phase planes are diagramed arriving from four
different pulsars. The spherical geometry search space is
shown as centered about Earth. The only candidate set of
cycles within the search space that has all phase planes cross-
ing in one location is the true location of the spacecraft 12.

XX-1. Geometrical Space

A straightforward method of developing a cycle search
space is to place a three dimensional geometrical boundary
about the origin. Options for shapes include a sphere of speci-
fied radius, a cube of specified dimensions, or an ellipsoid,
perhaps about the planet’s equatorial plane. The dimensions
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of the search space geometry, centered about the chosen ori-
gin, define the candidate cycles along the line of sight vector
to each pulsar. The search space candidate sets are only those
that lie within this physical boundary.

XX-2. Phase Cycle Space

A search space can be defined as a fixed number of cycles
along the line of sight for a pulsar 16. The number of cycles
considered can be specific to each pulsar. For example a
choice of ten cycles on each side of the origin could be
selected for a pulsar. If the pulse cycles are sufficiently dif-
ferent in this space creation, care must be taken in order to
ensure that the true cycle set is maintained within the search
space.

XX-3. Covariance Space

Given a set of pulsar phase measurements and the corre-
sponding measurement noise associated with each measure-
ment, a search space can be created that is defined by the
covariance matrix of the measurements. The covariance
matrix will skew the search space based on the magnitudes of
the errors. This method is similar to the Geometrical Space
method, however the Covariance Space shape is ellipsoidal
oriented along the eigenvectors of the covariance matrix.

Once a search space has been generated, it is possible to
reduce the number of sets to be searched by removing those
sets that are known to exist inside a planetary body. Obvi-
ously, the spacecraft 12 could not be physically located inside
these bodies, so there is no need to test these candidate sets.
Sets within the sphere of the Sun, Earth, or any planetary
body, can be immediately removed from the search space. For
applications in planetary orbits, such as low-Earth orbits, this
may significantly reduce the number of candidates that must
be tested.

XXI. Candidates

The candidate cycle sets within a search space are defined
by the single, double, or triple differences as developed in the
“Measurement Differences” section above. Given a set of
phase measurements, from predicted phase arrivals at a
known model reference location and detected arrivals at the
spacecraft position, there is only one set of phase cycles that
uniquely corresponds to the combination of data. The search
space essentially contains an array of cycles defined to be in
the vicinity of this true set. Each possible cycle combination
within this search space can be identified in the array and
tested to determine whether accurate spacecraft position has
been resolved.

As an example, the phase single difference of Eq. (44)
defines the relationship between fractional phase difference,
(A9,), phase whole cycle difference, (AN,), and spacecraft
position, (AX), for a single pulsar. If the phase difference is
measured and the whole cycle difference is known a priori,
then the spacecraft position along the line of sight to that
pulsar, (i,-AX), may be directly computed from this equation.
However, if AN, is not known a priori, and supposing a search
space of ten cycles is chosen, then each of the ten different
cycles could be selected as the potential cycle value that
defines the spacecraft location. By utilizing measurements
from additional pulsars, each set of potential cycles from each
pulsar can be processed to establish which set solves uniquely
for the combination of phase measurements and spacecraft
location. Only one unique set of cycles can solve for the true
three-dimensional spacecraft location.

This process could easily be extended for double or triple
differences by using Eqs. (60) and (71), respectively. If the
phase double differences are measured, then there exists one
set of cycle double differences that solves for the unique
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spacecraft location. Appropriately, a search space that con-
tains the entire array of possible cycle double differences can
be generated, and each combination of cycles within this
space can be tested for its validity.

FIG. 10 shows an elementary cycle set from two orthogo-
nally located pulsars. Several phase cycle single differences
are labeled, such as (AN,, AN,)=(2,2) and (AN, AN,)=(-2,
-1). The true spacecraft position happens to be located at the
intersection of phase planes 1 and 2, or (AN,,AN,)=(1,2).

XXII. Cycle Ambiguity Resolution

Accurate spacecraft absolute position determination
requires precise phase measurements at the spacecraft detec-
tors, thorough pulse timing models at the reference location,
and resolution of the ambiguous phase cycles between the
spacecraft 12 and the reference location. The phase cycle
ambiguity resolution process determines these unknown
phase cycles, which match the measured phase data.

Three resolution methods are presented below to exem-
plify aspects of the present invention. Each method may have
advantages for specific applications, and some are much less
processing intensive than the others. The Batch, or Least
Squares, method directly solves for cycle ambiguities based
upon input measurements. Processing is fairly simple, but
requires intelligent pre-processing, and inaccurate measure-
ments can lead to widely erroneous results. The Floating-
Point Kalman Filter method generates a floating point esti-
mate of the integer cycle ambiguity set as produced by an
observing Kalman filter (or similar observation filter). Some-
what process intensive, this method may require large
amounts of measurement data, spread over time, in order to
resolve the correct ambiguity set. The Search Space Array
method exhaustively tests each potential cycle set that exists
within a generated search space. Although process intensive
if large amount of candidate sets exist within a search space,
this method can correctly resolve the cycle ambiguities
through well-chosen selection tests.

XXIII. Batch (Least Squares) Resolution

This Batch method assembles a set of phase measurements
from separate pulsars to simultaneously and instantly solve
for spacecraft position and phase cycle ambiguities. A
straightforward Least Squares method may be implemented,
or perhaps an enhanced Weighted Least Squares method
using the weights of the phase measurement accuracies.

To sufficiently solve for the three-dimensional position and
cycle ambiguities, some intelligent pre-processing of pulsar
data must be implemented. This is required since even with
measurements from several pulsars, the linear system of
equations is under-determined (more unknowns than avail-
able equations). Reducing the number of unknown variables
creates a fully determined system.

Any of the single, double, or triple differences may be
utilized in the Batch resolution process. Additionally, system
errors may be determined. However, adding capabilities to
estimate errors also increases the number of unknowns.

From the phase single difference, Eq. (44) may be placed in
linear form for a single pulsar as

as

Small errors that may exist for this equation have been
ignored. This single equation has one measurement, A¢,, and
four unknowns—three from the position vector, AX, and one
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from the single phase cycle unknown, AN,. Assembling phase
measurements from k pulsars, this equation becomes

5 Mo . (76)
N AZ
Ady !
Ag 2oy o |2
Cleln T AN, |.
10 A, '
R Y 0 o |Law
Ay

15 This system has k equations and k+3 unknowns, which is an
under-determined system. At least three unknowns must be
estimated prior to attempting to solve this equation. Any prior
knowledge that allows an estimate of enough unknowns to
reduce the system to be fully-determined may be utilized and

20 the availability and type of such varies by application.

In certain embodiments of the present invention, certain
pulsars are selected that support this method of cycle estima-
tion. When trying to determine spacecraft position, for
example, the knowledge of the vehicle’s mission may provide
insight into an estimation of its location. For example, con-
sider a spacecraft within a geosynchronous orbit of Earth
(radius=42,200 km). If observation pulsars are selected that
have a cycle period of greater than 0.28 s (=2%42,200/c), then
modulated signals received from these specific pulsars are not
ambiguous as to the cycle within the orbit radius, as only one
cycle exists in the volume defined by this radius.

25

30

In that a phase difference measurement may have ambigu-
ous polarity, or sign, certain embodiments of the invention
assume at least one single cycle difference (AN=1) for spe-
cific pulsars for purposes of reducing the number of
unknowns. A minimum of three pulsars with are then chosen
having sufficiently large period to justify the assumption of
cycle difference. With the three values then known, the sys-
tem of equations becomes

an

45 v

Apy A%
: AN,

AN, |,

3
Adys = s
Adpo + ANy
Adpoy + ANy

A¢k + ANk

-2

A2 AN, 3

[
Agoy
iy

55 A

where AN, AN, _, and AN,_, are the known cycle difference
values. The new system of equations has k equations and k
unknowns and can be rewritten as

s)
[ag]=H|

AN

65
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The H matrix, composed of the terms from Eq. (78), is
referred to as the measurement matrix. The system of Eq. (78)
can be solved using known Least Squares techniques. In
accordance with known practice,

AX 79

= (HTH)™ (HT)[Ag).

In certain embodiments of the invention, a weighting matrix,
W, representing the covariance estimate of accuracies for
each measurement is incorporated by,

(80)

The solution to the weighted equation is then

AX . R (81)
_ | = lwH) (WE) (WH)T[AG).
AN

Thus, using either Egs. (79) or (81), a Batch solution of
vehicle position and unknown cycle ambiguities can be deter-
mined. This method is relatively simple to implement and
only limited processing is required. Navigation data AX and A
N are available as soon as sufficient measurements have been
obtained. In certain embodiments of the invention, the pro-
cess is extended to use the error equation for a phase single
difference of Eq. (50), where estimates to the error terms are
available. Alternatively, more equations (or measurements)
may be incorporated to allow a solution to the system of
equations with the additional unknown variables.

In alternative embodiments, the Batch process is extended
to utilize the phase double or triple differences. As shown
previously, computing double or triple differences amelio-
rates errors associated with each phase measurement. How-
ever, the additional differences reduce the number of inde-
pendent equations within a system. For a system of k
measurements, a double difference system has only k-1
equations with k+2 unknowns, and a triple difference system
has only k-2 equations with k+1 unknowns. Methods of the
invention so embodied include estimation of selected
unknowns in manners similar to that described above.

XXIV. Floating-Point Kalman Filter Resolution

In the Kalman Filter resolution method of the present
invention, an analytical filter is developed that estimates the
state variables of spacecraft position and phase cycle using
measurements of phase differences. The Kalman filter is a
well-known recursive state estimator that relies on adequate
models of the behavior of each state variable over time, the
state dynamics, and sufficient representation of the state vari-
able’s relationship to the observed measurements. Process
noise associated with the state dynamics and measurement
noise associated with each measurement are accounted for in
the Kalman filter process. Estimates of state variables and the
error covariance matrix associated with the state variables are
products of the filtering process, where the error covariance
matrix provides an estimate of the accuracy of the state esti-
mation.
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The Kalman filter of the present invention is constructed
from a state space representation known in the art having the
spacecraft position and the cycle ambiguities being the state
variables. The phase differences are provided to the filter as
the observations. The temporal dynamics of each state may be
represented over time with a model of such dynamics, or if the
measurements are produced over a sufficiently-short amount
of time, the state can be approximated as temporally static.
Although the phase cycle differences are integer values, these
terms are estimated as floating-point (real) values within the
Kalman filter.

In certain embodiments of present invention, the Kalman
filter incorporates triple differences to determine spacecraft
velocity as well as position. Using Eq. (74), the velocity state
is added to the filter and estimated using phase triple difter-
ences. This would assist with any unknown vehicle dynamics.
Once sufficient measurements have been processed such that
the values remain stable, these floating point estimates can be
rounded to the nearest integer.

The Kalman Filter resolution method of the present inven-
tion sequentially processes measurements to update the solu-
tion as data become available. Contrastingly, in the Batch
processing technique, a solution is obtained all at once. Thus,
the Kalman filter method is slower to converge on a solution,
albeit that the solution provided may be more accurate than
that of the Least Squares method.

In certain embodiments of the present invention, the Kal-
man filter is implemented as an error-state filter, where state
variables thereof are the associated errors of navigation states,
such as error in position being the tracked state, as opposed to
position being the state. Since some errors may be non-linear,
extended forms of the Kalman filter algorithms known in the
art may be implemented to process such error states.

XXV. Search Space Array Resolution

The methods previously described solve for the navigation
data as a direct consequence of the processing steps thereof.
The Search Space Array method of the present invention
selects a candidate set of cycles and determines whether this
set provides an accurate position solution. This method
exhaustively tests all possible candidates for the most likely
set, and is consequently process intensive. However, testing
all possible candidate sets within a predetermined search
space assures that the correct solution set will be tested. As
previously discussed in the Search Space section above, the
choice of search space may reduce the required processing to
less intensive levels by limiting the number of candidate sets,
and still be chosen such that the correct solution lies within
the search space.

As shown in FIGS. 9 and 10, the search space in certain
embodiments of the invention is essentially a geometric grid
of candidate cycles from each observed pulsar. Every pos-
sible grid point is evaluated within the search space in order to
determine which point is the most likely candidate cycle set
for the combined pulse phase difference measurements and
the spacecraft position.

In order to evaluate each candidate cycle set, a comprehen-
sive test, or series of tests, of the candidate’s validity and
accuracy is performed. For example, from Eq. (44), a phase
single difference for the i pulsar, from the measured phase
difference, A¢,, and a chosen set of cycle differences, AN, the
spacecraft position along the line of sight for the pulsar can be
solved for using

AAT=N(AGAAN,). (82)

Given a set of at least three pulsars, the measurements can be
assembled as,
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Ai(Ag +AN,) 83
2o(Apy +AN,) |-

23(Ags +AN3)

The spacecraft position can then be solved for using,

(A +AN) (84)

A% = [(HTHY ' HT]| 22(ag2 +AN) |.
23(Ags +AN3)

Using this value for a spacecraft position, any additional
pulsars (j>3) can have their cycle ambiguities directly solved
for by

. i (85)
AN ; = round| r-Ax—Aqﬁj s
J

where the “round” function rounds the floating-point expres-
sion within the parentheses to the nearest integer.

A residual test can be determined using these new esti-
mated cycle ambiguities as

T - (86)
vji= r-Ax—Aqﬁj—ANj.
J

If more than one additional observed pulsar is available, then
a vector of these residual tests can be produced:

i N 87
2 AT-Ap; - AN, ®7
4

i1

A¥—Adj — ANy

j+1

3 y
2 AY—Ady —AN,
A

The magnitude of'this residual vector provides an estimate of
the quality of the computed spacecraft position, AX,

o, =norm(v) (88)
Each candidate set within a search space can be evaluated
using the test statistic, 0,. If a chosen set does not match well
with the measured phase difference and spacecraft position,
then the value of residual o, will be large. Likewise, if the
chosen set does match well, then the difference for each extra
observable pulsar from Eq. (87) will be small and conse-
quently, the magnitude of the residual vector will be small. In
certain embodiments of the present invention, a threshold for
the residual magnitude is chosen to remove many, if not all, of
the candidate sets other than the specific candidate set that
represents the true spacecraft position. If the residuals of
several candidate sets remain below a chosen threshold, addi-
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tional measurements from pulsars may be used to eliminate
the wrong sets. In certain embodiments, additional informa-
tion is added, such as by obtaining data from additional pul-
sars, until the solution set of pulses is identified and the
absolute position of the spacecraft 12 will be determined
therefrom.

As was shown within the Batch resolution process, weight-
ing of individual pulsars can be used to assist in determining
an estimated vehicle position. Incorporating a weighting
matrix to Eq. (83), the spacecraft position solution of Eq. (84)
becomes

A (Ag; +AN) (89

A% = [(WHYT (WH)] " (WH)T 22(Agy +AN,)
23(Ags +AN3)

Weights may also be included in the residual calculation of
Eq. (87). Incorporating weights into these measurements is
particularly useful when a subset of the set of pulsars is more
accurately measurable than other pulsars in the set.

In certain embodiments of the present invention, the
residual vector defined in Eq. (87) is extended to include
double and/or triple phase and cycle differences. The discus-
sions above describing these differences have shown that the
number of error terms is reduced when using higher order
differences. However, because these higher order differences
are evaluated using differences of close or similar values,
developing a test statistic threshold that sufficiently removes
unwanted candidate sets and retains the correct candidate set
becomes increasingly difficult. Thus, certain embodiments of
the invention implement combined-order systems, where
candidate set evaluation is performed at multiple orders of
differencing to assist in selecting the correct cycle set.

Additional tests may be conducted to assist in removing
unwanted candidate sets. For example, if any dynamics of the
vehicle is known during an observation time, such as through
external sensors 38 or supplemental sensors 39, that informa-
tion can be used to determine how cycles at subsequent
vehicle positions behave with respect to current cycle esti-
mates. In certain embodiments of the invention, the Batch
method results are compared with the Search Space Array
results, using the assumed correct set of cycles, to test the
validity of cycle and spacecraft position.

A flow diagram illustrating, in broad overview, exemplary
method steps of certain embodiments of the present invention
is depicted in FIG. 14. As is shown in the Figure, the process
begins at start block 1405, whereupon flow is transferred to
block 1410. At block 1410, radiation data are collected by one
or more radiation detectors 22a¢-22x. The incoming data are
synchronously integrated to create folded profiles, as shown
at block 1415. Flow is then transferred to block 1420, where
times of arrival of certain states of the radiation, such as phase
or pulse peak arrival time, are transferred to the timing model
validity location. At block 1425, the transferred time is pro-
vided to the timing model, and estimated profiles for the
model location are created. The differences between the mea-
sured data and the estimated data are determined in block
1430, where such differences are differences in, for example,
phase or range, and may be, for example, single, double or
triple differences, as described above.

Supplemental data from external sources 38 and supple-
mental sources 39 may be retrieved, as shown in block 1435,
and previously determined navigation data may be recalled
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from memory, as shown at block 1440. These data are incor-
porated to improve the accuracy of the resulting navigational
data and to provide initializing data such as providing the last
known location of the vehicle 12. Then, using all available
data from blocks 1430, 1435 and 1440, time-independent
navigational parameters, such as location of the vehicle 12,
are determined, as shown at block 1445.

As is shown in the Figure, once the time-independent navi-
gational parameters have been computed, flow is transferred
to decision block 1450, where it is determined if computa-
tions require data from a new time epoch. If so, flow is
transferred to block 1455, where the time-independent navi-
gational parameters are stored for the present epoch. If the
data for the new epoch have not been obtained, as determined
at decision block 1460, the method continues at block 1410.
Once the data for the new epoch have been obtained, flow is
transferred to block 1465, where the time-dependent naviga-
tional parameters, such as velocity, are calculated. The navi-
gational parameters for the current epoch are then stored, as
shown at block 1470. Flow is transferred to block 1470 also
when it is determined at block 1450 that time-dependent
computations are not required. It is then determined, at block
1475, whether the method is to continue, which, if so, flow is
transferred to block 1410 and, if not, the method is terminated
at block 1480.

XXVI. Relative Position

The preceding discussions have described exemplary
methods to determine a spacecraft’s absolute position within
an inertial frame in accordance with aspects of the present
invention. A known reference location is chosen within this
frame and an offset position with respect to the reference
location is determined from methods of the invention. The
spacecraft’s absolute position is then the sum of the reference
position and the offset position. Some applications, however,
may only require knowledge of relative position, or the posi-
tion relative to a location that is not fixed. This relative, or
base station location may be the position of another vehicle or
any object that the spacecraft 12 uses as a relative reference.
Since the base station’s location is not generally known by the
spacecraft 12 at any given instance, the location of the refer-
ence object must be transmitted to the spacecraft 12 when
navigation data are needed. Thus, embodiments of the present
invention provide means for communication between the
base station and the spacecraft 12.

In certain embodiments of the invention, the base station is
also outfitted with a detector, similar to that installed on the
spacecraft 12. In such systems, a direct phase measurement
difference can be computed circumventing the requirement
of a pulse timing model. If a pulse timing model is used to
calculate the spacecraft 12 position, the base station must
transmit its location so that the inertial-based timing model
on-board the spacecraft 12 can be transferred to the base
station’s location. If full detector information can be trans-
mitted from the base station, then a model is not required,
since direct phase differences can be calculated. FIG. 12
provides a diagram of the relative navigation concept with a
base station spacecraft and a single remote spacecraft. If base
vehicle 12A knows its location Iy, it can transmit that
location to the remote spacecraft 12B. Additionally, the loca-
tion I o 55 Of remote spacecraft 12B relative to base space-
craft 12A may be known. The unknown location ofthe remote
spacecraft 12B with respect to Earth, rge., may be deter-
mined by the methods described above, with the inclusion of
the relative locations being added. Communication between
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the remote spacecraft and the base station, as well as contem-
poraneously measured pulse arrival times, allows relative
navigation of the vehicles.

Relative navigation procedures require more processing
due to the extra communication requirement. Additionally,
the system operates with reference to a dynamically locatable
platform as opposed to a static reference location, which,
complicates the time alignment of the measurement data.

Relative navigation finds applicability in multiple space-
craft formation flying, a spacecraft docking with another
vehicle, or a rover operating on a planetary body with respect
to its lander’s base station. Alternatively, a base station satel-
lite can be placed in Earth orbit and broadcast its location
information. Spacecraft within the base station’s vicinity or
within communication contact can use the broadcast infor-
mation to compute a relative position solution. Certain
embodiments of the relative navigation method of the present
invention may provide improved accuracy over the absolute
position method, since the base station can provide real-time
updates of pulsar pulses. If accurate base station navigation
information is known, then computing a relative navigation
solution at the spacecraft 12 with respect to the base station
also allows the spacecraft to compute its own absolute posi-
tion.

XXVII. Vehicle Attitude Determination

Certain embodiments of the relative position determina-
tion method of the present invention calculates the position of
two pulsar detectors 22 affixed to the same spacecraft 12.
Determining the position of one detector relative to another
on the vehicle allows the determination of vehicle attitude, or
orientation. In such vehicle attitude determining configura-
tion, integer cycle ambiguity resolution is not required, since
even the shortest known pulsar period corresponds to wave-
lengths that are much larger than most, if not all, spacecraft
(pulse period=0.00156 s=>467 km), thus the detectors are
always within a single cycle of each other. Additionally, the
separation between the two detectors is set upon installation
on the vehicle and thereby known. Once the phase difference
is determined for the same pulse at each detector, only the
angle, 0, along the line of sight to the pulsar needs to be
determined.

Referring to FIG. 13, there is shown an orientation of the
baseline, 1,;, between two detectors, detectors A and B,
which could correspond to two of detectors 22a-22x of FIG.
11, mounted on the same spacecraft 12 relative to the incom-
ing pulse planes from a pulsar 16. The angle 0 is related to the
phase difference and the baseline length as,

AdD;
sin(@) = TE‘ ©0

The baseline between the two detectors and the error in deter-
mining the relative position determines the potential accuracy
of'such an attitude system. Assuming the pulse time of arrival
can be determined to within 1 ns for each detector, then
attitude accuracy of 0.5° requires a baseline length of 33 m.
This dimension is not outside the realm of applicability in that
solar sails capable of accommodating detectors so spaced are
presently contemplated in the art.

Unlike GPS and GLONASS, it is difficult to track the
carrier signal of pulsars. This may be possible at the radio
wavelengths, but would be complicated at the optical and
X-ray wavelengths since accumulation of individual photons
to form a pulse profile requires integration over time. Thus, in
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certain embodiments of the invention, attitude determination
is computed occasionally, such as when time-of-arrival mea-
surements are made. Blending the attitude data acquired via
the invention with data from other onboard attitude sensors,
such as gyros, supplements a spacecraft’s navigation mecha-
nisms to enhance overall performance and reliability.

XXVIIL. Solution Accuracy

Certain embodiments of the invention provide, upon
completion of the computation, an estimate of the accuracy of
the position solution. The accuracy estimate provides a mea-
sure of how close the computed solution is to the true vehicle
position. The Kalman Filter and Search Space Array methods
provide accuracy estimates as part of their processing. Sev-
eral additional methods for determining position accuracy
estimates are possible, such as those discussed below.

XXIX. Position Covariance
The covariance of position uses the expectation operator,
E, as

covariance(position)=cov(position)=E(Ax-AXT). [CaN)]

The relationship of position to the measured range to each
pulsar is from Eq. (35) as

BN

Ap;=AAX. ©2)
Creating a vector of such measurements fromj pulsars, Eq.

(92) becomes

iy 93)

Tt should be noted that the symbol Ap is used here to represent
a vector of range measurements, which should not be con-
fused with the range difference vector, Ap, of Eq. (33).

Using the pseudo-inverse of the line of sight matrix, H, the
covariance of position with respect to the range measure-
ments is

cov(position)=E(Ax-AxD)={(H H) ' HT}E/Ap-

A HE B HTY ©4
With the relationship between the range measurement and the
phase measurement as established in Eq. (44), the position
covariance can also be expressed from the phase measure-
ment expectation as,

cov(position)={ (HH) ' H'}E[MAD-

TADT{(HTH)H ), ©5)
where AA® is the vector of phase measurements and their
cycle wavelengths.

Unlike the GPS system, which assumes the same variance
for each range measurement, computations based on mea-
surements from individual pulsars are assumed to have a
respective difference accuracy, thus each measurement will
have a different variance. This is primarily due to the unique
pulse cycle length and timing model for each pulsar. How-
ever, these measurements are assumed to be uncorrelated,
with zero mean, such that E[Ap,-Ap,]=0; i=j. Thus the cova-
riance matrix for the range measurements can be expressed as
the diagonal matrix:
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b 0 0 ©6)
0 o 0
E[8p-8p"] = =
0 0 o

Similarly, the covariance matrix for phase can be represented
as

Mog, 0 .. 0 o7
0 %o} 0
150150 | = e
0 0 . oy,

The values of each variance correspond to the accuracy of the
measured pulsar pulse arrival time, as well as dependence on
the cycle period and the pulse width.

Each pulsar typically emits modulated radiation having a
unique variance. However, certain embodiments of the inven-
tion assume a constant variance for each measurement. The
position covariance is then simplified to either,

cov(position) = {(H” HY H"\E[&p-Bp” [{(HT HY ' HT)' ©8)
= ot Hy”!
or, in terms of phase,
cov(position) = {(H” H) ™ HT\E[Xa®- 188" {5y HT)|  O9
= ohdiagAd, A3, ..., AHHTH).

Note that this simplification relies on the symmetric matrix
identity of (H'H)™'={(H"H)~'} . However, since pulsars are
very unique and no two pulsars emit the same signal, the
assumption of constant variance has only limited applicabil-
ity. In most applications, specific variances for each range are
considered as in Eq. (96) and as phase in Eq. (97).

If spacecraft clock error is also considered to be observable
from the pulsar range measurements, then this error can be
included in the state vector. In such embodiments, the equa-
tion for range measurements can is modified for the addi-
tional error as,

Aol (100)
| A 1 Ax
Ap=| . . [ }:H’Af’
|| €St
n; ol

where H' is the modified measurement matrix, and AX' is new
state vector that includes both spacecraft position and space-
craft clock error. Once the clock error has been determined, it
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may be used to correct the timing of incoming pulses, thereby
providing more accurate navigational data.

From the error equations discussed in the “Measurement
Differences” section, any errors could be included in the state
vector, as long the correct modifications to the measurement
matrix are implemented and these errors are observable. The
analysis for position covariance described above is, imple-
mented using this new model equation of Eq. (100). Alterna-
tively, phase measurements could be utilized instead of range
measurements, as presented in previous sections.

XXX. Geometric Dilution of Precision (GDOP)

The Geometric Dilution of Precision (GDOP) is an expres-
sion of the accuracy of the estimated position. GDOP is based
upon the covariance matrix of the estimated errors of the
position solution. This parameter is often used in GPS posi-
tion accuracy estimates, and some of the algorithms used for
GPS may be applied to pulsars, although modifications
shown above for the position covariance are required. In the
GPS system, the range accuracy from each GPS satellite is
often assumed constant, thus the range covariance matrix
reduces to a constant multiplied by an identity matrix. The
GPS-specific GDOP can then be represented as a scalar quan-
tity. For a pulsar-based system, range measurements to each
pulsars are most likely unique to each pulsar, thus the simpli-
fication towards a GPS-like system cannot be realized using
pulsars. Nonetheless, the position accuracy can still be esti-
mated using the computed variance. The pulsar-based navi-
gation system GDOP is then no longer a scalar value, but
rather a direct estimate of position accuracy.

The position covariance matrix of Eq. (98) or (99) are 3x3
matrices, since the state vector is composed of position. This
covariance matrix can be represented as

cov(position) = E(AX - AxT) (101)

0x0y 00,

2
=| 0,0 O

Y Oyoz |

o

U'ZU'y z

The GDOP is, in certain embodiments of the invention, com-
puted from the trace of this matrix. With this representation,
a GDOP from a pulsar-based system has units of position
(km), not a simple scalar quantity as in GPS,

GDOP p5=ViTace(C)=V 0,240, 40 2. (102)

In some embodiments of the invention, the error state cova-
riance matrix includes spacecraft clock error, as shown in Eq.
(100), and the covariance matrix is represented by,

T

cov(position) = E(AX -Ax" ) (103)

=C

2
Ty OxOy O30, 0:0¢

2
TyOy Ty 0,0

o

z

foitest

OO0 OOy o0

OO0 010y 010, 0',2

The GDOP for a system so embodied is again based upon the
trace of the covariance matrix, but this now includes the
variance due to clock error,
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GDOP g p=Virace(C’ :\/0X2+0y2+022+0,2. (104)
The position dilution of precision (PDOP) can be determined
from this system by considering only the position related
states as

PDOP pgz=irace(C a5~V 0,7+0,7+0.%. (105)
The time dilution of precision (TDOP) is directly computed
by the time variance in this matrix and also has units of
position (km),

TDOP psz=0,, (106)

The measured GDOP provides a description of how well
the set of chosen pulsars will compute an accurate three-
dimensional position. If pulsars are chosen from only one
portion of the sky, the measurement matrix will skew the
observations towards this direction and will not produce a
good three-dimensional solution. If pulsars are chosen that
are sufficiently distributed over the sky, then direction will not
be biased by the measurement matrix and a good three-di-
mensional solution will result. Lower values of GDOP indi-
cate more favorable pulsar distribution. Thus various sets of
pulsars can be chosen and their associated GDOP will deter-
mine which is the more appropriate set for processing. In
certain embodiments of the present invention, the GDOP
value provides a parameter for choosing pulsars for the Batch
resolution process, since a good distribution of pulsars
improves this solution.

Although this invention has been described in connection
with specific forms and embodiments thereof, it will be
appreciated that various modifications other than those dis-
cussed above may be resorted to without departing from the
spirit or scope of the invention. For example, functionally
equivalent elements may be substituted for those specifically
shown and described, and in the method steps described,
particular steps may be reversed or interposed, all without
departing from the spirit or scope of the invention as defined
in the appended Claims.

What is claimed is:
1. A method for determining navigational data using modu-
lated celestial radiation, the method comprising the steps of:

selecting a localized reference point in a reference frame;

receiving modulated radiation at a reception point in said
reference frame from at least one celestial source, said
reception point located an unknown distance from said
reference point, each said source located along a line in
a corresponding known direction with respect to said
reference point;

generating for each said source a signal from said received
modulated radiation, said signal characterized by a
modulation characteristic of said source;

generating from each said signal a time of arrival signal,
said time of arrival signal indicative of a time of recep-
tion of a first state of said modulation characteristic;

estimating at said reception point from each said time of
arrival signal a second state of said modulation charac-
teristic, said second state of said modulation character-
istic corresponding to said modulation characteristic at
said reference point at said time of reception; and

determining at least one navigational parameter at said
reception point relative to said reference point from each
said first state and each said second state;

where said modulated radiation receiving step includes the
step of receiving said modulated radiation from a plu-
rality of said sources; and,
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where said navigational parameter determining step

includes the steps of:

establishing as said first modulation state for each of'said
sources a first phase corresponding to a phase of said
modulation characteristic at said reception point and
establishing as said second modulation state for each
of said sources a second phase corresponding to said
phase of said modulation characteristic at said refer-
ence point;

calculating a plurality of phase differences for said
reception point, each of said phase differences corre-
sponding to a respective one of said plurality of
sources and calculated as a difference between said
first phase and said second phase; and

determining from a relationship between said plurality
of phase differences a location in three-dimensional
space of said reception point relative to said reference
point.

2. The method for determining navigational data using
modulated celestial radiation as recited in claim 1, where said
location determining step includes the steps of:

establishing as said relationship a set of equations from

said plurality of phase differences; and

solving said set of equations to determine said location.

3. The method for determining navigational data using
modulated celestial radiation as recited in claim 2, where said
equation solving step includes the step of solving said set of
equations using a least squares algorithm.

4. The method for determining navigational data using
modulated celestial radiation as recited in claim 1, where said
location determining step includes the steps of:

establishing as said relationship a state space wherein at

least one state is said location in three-dimensional
space of said reception point relative to said reference
point;

forming a statistical filter based on said state space;

providing said plurality of phase differences to said filter;

providing at an output of said filter an update of said loca-
tion;

repeating said method at said phase differences providing

step until said location update corresponds to a prede-
termined convergence criteria; and
providing as said location said update.
5. The method for determining navigational data using
modulated celestial radiation as recited in claim 4, where said
filter providing step includes the step of providing a Kalman
filter as said statistical filter and said method repeating step
includes the step of choosing at least one value of an error
covariance matrix of said Kalman filter as said convergence
criteria.
6. The method for determining navigational data using
modulated celestial radiation as recited in claim 1, where said
location determining step includes the steps of:
selecting a search space that includes said reception point,
said search space including a set of candidate locations,
each of said candidate locations respectively character-
ized by a plurality of phase differences, each of said
phase differences corresponding to a phase difference
between a modulated radiation phase of'a corresponding
one of said sources at said corresponding candidate loca-
tion and said modulated radiation phase of said corre-
sponding one of said sources at said reference point; and

determining from said set of candidate locations a location
at which said set of phase differences is equivalent to
within a predetermined threshold to said plurality of
phase differences for said reception point.
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7. The method for determining navigational data using
modulated celestial radiation as recited in claim 1, where said
navigational parameter determining step further includes the
steps of:

forming a set of phase double differences for said reception

point, each of said phase double differences calculated
as a difference between a first phase difference corre-
sponding to one of said sources and a second phase
difference from another one of said sources; and
determining from a relationship between said phase double
differences said location in three-dimensional space of
said reception point relative to said reference point.

8. The method for determining navigational data using
modulated celestial radiation as recited in claim 7, where said
navigational parameter determining step further includes the
steps of:

forming a set of phase triple differences for said reception

point, each of said phase triple differences calculated as
a difference between a first phase double difference cor-
responding to a first time epoch and a second phase
double difference corresponding to a second time epoch;
and

determining from a relationship between said phase triple

differences said location in three-dimensional space of
said reception point relative to said reference point.

9. The method for determining navigational data using
modulated celestial radiation as recited in claim 8, where said
navigational parameter determining step further includes the
step of determining from a relationship between said phase
triple differences a velocity corresponding to said reception
point.

10. A method for determining navigational data using
modulated celestial radiation, the method comprising the
steps of:

selecting a localized reference point in a reference frame;

receiving modulated radiation at a reception point in said

reference frame from at least one celestial source, said
reception point located an unknown distance from said
reference point, each said source located along a line in
a corresponding known direction with respect to said
reference point;

generating for each said source a signal from said received

modulated radiation, said signal characterized by a
modulation characteristic of said source;
generating from each said signal a time of arrival signal,
said time of arrival signal indicative of a time of recep-
tion of a first state of said modulation characteristic;

estimating at said reception point from each said time of
arrival signal a second state of said modulation charac-
teristic, said second state of said modulation character-
istic corresponding to said modulation characteristic at
said reference point at said time of reception; and

determining at least one navigational parameter at said
reception point relative to said reference point from each
said first state and each said second state;

where said navigational parameter determining step

includes the steps of:

establishing as said first modulation state for a single
source a first phase equivalent to a phase of said
modulation characteristic at said reception point and
establishing as said second modulation state for said
source a second phase equivalent to said phase of said
modulation characteristic at said reference point;

calculating at a first time epoch a phase difference
between said first phase and said second phase corre-
sponding to each said source;
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calculating at a second time epoch said phase difference;
and

calculating from said phase difference at said first time
epoch and said phase difference at said second time
epoch a velocity of said reception point.

11. The method for determining navigational data using
modulated celestial radiation as recited in claim 10, where
said modulated radiation receiving step includes the step of
receiving said modulated radiation from a plurality of said
sources.

12. A method for determining navigational data using
modulated celestial radiation, the method comprising the
steps of:

providing a timer at a displaceable reception point, said

timer operable to generate a timing signal indicative of a
proper time of reception of a modulation characteristic;
selecting a localized reference point in a reference frame;
receiving modulated radiation at said reception point in
said reference frame from at least one celestial source
located along a line in a known direction with respect to
said reference point;
generating from said received modulated radiation at least
one signal characterized by a corresponding modulation
characteristic of said at least one source;

generating via said timer time of arrival signals responsive

to a state of said modulation characteristic of each said
signal;

transferring said time of arrival signals to said reference

point to produce corresponding coordinate time of
arrival signals;

estimating from said coordinate time of arrival signals

corresponding coordinate times of arrival of said corre-
sponding modulation characteristic at said reference
point; and

determining at least one navigational parameter relative to

said reference point from said coordinate time of arrival
signals and said corresponding estimated coordinate
times of arrival;

where said modulated radiation receiving step includes the

step of receiving said modulated radiation from a plu-
rality of said sources; and

said navigational parameter determining step includes the

steps of:

determining from said timing signals a corresponding
first phase equivalent to a phase of said modulation
characteristic of a corresponding one of said plurality
of sources at said reception point;
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determining from said estimated times of arrival a sec-
ond phase equivalent to said phase of said modulation
characteristic of a corresponding one of said plurality
of sources at said reference point;

calculating a plurality of phase differences for said
reception point, each of said phase differences corre-
sponding to a respective one of said plurality of
sources and calculated as a difference between said
first phase and said second phase; and

determining from a relationship between said plurality
of phase differences a location in three-dimensional
space of said reception point relative to said reference
point.

13. The method for determining navigational data using
modulated celestial radiation as recited in claim 12, where
said location determining step includes the steps of:

establishing as said relationship a state space wherein at

least one state is said location in three-dimensional
space of said reception point relative to said reference
point and another state is an error distance;

forming a statistical filter based on said state space;

providing said plurality of phase differences to said filter;

providing at an output of said filter an update of said loca-
tion and an update of said error distance;

repeating said method at said phase differences providing

step until said location update and said error distance
update correspond to a predetermined convergence cri-
teria; and

providing as said location said location update.

14. The method for determining navigational data using
modulated celestial radiation as recited in claim 13, where
said filter providing step includes the step of providing a
Kalman filter as said statistical filter and said method repeat-
ing step includes the step of choosing at least one value of an
error covariance matrix of said Kalman filter as said conver-
gence criteria.

15. The method for determining navigational data using
modulated celestial radiation as recited in claim 13 further
including the step of providing said error distance update
from said filter subsequent to said predetermined conver-
gence criteria being met in said method repeating step, said
error distance being proportional to a timer error.

16. The method for determining navigational data using
modulated celestial radiation as recited in claim 15 further
including the step of moditfying said time of arrival signals by
said timer error.



