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(57) ABSTRACT 

A celestial guidance system uses radio imaging of celestial 
bodies including the galactic plane received by an interfero
metric antenna array to provide robust navigation during 
times of cloud cover or interrupted GPS service. 
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NAVIGATION SYSTEM USING CELESTIAL 
RADIO EMISSIONS 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0001] 

[0002] 

CROSS REFERENCE TO RELATED 
APPLICATION 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates to navigational sys
tems, and in particular to a navigational system that makes 
use of background radio emissions from celestial objects. 
[0004] Celestial navigation allows terrestrial location to be 
determined by measuring the angle of the sun, moon, or stars 
in the sky. Visual celestial navigation, using a sextant for 
angle measurements, has been practiced for hundreds of 
years and, with the development of precise clocks, is able to 
provide both longitude and latitude measurements. 
[0005] The limitations in accuracy of conventional celes
tial navigation and the challenge presented to such naviga
tion when there is extensive cloud cover has led to the 
adoption of alternative technologies including inertial guid
ance systems (INS) and satellite based guidance systems 
(GPS). 
[0006] Inertial guidance systems use gyroscopically sta
bilized or compensated accelerometers to determine a cumu
lative displacement over time from a known location. Such 
systems are largely indifferent to weather conditions but 
suffer from drift limiting their accuracy over time. GPS 
employs a constellation of satellites transmitting time sig
nals to a GPS receiver at a terrestrial location. A calculation 
of a time-of-flight of these signals allows the terrestrial GPS 
receiver to locate its position by triangulation or multi
lateralization. 
[0007] The convenience and accuracy ofGPS has led to its 
widescale adoption for both commercial and military pur
poses. Nevertheless, GPS navigation is susceptible to inter
ruption, for example, from sunspot activity or jamming, 
making sole reliance on GPS for critical navigational infor
mation of concern. 

SUMMARY OF THE INVENTION 

[0008] The present inventor has recognized that radio 
signals from the galactic plane and solar system bodies can 
provide a reliable alternative to GPS navigation during 
periods of interruption. Such radio signals can be detected 
by a simple antenna arrays, may pass through cloud cover, 
and are available both day and night avoiding the principal 
disadvantages of visual celestial navigation. 
[0009] Specifically, the present invention provides a celes
tial navigational system having a clock providing a current 
time and an antenna system at a terrestrial location providing 
a radio image of the sky within a range from 29 MHz to 30 
GHz. A template image is provided of expected celestial 
radio emissions within the range from at least one celestial 
object and referenced to a terrestrial longitude and latitude 
and a reference time. An electronic computer operates to 
match the radio image to the template image to determine a 
longitude and latitude of the terrestrial location based on a 
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positional offset between the template image and the radio 
image and a time offset between the current time and the 
reference time. 
[001 OJ It is thus a feature of at least one embodiment of the 
invention to employ celestial radio signals for celestial 
navigation particularly at night or times of cloudy weather 
avoiding the problems of visual celestial navigation. 
[0011] The antenna system may be an array of spatially 
separated antennas generating the radio image by interfer
ometry. 
[0012] It is thus a feature of at least one embodiment of the 
invention to provide a simple interferometric method of 
radio imaging resistant to failure of a mechanically swept 
antenna. 
[0013] The antenna array may provide a two-dimensional 
array of antennas separated along two perpendicular axes. 
[0014] It is thus a feature of at least one embodiment of the 
invention to provide a wide area celestial image suitable for 
correlation of low-strength celestial radiofrequency signals 
and low-resolution images. 
[0015] The template image may describe the radio emis
sions from the galactic plane. 
[0016] It is thus a feature of at least one embodiment of the 
invention to allow for robust navigational information at any 
time anywhere in the world based on a simple static template 
of radio emissions from the celestial sphere. 
[0017] The celestial navigation system may alternatively 
or in addition provide an ephemeris linking solar system 
bodies to time and location in the sky, and the template 
image may provide expected radio emissions within the 
range from a solar system body referenced to a longitude and 
latitude and a reference time derived from the ephemeris and 
the current time. 
[0018] It is thus a feature of at least one embodiment of the 
invention to provide the benefits of radio imaging for 
celestial navigation from conventional solar system bodies. 
[0019] The celestial navigation system may include mul
tiple template images of expected radio emissions from 
frequency bands from different celestial objects. Here the 
electronic computer may select among multiple templates to 
determine a longitude and latitude of the terrestrial location, 
for example, according to the strength of the matching. 
[0020] It is thus a feature of at least one embodiment of the 
invention to provide multiple independent celestial naviga
tion inputs based on frequency decomposition of celestial 
signals for improved navigational flexibility and reliability. 
[0021] The template image may be further referenced to 
an Earth-reference vector, and the celestial imaging system 
may further include an inclinometer for measuring an acqui
sition angle of the radio image with respect to an Earth
reference vector at a time of acquisition of the radio image. 
Terrestrial location can be determined from a positional 
offset between the template image and the radio image, a 
time offset between the current time and the reference time, 
and an angular offset between the Earth-reference vector and 
the acquisition angle of the radio image. 
[0022] It is thus a feature of at least one embodiment of the 
invention to provide a navigational system resistant to errors 
caused by a shifting platform. 
[0023] The Earth-reference vector may be selected from 
the group consisting of a magnetic vector measuring the 
geomagnetic field and a gravitational vector measuring 
gravitational acceleration. 
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[0024] It is thus a feature ofat least one embodiment of the 
invention to provide a navigational system resistant to errors 
caused by ambiguity between gravitational and platform 
acceleration. 
[0025] The celestial navigation system may further 
include an inertial guidance system and the electronic com
puter may use the determined longitude and latitude of the 
terrestrial location to correct for a drift in the inertial 
guidance system. 
[0026] It is thus a feature ofat least one embodiment of the 
invention to provide a navigational signal that provides 
instantaneous navigational information from the inertial 
guidance system corrected by a more slowly evolving signal 
from the celestial navigation system, exploiting the relative 
advantages of each system. 
[0027] The celestial navigation system may further 
include a global positioning system outputting a GPS lon
gitude and latitude of the terrestrial location, and the elec
tronic computer may output one of the determined longitude 
and latitude of the terrestrial location and GPS longitude and 
latitude of the terrestrial location based on an assessment of 
the reliability of the respective longitude and latitude. 
[0028] It is thus a feature ofat least one embodiment of the 
invention to provide a system that can compensate for 
temporary outages of a GPS. 
[0029] The electronic computer may also match the radio 
image to the template image to determine a heading at the 
terrestrial location from a rotational offset between the 
template image and the radio image and a time offset 
between the current time and the reference time. 
[0030] It is thus a feature ofat least one embodiment of the 
invention to extract heading information from the matching 
process. 

[0031] The antenna system may provide a shield operating 
to cancel radio signals in the range directed upward toward 
the antenna array. 

[0032] It is thus a feature ofat least one embodiment of the 
invention to provide a radio wave based celestial imaging 
system resistant to intentional and unintentional interference 
from terrestrial sources including the navigational platform. 

[0033] These particular objects and advantages may apply 
to only some embodiments falling within the claims and thus 
do not define the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIG. 1 is a perspective view of a ship, being one 
example of an application of the present invention, the 
invention providing an antenna array for making interfero
metric measurements at a range of angles about a reference 
vertical to determine the location of the ship; 

[0035] FIG. 2 is a functional block diagram of the navi
gation system of FIG. 1 showing a high-speed data acqui
sition system working in conjunction with other sensor 
systems to provide data to an electronic computer to produce 
a navigation signal; 

[0036] FIG. 3 is a dataflow diagram showing a correlation 
of static and variable templates for different celestial objects 
in one embodiment of the invention to provide a robust 
navigational determination; and 

[0037] FIG. 4 is a flowchart of a program executed by the 
computer of FIG. 2. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0038] Referring now to FIG. 1, a radiofrequency celestial 
navigation system 10 may provide an antenna array 12 
positioned to receive radio signals from the sky. In this 
respect, the antenna array 12 may be steered mechanically, 
electrically, or as a phased array to collect radiofrequency 
signals from the celestial sphere as bounded by the horizon 
and centered about a vertically oriented Earth-reference 
vector 14. The celestial sphere is an imaginary spherical 
surface surrounding the Earth on which celestial bodies can 
be mapped. The radiofrequency signals will be used to 
generate areal images of the sky having pixels with unique 
angular coordinates indicating a radiofrequency strength in 
a particular frequency band as will be discussed below. 
[0039] The antenna array 12 may be positioned on a 
terrestrial transport 18 such as a ship, plane, or vehicle to be 
exposed to the sky for the reception of radio signals with the 
transport 18 moving along a heading 20 and will be used to 
provide navigational information indicating the terrestrial 
location of the transport 18. 
[0040] Referring now also to FIG. 2, the antenna array 12 
may employ a set of individual antennas 22 spaced in 
separation along two horizontal perpendicular directions to 
collect radiofrequency signals 16 over a two-dimensional 
area depicted. In one embodiment, the antennas 22 may be 
separated along the heading 20 of motion of the transport 18 
and along a transverse axis 24 perpendicular to the heading 
20. 
[0041] The antenna array 12 may be positioned above an 
electrical shield 30 providing a conductive plane to reject 
radiofrequency signals 16 received outside of the celestial 
sphere above the horizon. Shielding may also be provided 
mathematically through the phased array processing of the 
collective radiofrequency signals, for example, distinguish
ing between a plane wave from a celestial object from a 
more spherical wave from local or terrestrial sources. 
[0042] Each antenna 22 may be connected to a wideband 
buffer amplifier 32 and a high-speed digital-to-analog con
verter 34 providing the phase-precise radiofrequency signal 
16 to a phased array processor 35, for example, implemented 
in discrete circuitry or an FPGA. The phased array processor 
35, in turn, operates to provide a phase sensitive combina
tion of the radio frequency signals creating a synthetic aper
ture that sweeps through the visible sky to generate image 
data 36 communicated to a processing computer 38. 
[0043] More generally, the images 46 may be derived 
through a variety of interferometric techniques either via 
digital beamforming which would allow simultaneous sam
pling of the sky as described above, or alternatively, via 
microwave circuitry used to electronically sweep the sky by 
introducing time delays in the channels. Such a system could 
be produced in handheld size. The invention may also 
provide one or more mechanically swept directional anten
nas or a combination of these approaches. 
[0044] The radiofrequency data 36 represent radiofre
quency energy collected in a frequency range from 10 m to 
1 cm (about 29 MHz to 30 GHZ) matching a window of 
radio transmissions through the Earth's atmosphere and 
cloud cover and accommodating spectra of celestial objects 
including stars and other objects in the galactic plane as well 
as the sun and the moon. 
[0045] The processing computer 38 may spectrally 
decompose the radiofrequency data 36 to provide a set of 
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images 46 associated with specific subsets of the above 
described frequency range associated with particular celes
tial bodies. Alternatively or in addition, the amplifiers 32 
may be narrowband amplifiers swept under the control of the 
processing computer 38 through a desired frequency range 
to obtain a comparable spectral decomposition. 

[0046] In one embodiment, separate images 46 will be 
provided capturing a decomposition of the radiofrequency 
data 36 into a celestial band representing the synchrotron 
radiation largely in a range from 50 MHz to 200 MHZ, and 
bands from 1 to 30 GHz characterizing blackbody radiation 
from objects such as the Sun, Moon, and Jupiter. 

[0047] For processing the images 46, the processing com
puter 38 may include one or more processors 40 communi
cating with a computer memory 42 holding an operating 
program 44, as will also be discussed below, template files 
48, and images 46 collected as described above. 

[0048] The processing computer 38 may also provide 
interface circuitry allowing communication with ancillary 
sensors and systems including a precise clock 50 providing 
a navigation-accurate time signal suitable for deducing date 
and time, a compass 53, for example, a gyro compass for 
deducing heading 20 with respect to the Earth's polar axis, 
and inclinometer 54 for measuring the angle of the antenna 
array 12 with respect to the Earth-reference vertical 14. The 
clock 50 is used to timestamp each of the images 46 as they 
are acquired and for additional calculations as will be 
described. The inclinometer 54 may be used to register the 
orientation of each of the images 46 with respect to the 
Earth-reference vertical before a correlation process 
described below. Generally, the Earth-reference vertical may 
be derived using an inclinometer 54 measuring a magnetic 
vector of the geomagnetic field in three-dimensions, option
ally augmented with a gyroscope such as a 3-D MEMS 
gyroscope (and corrected with respect to general knowledge 
about spatial positioning on the Earth In the geomagnetic 
field) or by an inclinometer measuring gravitational accel
eration or combination of both. More generally, the Earth
reference need not be a vertical but may be any vector 
having a fixed angular relationship to vertical. 

[0049] The processing computer 38 may also communi
cate with auxiliary navigational systems including an inertial 
guidance system 56 and a conventional GPS 58 to receive 
values of latitude and longitude therefrom. Navigational 
output can be provided, for example, on a display 52 
providing, for example, a graphical screen displaying a 
located point on a map or tabular longitude and latitude and 
heading data. 

[0050] Referring now to FIG. 3, the processing computer 
38 will hold multiple image templates 48 comparable to 
images 46 recording image data for different spectral ranges 
of radio signals corresponding to the frequency ranges as 
discussed above but covering the entire celestial sphere. 
Each template 48 will be linked to a fixed historical time 
value 47 and a particular orientation 49 at that time value 
with respect to the surface of the Earth. A template 48a, for 
example, may provide a radiofrequency energy mapping for 
the galactic plane 60 whereas templates 48b and 48c may 
provide similar mappings for different frequency bands and 
for different celestial bodies including, for example, the sun 
or the moon or a planet. Generally each of these templates 
48 may be static in representation and may be subject to 
rotational transformations as needed. 
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[0051] Referring now also to FIG. 4, the celestial naviga
tion system 10 may operate according to the stored program 
44 to acquire radiofrequency images 46 at specific recorded 
times per process block 70 using the antenna array 12. The 
radiofrequency images 46, as discussed above, may then be 
spectrally decomposed into different frequency bands asso
ciated with the different templates 48. At process block 72, 
the radiofrequency images 46 are adjusted to account for any 
rocking or tipping of the transport 18 at the time of acqui
sition by shifting the data or by recording a pixel offset with 
respect to the Earth-referenced vertical 14 that will be 
accommodated during correlation with a template 48. 
Optionally, the radiofrequency images 36 may be pre
adjusted rotationally to provide a common axial orientation 
with respect to the heading 20. 
[0052] At process block 74, the templates 48 (or the 
images 46) may be adjusted rotationally and in translation 
along multiple axes to maximize the correlation between the 
templates 48 and a corresponding image 46 (having a 
corresponding frequency range). This correlation process 
observes the spherical nature of the data to provide the 
necessary "rollover" of template data as the images are 
shifted over its mathematically continuous surface. 
[0053] This cross correlation may consider all possible 
angular and positional displacements of the image 46 with 
respect to the corresponding template 48 for a range of 
headings 20 but may practically use a windowed search 
based on a last known longitude and latitude for more rapid 
calculation. Pre-alignment of the images according to head
ing 20 can also reduce the necessary search space. 
[0054] At process block 76, once the template 48 has been 
matched with its corresponding image 46, the time values 47 
of the template 48 and the time stamps 51 image 46 are 
compared and used to adjust the longitude and latitude value 
49 associated with the template 48 by that time difference. 
This adjustment is a simple rotational transformation being 
a function of time and the known rotation and movement of 
the Earth and results in a longitude and latitude (and 
heading) value for the image 46 and hence the transport 18. 
[0055] At process block 80, the calculated maximum 
correlation in this matching processes may be reviewed to 
assess the relative accuracy of the longitude and latitude 
measurement and to provide a confidence value that pro
vides either the selection of one such correlation ( one such 
celestial body) for navigation or that blends the various 
readings from the different celestial bodies together accord
ing to this confidence. Generally this process will tend to use 
the galactic plane template when the sun and moon are not 
visible. 
[0056] At process block 82 this longitude and latitude 
value may be fused with data from existing navigational 
systems of the inertial guidance system 54 and GPS 58 for 
example using a Kalman filter. In one embodiment, the 
inertial guidance system 54, for example, may use this 
celestial navigation value on a periodic basis (for example, 
every 10 minutes) to correct for its drift. In this way, the time 
window for the acquisition of the images 46 may be 
extended, for example, to many minutes to improve signal
to-noise ratio, with the inertial guidance system 54 provid
ing guidance in between such times. The calculated longi
tudinal and latitude from the celestial guidance system ( and 
from the inertial guidance system 54) can also be used to 
replace the signal from the GPS 58, for example, when 
navigational signals from these two sources differ from more 
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than a predetermined threshold because of spoofing or the 
like interfering with the GPS 58. Similarly, the celestial 
navigation signal may be used when the radio signal from 
the GPS indicates insufficient power for reliable operation. 
Generally a hierarchy of navigational systems can be estab
lished with the computer selecting among them according to 
a likelihood of reliability based on correlation value, signal 
strengths, and time of drift. 
[0057] At process block 84 the resulting longitude and 
latitude may be output to the display 52 (shown in FIG. 2) 
and an optional heading value deduced from the rotational 
alignment of the template 48 and image 46 which may be 
used, for example, to supplement a compass reading from 
compass 53. 
[0058] In this description, the term template can be under
stood to include not only an image type template but other 
digital representations including, for example, those pro
vided in a database of coordinates and values. Generally the 
template 48 for the galactic plane will include multiple 
points to allow robust registration with low signal strength 
whereas templates for the solar system bodies may be one or 
a few points representing a centroid or the like. The term 
image should be flexibly understood to express an array of 
values having two dimensions of angular offset or the like. 
The term terrestrial location includes locations on the sur
face of the Earth and within the Earth's atmosphere where 
celestial navigation would be expected to have value. 
[0059] Certain terminology is used herein for purposes of 
reference only, and thus is not intended to be limiting. For 
example, terms such as "upper", "lower", "above", and 
"below" refer to directions in the drawings to which refer
ence is made. Terms such as "front", "back", "rear", "bot
tom" and "side", describe the orientation of portions of the 
component within a consistent but arbitrary frame of refer
ence which is made clear by reference to the text and the 
associated drawings describing the component under dis
cussion. Such terminology may include the words specifi
cally mentioned above, derivatives thereof, and words of 
similar import. Similarly, the terms "first", "second" and 
other such numerical terms referring to structures do not 
imply a sequence or order unless clearly indicated by the 
context. 
[0060] When introducing elements or features of the pres
ent disclosure and the exemplary embodiments, the articles 
"a", "an", "the" and "said" are intended to mean that there 
are one or more of such elements or features. The terms 
"comprising", "including" and "having" are intended to be 
inclusive and mean that there may be additional elements or 
features other than those specifically noted. It is further to be 
understood that the method steps, processes, and operations 
described herein are not to be construed as necessarily 
requiring their performance in the particular order discussed 
or illustrated, unless specifically identified as an order of 
performance. It is also to be understood that additional or 
alternative steps may be employed. 
[0061] References to "a microprocessor" and "a proces
sor" or "the microprocessor" and "the processor," can be 
understood to include one or more microprocessors that can 
communicate in a stand-alone and/or a distributed environ
ment(s ), and can thus be configured to communicate via 
wired or wireless communications with other processors, 
where such one or more processor can be configured to 
operate on one or more processor-controlled devices that can 
be similar or different devices. Furthermore, references to 
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memory, unless otherwise specified, can include one or more 
processor-readable and accessible memory elements and/or 
components that can be internal to the processor-controlled 
device, external to the processor-controlled device, and can 
be accessed via a wired or wireless network. 
[0062] It is specifically intended that the present invention 
not be limited to the embodiments and illustrations con
tained herein and the claims should be understood to include 
modified forms of those embodiments including portions of 
the embodiments and combinations of elements of different 
embodiments as come within the scope of the following 
claims. All of the publications described herein, including 
patents and non-patent publications, are hereby incorporated 
herein by reference in their entireties. 
[0063] To aid the Patent Office and any readers of any 
patent issued on this application in interpreting the claims 
appended hereto, applicants wish to note that they do not 
intend any of the appended claims or claim elements to 
invoke 35 U.S.C. 112 (f) unless the words "means for" or 
"step for" are explicitly used in the particular claim. 

What I claim is: 
1. A celestial navigational system comprising: 
a clock providing a current time; 
an antenna system providing a radio image of the sky 

within a range from 29 MHz to 30 GHz at a terrestrial 
location, the radio image linked to the current time; 

a template image of expected celestial radio emissions 
within the range from at least one celestial object 
referenced to a terrestrial longitude and latitude and a 
reference time; and 

an electronic computer matching the radio image to the 
template image to determine a longitude and latitude of 
the terrestrial location based on a positional offset 
between the template image and the radio image and a 
time offset between the current time and the reference 
time. 

2. The celestial navigation system of claim 1 wherein the 
antenna system is an array of spatially separated antennas 
generating the radio image by interferometry. 

3. The celestial navigation system of claim 2 wherein the 
antenna array provides a two-dimensional array of antennas 
separated along two perpendicular axes. 

4. The celestial navigation system of claim 1 wherein the 
template image describes radio emissions from the galactic 
plane. 

5. The celestial navigation system of claim 1 further 
including an ephemeris linking solar system bodies to time 
and location in the sky; and 

wherein the template image provides expected radio emis
sions within the range from a solar system body refer
enced to a longitude and latitude and a reference time 
derived from the ephemeris and the current time. 

6. The celestial navigation system of claim 1 further 
including: 

multiple template images of expected radio emissions 
within different subsets of the range from different 
celestial objects referenced to a longitude and latitude 
and a reference time; and 

an electronic computer that selects among the multiple 
template images having corresponding subsets of the 
range to perform a matching of the radio image to the 
selected template images to determine a longitude and 
latitude of the terrestrial location from a positional 
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offset between a selected template image and the radio 
image and a time offset between the current time and 
the reference time. 

7. The celestial navigation system of claim 1 wherein the 
template image is further referenced to an Earth-reference 
vector, and the celestial navigation system further includes 
an inclinometer for measuring an acquisition angle of the 
radio image with respect to an Earth-reference vector at a 
time of acquisition of the radio image, and wherein the 
electronic computer matches the radio image to the template 
image to determine a longitude and latitude of the terrestrial 
location from a positional offset between the template image 
and the radio image, a time offset between the current time 
and the reference time, and an angular offset between the 
Earth-reference vector and the acquisition angle of the radio 
image. 

8. The celestial navigation system of claim 1 wherein the 
Earth-reference vector is selected from the group consisting 
of a magnetic vector measuring the geomagnetic field and a 
gravitational vector measuring gravitational acceleration. 

9. The celestial navigation system of claim 1 further 
including an inertial guidance system, and wherein the 
electronic computer uses the determined longitude and lati
tude of the terrestrial location to correct for a drift in the 
inertial guidance system. 
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10. The celestial navigation system of claim 1 further 
including a global positioning system outputting a GPS 
longitude and latitude of the terrestrial location; and 

wherein the electronic computer outputs one of the deter
mined longitude and latitude of the terrestrial location 
and GPS longitude and latitude of the terrestrial loca
tion based on an assessment of a reliability of the 
respective longitude and latitude. 

11. The celestial navigation system of claim 1 wherein the 
electronic computer matches the radio image to the template 
image to determine a heading at the terrestrial location from 
a rotational offset between the template image and the radio 
image and a time offset between the current time and the 
reference time. 

12. The celestial navigation system of claim 1 wherein the 
radio image provides an image of multiple celestial objects 
over a range of angles in two dimensions. 

13. The celestial navigation system of claim 1 wherein the 
antenna system provides a shield operating to cancel radio 
signals in the range directed upward toward the antenna 
array. 

14. The celestial navigation system of claim 1 wherein the 
antenna system provides at least one mechanically swept 
directional antenna. 

* * * * * 
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