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(57) ABSTRACT 
A method and system for determining a position of an 
orbiting transceiver in a communications network includes 
at least a ?rst and second transceiver at a ?rst and second 
knoWn location, respectively, on Earth. The ?rst and second 
transceivers are adapted to transmit and receive communi 
cations signals to and from the orbiting transceiver. A 
processor coupled to one of the ?rst and second transceivers 
determines a ?rst and second range measurement betWeen 
each of the ?rst and second transceivers and the orbiting 
transceiver, respectively, as Well as corresponding ?rst and 
second range rates representative of a time rate of change of 
the ?rst and second range measurements. The processor then 
determines a circle of intersection representative of the set of 
possible positions for the orbiting transceiver based on the 
?rst range measurement and the ?rst range rate Wherein the 
circle of intersection includes a speci?c orientation in space, 
a speci?c radius and a center in a speci?c, three-dimensional 
position relative to the knoWn position of the ?rst trans 
ceiver. An angular position of the orbiting transceiver is then 
determined along the circle of intersection based on the 
knoWn position of the second transceiver and the second 
range measurement. Finally, the position of the orbiting 
transceiver is determined based on the circle of intersection 
and the angular position. 
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METHOD AND SYSTEM FOR DETERMINING A 
POSITION OF A TRANSCEIVER IN A 
COMMUNICATIONS NETWORK 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to US. patent applica 
tion Ser. No. 08/803,935, ?led Feb. 21, 1997, entitled 
“Method And System For Determining A Position Of A 
Transceiver Unit Utilizing TWo-Way Ranging in a Polystatic 
Satellite Con?guration”. 

TECHNICAL FIELD 

[0002] This invention relates to methods and systems for 
determining a position of a communication satellite utiliZing 
tWo-Way ranging through multiple transceivers. 

BACKGROUND ART 

[0003] Current Automatic Dependent Surveillance (ADS) 
technology, such as Global Positioning System (GPS), Wide 
Area Augmentation System (WAAS) or GLONASS, pro 
vides positioning information utiliZing satellite transmis 
sions. For eXample, the GPS, developed and deployed by the 
US. Department of Defense, consists of 24 satellites orbit 
ing the earth tWice a day at an altitude of 12,000 miles, as 
Well as ?ve ground stations to monitor and manage the 
satellite constellation. Using atomic clocks and location 
data, GPS satellites transmit continuous time and position 
information 24 hours a day to a GPS receiver, Which listens 
to four or more satellites at once to determine a user’s 

position. By measuring the time interval betWeen the trans 
mission and the reception of a satellite signal, the GPS 
receiver calculates the distance betWeen the user and each 
satellite, and then uses the distance measurements of at least 
four satellites to arrive at a position. 

[0004] Such systems, hoWever, utiliZe one-Way ranging in 
Which an accurate, synchroniZed clock is required at each 
station. Any synchroniZation error or error regarding the 
location of one of the satellites results in an error in the 
determined position of the target vehicle. 

[0005] Any type of satellite based navigation system must 
determine the position and velocity of its ranging satellites 
to extremely high accuracy. Position and velocity determi 
nation are vital parts of the station-keeping function for any 
satellite, even one Which is not part of a navigation system. 

[0006] One knoWn system requires the satellite to have 
simultaneous contact With all of its ground stations in order 
to obtain position information. This, hoWever, may not 
alWays be possible for a satellite in a non-geostationary orbit 
Which moves relative to the Earth and, therefore, periodi 
cally loses access to any given point on the Earth’s surface. 

DISCLOSURE OF THE INVENTION 

[0007] It is thus a general object of the present invention 
to provide a method and system for determining the position 
of a communication satellite utiliZing tWoWay ranging. 

[0008] In carrying out the above object and other objects, 
features, and advantages of the present invention, a method 
is provided for determining a position of an orbiting trans 
ceiver in a communications netWork including at least a ?rst 
and second transceiver at a ?rst and second knoWn location, 
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respectively, on Earth. The ?rst and second transceivers are 
adapted to transmit and receive communications signals to 
and from the orbiting transceiver. The method includes 
determining a ?rst and second range measurement betWeen 
each of the ?rst and second transceivers and the orbiting 
transceiver, respectively. The method further includes deter 
mining a ?rst and second range rate corresponding to a time 
rate of change of the ?rst and second range measurements, 
respectively. The method also includes determining a circle 
of intersection representative of the set of possible positions 
for the orbiting transceiver based on the ?rst range and the 
?rst range rate Wherein the circle of intersection includes a 
speci?c orientation in space, a speci?c radius and a center in 
a speci?c, three dimensional position relative to the knoWn 
position of the ?rst transceiver. Still further, the method 
includes determining an angular position of the orbiting 
transceiver along the circle of intersection based on the 
knoWn position of the second transceiver and the second 
range measurement. Finally, the method includes determin 
ing the position of the orbiting transceiver based on the 
circle of intersection and the angular position. 

[0009] In further carrying out the above object and other 
objects, features, and advantages of the present invention, a 
system is also provided for carrying out the steps of the 
above described method. The system includes at least a ?rst 
and second transceiver at a ?rst and second knoWn location, 
respectively, on Earth. The ?rst and second transceivers are 
adapted to transmit and receive communications signals to 
and from the orbiting transceiver. Aprocessor coupled to one 
of the ?rst and second transceivers is operative to determine 
a ?rst and second range measurement betWeen each of the 
?rst and second transceivers and the orbiting transceiver, 
respectively. The processor is further operative to determine 
a ?rst and second range rate corresponding to a time rate of 
change of the ?rst and second range measurements, respec 
tively. Still further, the processor is operative to determine a 
circle of intersection representative of the set of possible 
positions for the orbiting transceiver based on the ?rst range 
measurement and the ?rst range rate Wherein the circle of 
intersection includes a speci?c orientation in space, a spe 
ci?c radius, and a center in a speci?c, three-dimensional 
position relative to the knoWn position of the ?rst trans 
ceiver. The processor further determines an angular position 
of the orbiting transceiver along the circle of intersection 
based on the knoWn position of the second transceiver and 
the second range measurement. Finally, the processor deter 
mines the position of the orbiting transceiver based on the 
circle of intersection and the angular position. 

[0010] The above object and other objects, features and 
advantages of the present invention are readily apparent 
from the folloWing detailed description of the best mode for 
carrying out the invention When taken in connection With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a diagram illustrating a communication 
system employing the method and system of the present 
invention; 
[0012] FIG. 2 is a diagram illustrating the geometrical 
plane containing tWo ranging nodes of the present invention; 

[0013] FIG. 3 is a diagram illustrating an enlarged vieW of 
the plane of FIG. 2; 
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[0014] FIG. 4 is a diagram illustrating a circle of inter 
section extending above and below the X-Y plane of FIG. 
2; and 

[0015] FIG. 5 is a diagram similar to FIG. 3, but adding 
X and y unit vectors, and a point denoted Rq associated With 
a later step in the position determination. 

BEST MODES FOR CARRYING OUT THE 
INVENTION 

[0016] FIG. 1 diagrammatically illustrates a communica 
tion system With a typical geometry for practicing the 
present invention. This system, denoted generally by refer 
ence numeral 10, includes a target communication satellite 
12 Whose position (denoted R0) is to be determined. The 
system 10 in FIG. 1 also includes a primary ranging node 
(RN) 14—such as a satellite ground station—at the position 
denoted R1, as Well as secondary ranging nodes 11 at 
positions R2 and R3. There may be many other secondary 
RNs at positions R4, R5, etc. These additional RNs are not 
shoWn in FIG. 1; hoWever, their modes of operation are 
identical to those described for the RNs at R2 and R3. A 
secondary RN may be any device that includes a transceiver 
such as, for eXample, automobiles, mobile telephones, air 
craft, or the like, as long as they are stationary during 
operation of the present invention. As shoWn in FIG. 1, the 
distances betWeen the satellite 12 at R0 and all the RNs at R1, 
R2, R3, etc. are denoted ai=|Ri—RO|, Where i>0. 

[0017] For example, a parked commercial airliner can act 
as a secondary RN. When a commercial airliner is parked at 
an airport gate, its pilot enters the precise position of the 
aircraft into the onboard navigation system. This informa 
tion alloWs the inertial navigation system to correct for drift 
and accumulated position error. As long as the aircraft is 
parked at the gate, its position is knoWn to a high degree of 
accuracy. If it is equipped With an appropriate transceiver, 
then it can act as a secondary RN at position R2 or R3. If a 
large number of aircraft are thus equipped, and a signi?cant 
percentage of them are parked at a gate at any given time, 
then the satellite 12 at RO can use these parked aircraft at R2 
and R3 as RNs. 

[0018] The RNs at R1, R2, R3, etc. communicate With each 
other by relaying messages through the satellite 12 at 
position R0. In the course of operation of the present 
invention, the primary RN 14 receives tWo distinct kinds of 
signals: ranging codes broadcast by the satellite 12, and 
reply codes Which also are relayed through the satellite 12, 
but originate at secondary RNs 11. Aprocessor 16 located at 
the primary RN 14 at R1 distinguishes the tWo types of 
signals, and makes the computations required for the deter 
mination of the position of the satellite 12. 

[0019] The position of the satellite 12 is determined 
according to the folloWing sequence of steps. First, at a 
precisely measured time, and on a precisely measured carrier 
frequency, the primary RN 14 at R1 transmits a ranging 
signal to the satellite 12 at R0, Which broadcasts it to all of 
the RNs, including the primary RN 14 at R1, and secondary 
RNs 11 at R2, R3, etc. The secondary RNs 11 then transmit 
their distinctive reply code signals back to the satellite 12 for 
transmission back to primary RN 14. Immediately upon 
receiving the ranging and reply code signals, the processor 
16 at the primary ranging node 14 (R1) measures the carrier 
frequency and arrival time of the ranging signal. It then 

Jul. 26, 2001 

computes the difference betWeen the ranging code’s arrival 
time and the time of its original transmission from the 
primary ranging node 14. This time difference is a propa 
gation time, denoted tpl, and is associated With the distance 
of the transmission of ranging signals from the primary RN 
14 at R1, to the satellite 12 at R0, and back to R1. This 
distance, denoted D1, is equal to 2a1. The processor 16 also 
measures the difference in carrier frequency betWeen the 
received reply code signal and that of the originally trans 
mitted ranging code. From that frequency difference the 
processor computes the Doppler frequency shift, as 
described beloW. 

[0020] Before continuing With the description of the pro 
cessor’s computations, We describe the measurements made 
on signals passing through the secondary RNs 11. As men 
tioned above, immediately upon receiving a ranging code, 
the secondary RNs 11 at positions R2, R3, R4, etc. each 
transmit a reply ranging signal to the primary RN 14 at R1 
via the satellite 12 at R0. These reply signals are designed 
such that they uniquely identify the particular ranging code 
to Which they are replying, and the secondary RN 11 from 
Which they are transmitted. The processor 16 at R1 can then 
determine the position Ri of the secondary RN 11 Which 
initiated the particular reply code, Where Ri is an element of 

the set of all knoWn secondary RN positions {R2, R3, . . . The processor 16 also measures the arrival time of each 

reply signal, and computes the difference betWeen that time 
and the time of original transmission from the primary 
ranging node 14 of the ranging code Which elicited the reply 
signal. That difference is denoted as a propagation time, tpi. 
Thus, the measured times for round trip communication With 
secondary RNs at R2, R3, etc. are denoted tpz, tp3, etc. 
respectively. 

[0021] Referring again to FIG. 1, We see that the paths 
associated With propagation times tpi for i>1 are of a differ 
ent shape than the path associated With tp1 and D1. For i>1, 
Di is the path length from the primary ranging node 14 at R1, 
to the satellite 12 at R0, to the secondary ranging node 11 at 
R, then back to satellite 12 at R0, and ?nally, back to 
primary ranging node 14 at R1. To a ?rst approximation, 
Di=2(ai+a1) for i>1. This equality is only approXimate 
because it neglects the fact that the satellite 12 moves during 
the time of the signal’s trip from R0 to Ri and back to R0. In 
reality, the satellite 12 Will be in a different place When 
relaying the initial ranging signal from R1 to Ri than When 
relaying the reply signal from Ri back to R1. We can correct 
for this effect, but in the interest of clarity, We neglect it in 
the present description of the system, but not in the ?nal 
implementation. 

[0022] We noW outline a computational procedure Which 
transforms a set of frequency shifts and propagation time 
measurements ?rst into a set of communication path lengths 
(D1, D2, D3, etc.), then into a set of ranges (a1, a2, a3, etc.), 
and ?nally, into a three dimensional, vector position of the 
satellite 12. The measurements of propagation time include 
time for an electromagnetic Wave to travel the prescribed 
path, and also delay times associated With the electronic 
detection and retransmission of messages. These intervals 
are all measured With a single clock 18 at R1; therefore, 
secondary RNs at R2, R3, etc. do not need clocks, and the 
system depicted in FIG. 1 does not have any clock bias 
errors such as those in The Global Positioning System 

(GPS). 
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[0023] Signal Delay Times and Distances 

[0024] For the path corresponding to each measured 
propagation time tpl, tpz, tp3, etc., the processor 16 at R1 
computes an estimate of the total time delay, tdi, for all 
transceivers as Well as tropospheric and ionospheric propa 
gation along that path. The corresponding delay times tdl, 
tdz, td3, etc. are then used in the computation of the corre 
sponding distances betWeen the transceivers. 

[0025] The ionosphere and atmosphere are tWo elements 
in the signal path that sloW the signal to less than the vacuum 
speed of light, Which is de?ned as c=299, 792, 458 meters/ 
second. The delay time, tdi, is de?ned as the propagation 
time of a signal over the ith path minus the time required for 
an electromagnetic Wave to traverse a path of the same 
length in a perfect vacuum. Given that Di is the length of the 
ith communication path, Di=c(tpi—tdi). Delay time is the sum 
of many components, due to the ionosphere, atmosphere, 
transmitter, receiver, etc., and is never negative. 

[0026] The atmospheric and ionospheric signal delays 
have been thoroughly studied, and mathematical models 
have been constructed Which can predict these components 
of delay time (for example: Black, H. D., “An Easily 
Implemented Algorithm for the Tropospheric Range Cor 
rection,” Journal of Geophysical Reserch, vol. 83, no. B4, p. 
1825, (1978); and for the ionospheric effect: Klobuchar, J. 
A., “Design and Characteristics of the GPS Ionospheric 
Time Delay Algorithm for Single Frequency Users,” IEEE 
Puss ’86: Position Location and Navigation Symposium, 
Las Vegas, Nev., Nov. 4, 1986, p. 280). 

[0027] The ionospheric delay is harder to predict With high 
accuracy than that of the troposphere because the ionosphere 
undergoes more radical variations over time. If a particular 
application demands the highest possible accuracy, then the 
system 10 Will rely upon additional measurements rather 
than a ?xed mathematical model in order to determine the 
ionospheric propagation delay. Because that delay is 
inversely proportional to the square of the radio carrier 
frequency, and because it varies With location and time, 
additional measurements of round-trip signal propagation 
time through different ground reference points and/or at 
different carrier frequencies Will provide the continuous 
measurements of the ionosphere Which are needed for the 
highest accuracy range measurements. The availability of a 
large number of secondary RNs provides extra information 
Which can be used to determine the characteristics of the 
ionosphere, the troposphere, and other sources of signal 
delay in the communication path. The present invention can 
compensate for the time varying tropospheric and iono 
spheric signal propagation delays more accurately than a 
system Which contains a very small number of RNs or 
turn-around ranging stations. 

[0028] Other sources of delay involving the system’s 
antennas, transmitters, and receivers (including multi-path, 
etc.) are similarly estimated. All of the estimated time delays 
associated With the ith communication path are estimated, 
and added together to produce the total estimated time delay, 
tdi. All such delay times tdl, tdz, td3, etc. are then used in the 
computation of the corresponding communication path 
lengths D1, D2, D3, etc., via the formula 

Di=C(lpi-ldi) 
[0029] Based on D1, D2, D3, etc., the system 10 computes 
the ranges a1, a2, a3, etc., via formulas such as: a1=D1/2, and 
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ai=(Di—D1)/2. As mentioned previously, the ?nal implemen 
tation involves more complicated equations than these, due 
to the motion of the satellite 12 during the time interval 
betWeen its broadcast of the ranging signal and its relay of 
the reply signal. The correction is omitted here to simplify 
the presentation. The processor 16 then uses those ranges 
and the knoWn positions of the RNs 14, 11, (ai and Ri for i>0) 
to compute the satellite’s position RO by means of one of the 
tWo procedures described beloW. 

[0030] We derive tWo algorithms for determination of the 
(three dimensional) vector position of the satellite 12; a 
“Three Sphere Algorithm” Which uses range measurements 
involving at least three ground transceivers, and a “Range 
and Range Rate Algorithm” Which uses range measurements 
from only tWo ground transceivers. “Range Rate” refers to 
the time rate of change of range (dai/dt), and is derived from 
a combination of the time sequence of range measurements 
and measurements of the Doppler frequency shift of the 
radio signal, Which is described brie?y beloW. The “Range 
and Range Rate Algorithm” applies only to satellites Which 
are not in geostationary orbit; Whereas, the “Three Range 
Algorithm” applies to geostationary or non-geostationary 
satellites. 

[0031] Doppler Frequency Shift 

[0032] If a transmitter at position R1 sends a radio signal 
at carrier frequency f1 to a receiver at position RO Which is 
approaching or receding, then the receiver Will detect the 
signal at a different frequency fO due to the Doppler effect. 
The siZe of the Doppler frequency shift depends on the radial 
velocity, Which We denote as VI, and Which equals the time 
rate of change of the distance betWeen the transmitter and 
receiver. If the velocity of the receiver relative to the 
transmitter is much smaller in magnitude than the speed of 
light, then (approximately), 

[0033] If another signal is transmitted at frequency fO from 
RO back to R1, then the Doppler shift is compounded, so that 
the frequency detected at R1 is 

f11=fU(1_VI/C)=f(1_VI/C)2> 
[0034] Which is approximately 

[0035] The Doppler frequency shift (f@ is the difference 
betWeen the frequency f11 received at point 1 after the 
round-trip, and that of the signal initially transmitted from 
point 1, Which is f1; therefore, 

[0036] The Doppler shift measurement therefore yields a 
measurement of the radial velocity, 

[0037] and this information contributes to the orbit deter 
mination, as described beloW. 

[0038] Geometry 
[0039] In this invention, We present tWo algorithms Which 
may be used to convert a set of scalar measurements into the 
vector position of the satellite 12. The “Three Sphere” 
positioning algorithm employs round trip signal propagation 
betWeen a transceiver at an unknoWn location (Which We 
denote R0) and a set of three or more RNs. The “Range and 
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Range Rate” positioning algorithm requires round trip com 
munication betWeen the transceiver at R0 and only tWo RNs, 
but also requires that RO be moving relative to the RNs. In 
both of these approaches, the round trip pattern of commu 
nication implies that all round trip propagation time intervals 
can be measured from a single clock located at the primary 
RN. There is no need for highly accurate or synchronized 
clocks at any other location in the system. 

[0040] In contrast, a typical GPS receiver requires mea 
surements of signals from four different transmitters in order 
to solve for the receiver’s position. Due to the one Way 
nature of the communication, the GPS transmitters must 
have highly accurate and precisely synchroniZed clocks, and 
each GPS receiver must solve for the precise local time 
While determining its three dimensional position. 

[0041] An additional advantage of the present invention is 
that these tWo algorithms are direct, closed form solutions to 
the nonlinear system of equations Which de?ne the satellite’s 
position; Whereas, GPS uses an iterative solution to a 
lineariZed approximation of an intrinsically non-linear prob 
lem. The direct solution is more computationally ef?cient, 
faster, and more accurate. 

[0042] 
[0043] The three sphere algorithm transforms the ranges 
(a1, a2, a3, etc.) computed above and the knoWn positions of 
three or more RNs (R1, R2, R3 etc.) into the three dimen 
sional, vector position of the satellite 12 relative to the Earth. 
We use the folloWing notation to aid in the concise expres 
sion of the algorithm. 

[0044] Vector Notation 

[0045] In all of the folloWing equations, upper case letters 
denote three component vectors, and loWer case letters 
denote scalar (non-vector) quantities. 

“Three Sphere” Algorithm 

[0046] A><B=cross product (vector product) of vectors 
A and B, such that if C=A><B then the three components 
of C are: 

[0047] Note that the resulting C is perpendicular to A and 
to B. 

[0048] A~B=aXbX+ayby+aZbZ=dot product (also knoWn 
as the scalar product or inner product) of vectors A and 
B. 

[0049] A2=A~A=square of the length of vector AWhich 
equals the sum of the squares of the three components 
(X, y, Z) of the vector (as per the Pythagorean theorem 
in three dimensions). 

[0050] |A|=(A~A)1/2=length of vector A. 

[0051] Rj=vector Which points from the center of the 
Earth to the position of the jth RN, Where j=[1, 2, 
3, . . . ]. 

[0052] R032 vector Which points from the center of the 
Earth to the position of the satellite to be located. 

[0053] Rjk=R]-—Rk=vector from point k to point j. 
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[0054] aj=|ROj|=distance measurement from the jth RN 
to the satellite. 

[0055] 
[0056] The satellite’s position, R0, Will be determined 
relative to the RN positions (R1, R2, . . . )The folloWing 
geometrical and mathematical derivation of RO is performed 
not directly in Earth centered coordinates, but rather, in a 
coordinate system de?ned by the positions of the RNs. This 
choice of coordinate system separates the vector R01 (Which 
points from the knoWn R1 to the unknoWn R0) into three 
mutually perpendicular components (denoted Rpl, Rqp, Roq) 
In this carefully selected coordinate system, each of these 
vector components can be computed directly (non-itera 
tively) from the measurements (a1, a2, a3). The sum of these 
three vectors and the position vector of the primary RN (R1) 
is the desired location of the satellite (R0) Symbolically: 

Intersection of TWo Spheres 

[0057] The folloWing discussion describes the geometrical 
process of locating the intermediate points Rp and Rq in 
space, and then deriving algebraic formulas for those posi 
tions. 

[0058] FIG. 2 shoWs a plane containing the primary RN 
14 at R1 and the secondary RN at R2. It also shoWs the vector 
R21=R2—R1, Which points from R1 to R2. The measurement 
a1 limits the possible positions of R0 to the points on a sphere 
of radius a1 Which is centered at R1. The intersection of that 
sphere With the plane of FIG. 2 is a circle of radius a1. That 
circle is labeled |RO1|=a1. Although RO might lie on this 
circle, it is far more likely to lie above or beloW the plane 
depicted in FIG. 2. 

[0059] Similarly, the measurement a2 limits the possible 
positions of R0 to the points on a sphere of radius a2 Which 
is centered at R2. The intersection of that sphere With the 
plane of FIG. 2 is the circle labeled |RO2|=a2. Since RO must 
lie on both of these spheres, the only possible solution points 
for R0 in the plane of FIG. 2 are the points labeled Rb and 
Re, Where the tWo circles intersect; hoWever, there are other 
possible solution points above and beloW this plane. 

[0060] In order to visualiZe the location of all possible 
points Which lie on both of the aforementioned spheres, one 
may sloWly ?ip over the picture in FIG. 2, doing so in a Way 
that does not move vector R21. During this sloW rotation of 
the picture, one sees that the circles in the plane trace out 
spheres in three dimensions, and that Rb and Rc trace out a 
circle of possible positions for R0. That circle lies in another 
plane Which is perpendicular to the vector R21. In other 
Words, the circle de?ned by the intersection of the tWo 
spheres sticks out at a right angle from the plane depicted in 
FIG. 2. 

[0061] Having considered the geometrical construction of 
the circle of intersection, We noW develop equations Which 
quantify the position of the structures discussed above. FIG. 
3 is an enlargement of the central region of FIG. 2, With 
additional details added. The vector from R1 to Rb is denoted 
|Rb1|=a1, Where al is its length. Similarly, the vector from R2 
to Rb is denoted |Rb2|=a2, Where a2 is its length. 

[0062] The vector Rbe Which points from R0 to Rb is 
perpendicular to the vector R21. The point of intersection of 
Rbe With R21 is denoted RP. This de?nition of Rp alloWs us 
to break the triangle With vertices at R1, R2, Rb into one right 
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triangle With vertices at R1, RP, Rb and another right triangle 
With vertices at R2, RP, Rb. The lengths of the sides of right 
triangles are related by the Pythagorean theorem: x2+y2=r2, 
Where X and y represent the lengths of the tWo perpendicular 
sides, and r represents the length of the third side. We noW 
use this theorem to determine the position of Rp relative to 
R1 and R2. 

[0063] The difference of these tWo equations is 

a12—a22=Rp12—Rp22. 
[0064] We note that Rp2=Rp1—R21; therefore, 

Rp22=Rp12—2R21-Rp1+R212. 
[0065] Combining these tWo equations gives: 

a12—a22=2R21'Rp1—R212. 
[0066] or equivalently, 

Rzl-Rp1=(R212+a12—a22)/2. 
[0067] This means R21-Rp1 can be either positive or nega 
tive, depending on the sign of R212+a12—a22. For example, if 
R1 Were inside the sphere denoted |RO2|=a2 and a1 Were much 
less than a2, then R21~Rp1<0. Whether R21-Rp1 is positive or 
negative, R21><Rp1=0, meaning that the tWo vectors are 
alWays either parallel or anti-parallel. In both cases, the 
vector extending from R1 to the center of the circle of 
intersection is de?ned by the folloWing equation: 

[0068] This equation de?ning Rp1 differs from those 
Which preceded it. The earlier equations Were general math 
ematical relationships and partial clues pointing toWard a 
solution, but because this equation contains only knoWn 
(measured or previously computed) quantities on the right 
hand side and a single variable on the left, it represents not 
just a mathematical relationship betWeen a set of knoWn and 
unknoWn quantities, but rather, an explicit procedure (nei 
ther implicit, recursive, nor iterative) for calculating the left 
hand unknoWn in terms of a set of knoWn quantities. Explicit 
procedural equations such as this Will be enclosed in boxes 
to distinguish them from other equations, Which only 
describe hoW they are derived. The set of all these explicit, 
procedural equations evaluated in the speci?ed order, con 
stitute the procedure Which determines the satellite position 
R0. NoW that We knoW Rpl, We may compute Rbp2 from the 
earlier equation for af: 

[0069] As mentioned above, Rb is only one possible solu 
tion for R0, but We have not yet included the a3 data in our 
calculation. Without that additional information, We could 
not distinguish betWeen Rb and any other point on the circle 
of intersection lying above or beloW the plane of FIG. 3. 
Rbp2 is the square of the radius of the circle of intersection, 
Which is also equal to ROPZ. 

[0070] At this step of the calculation, We knoW three key 
things about the circle of intersection: ?rst, the position of its 
center, RP=RP1+R1; second, its radius, |R0p|; and third, its 
orientation in three dimensional space, R21~ROp=0. We still 
must determine the angular position of RO on the circle of 
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intersection in order to obtain the full vector solution: 
RO=ROP+RP. Determining that angle requires a third mea 
surement. 

[0071] Constructing the Coordinate System 

[0072] In order to de?ne the angular position of R0, We 
de?ne a set of coordinate axes relative to Which the angle is 
measured. We denote the line connecting R1 and R2 as the 
x-axis, and de?ne the x-directed unit vector as 

[0073] (Dividing any vector by its oWn length produces a 
unit vector, that is, a vector With length equal to one.) This 
x unit vector (UX) is the “unit normal vector” of the circle of 
intersection, meaning that it is perpendicular to the plane 
containing that circle. 

[0074] The cross product of tWo parallel (or antiparallel) 
vectors is Zero. If R3 does not lie on the x-axis, then R31 is 
not parallel (or anti-parallel) to R21 and UX. In that case, 
RZ1=UX><R31 is non-Zero and is normal to the plane contain 
ing the RNs. If R3 lies on or very near to the x-axis, then |RZ1| 
is Zero or very close to Zero, and the position computation 
becomes inaccurate. This is true regardless of the compu 
tational algorithm used, but this algorithm detects this con 
dition explicitly, so that appropriate action may be taken, and 
the results of the computation Will not be misinterpreted. 

[0075] It is sometimes convenient to express RZ1 in refer 
ence to Rp rather than R1. This can be done because 

p1’ 
We de?ne the remaining tWo orthonormal vectors (Uy and 

[0077] There is no need to divide Uy by its oWn length, as 
We did for UX and U2, because UX and UZ are perpendicular, 
and both are of length one; therefore, their cross product Will 
be of length one. 

[0078] Intersection With Sphere 3 

[0079] The measurement a3 de?nes another sphere upon 
Which RO must lie. If point 3 is not on the x-axis, then this 
sphere Will cross the previously de?ned circle of intersection 
in tWo points, one above and one beloW the x-y plane, as 
shoWn in FIG. 4. We denote these crossing points Rd and Re, 
and note that Rde is parallel to UZ. Denote as Rq the point of 
intersection betWeen Rde and the x-y plane (Which is the 
plane containing UX and Uy, and also the plane depicted in 
FIGS. 2 and 3). 

[0080] We noW develop a procedure for locating Rd and 
Re. The satellite position RO is equal to either Rd or Rs. Since 
one of these Will lie beloW the surface of the Earth, there is 
no dif?culty in choosing the proper one as the last step of the 
computation. 

[0081] As shoWn in FIG. 4, the vector Rdq is parallel to 
UZ. FIG. 5, Which is similar to FIG. 3, but With point Rq 
added, shoWs that Rp1 is parallel to UK, and Rqp is parallel to 
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Uy. The sum of these three vectors Rd1=Rdq+RqP+Rp1 
de?nes the position of point Rd relative to point R1, and 
likewise for Rs. 

[0082] The Pythagorean theorem for the right triangle dpq 
decomposes Rdp into tWo components Which are aligned so 
that Rdq is parallel to UZ (see FIG. 4), and Rqp is parallel to 
Uy (see FIG. 5). 

Rdp2=Rdq2+Rqp2. 
[0083] The decomposition of Rd3 is similar; hoWever, 
there is an added Wrinkle. UZ is perpendicular to Rq3, as 
shoWn in FIG. 4; therefore, Rq3 has no Z component; 
hoWever, Rq3 may contain non-Zero components in both the 
X and y directions. This is in contrast to Rqp Which has only 
a y component, as shoWn in the previous paragraph. 

a32=Rd32=Rdq2+Rq32. 
[0084] The difference of these tWo equations is 

[0085] We note that Rq3=RqP+R ' therefore, 

[0086] Combining these last tWo equations yields: 

a32—Rdp2=Rp32+2Rqp-Rp3. 
[0087] Note that Rd is one of the possible solutions for R0; 
therefore, Rdp2=ROp2. This is the radius of the circle of 
intersection, Which We calculated previously. Substituting 
this into the previous equation yields: 

Rqp—Rp3=(a32—RDp2—Rp32)/2. 
[0088] As in a similar equation in the tWo sphere inter 
section procedure, this dot product, Rqp~Rp3 can be either 
positive or negative. The same procedure applies to both: 

Rqp= Uy(a32_RDp2_Rp32)/(2 Uy'Rp3) 
[0089] Note that Uy-Rp3=—Uy~R31. This quantity appears 
in the denominator of the equation above; hence, if it is Zero, 
the algorithm breaks doWn. This is not an artifact of this 
particular algebraic derivation, but a fundamental, geometri 
cal constraint. If Uy~R31=0 then point 3 lies on the x-axis. In 
that case We can determine only that RO lies on a circle 
Whose unit normal vector is UX. We can determine the radius 
of that circle, |Rop|, and the position of its center, RP, but not 
the angular position of RO around that circle. 

[0090] The third RN must lie far enough from the x-axis 
to break the cylindrical symmetry, and resolve the angular 
position of Rd and Re, one of Which is equal to R0. The 
accuracy of the position computation degrades as the third 
RN approaches the x-axis. We have applied this analysis to 
actual orbital con?gurations of proposed systems in order to 
assess the accuracy of the algorithm in the face of measure 
ment errors and sub-optimal RN alignments. In almost all 
cases, Uy~R31 is large enough, and the algorithm can con 
tinue as folloWs: The position of point q relative to the center 
of the Earth is 

Rq=Rqp+Rp1+R1. 
[0091] Knowing Rqp, We can use the Pythagorean theorem 
for triangle dpq (see FIG. 4) to obtain Rdp2=Rdq2+R 2 ‘1p ’ 

Which leads to the tWo candidate solutions for the satellite 
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[0092] Notice that the tWo solutions are located symmetri 
cally above and beloW the plane containing the RNs. 
Because the RNs are all on the surface of the Earth, one of 
these solutions Will lie either inside, or on the opposite side 
of the Earth. In virtually all cases, only one of the solutions, 
Rd or Re, Will be Within the ?eld of vieW of all of the RNs 
Which supplied the data; therefore, the algorithm can reject 
the spurious solution, and identify the other as R0. 

[0093] 
[0094] If only tWo RNs are in vieW of a satellite, and 
provided that the satellite is not stationary With respect to the 
Earth, then measurements of range and range rate from a 
single RN can localiZe the satellite’s possible positions to a 
circle of intersection, just as does the tWo sphere intersection 
discussed above. In this case, the circle of intersection 
corresponds to the intersection of a sphere With a cone 
Whose vertex is located at the center of the sphere. After this 
circle of intersection is de?ned by a neW procedure, one can 
apply the same sphere-circle intersection procedure as is 
used With the Three Sphere positioning algorithm to solve 
for the satellite’s position. 

[0095] In the Sphere and Concentric Cone algorithm, the 
range measurement again constrains possible solution points 
to the surface of a sphere. The neW facet is that the range rate 
measurement further limits solution points to a cone Whose 
vertex lies at the center of that same sphere. Because the 
cone is concentric With the sphere, their curve of intersection 
is a circle. Such a circle is analogous to a line of constant 
latitude on a globe of the Earth; hoWever, its orientation is 
de?ned by the motion of the satellite, and not ?xed to the 
Earth. 

[0096] If the satellite Were in uniform, linear motion 
relative to the RN, then the relative velocity vector (V01) 
divided by its oWn length Would de?ne the axis of the cone 
(Which is UK), and the ratio of radial to total relative velocity 
Would determine the cone s angle=arccos(vI/|VO1|); hoWever, 
the actual situation is a bit more complicated. The satellite 
of interest in the present invention, and also the RNs on the 
surface of the Earth are in nearly uniform, circular motion 
relative to inertial space. 

Intersection of Sphere and Concentric Cone 

[0097] Despite the added complexity in this case, We-still 
obtain a closed form solution. The generaliZation to elliptical 
satellite orbits is a trivial extension of this algorithm, and 
While not discussed in detail, should be considered included 
in the present invention. Both the satellite and the RNs are 
moving along trajectories of constant altitude. In the case of 
the RNs, this is due to the rotation of the surface of the Earth. 
One can express the velocity in any circular motion as 
Vj=Wj><R]-; therefore, 

[0098] where W]- is the vector angular velocity. For RNs 
?xed to the surface of the Earth, W1 is identical to the 
Earth’s angular velocity. If the satellite is not geostationary, 
but is moving in an orbit Which is approximately circular, 
then on the time scale of the calculation process, We consider 
WO to be constant. 

[0099] As described above, the system measures the dis 
tance betWeen the primary RN and the satellite (al) from the 
signal propagation time, and the radial velocity (v) from the 
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time history of range measurements and from the Doppler 
shift. These scalar measurements are related to the satellite’s 
vector position and velocity as folloWs: 

Vo1'Ro1=V1a1 

[0100] The range and range rate measurements de?ne 
VO1~R01; hoWever, since RO is unknown, and is involved in 
the de?nitions of both R01 and V01, We must do some vector 
algebra to disentangle RO from the cross product. 

[0101] Note that WO><RO1 is perpendicular to R01, While 
W01><R1 has components both perpendicular and parallel to 
R01. The dot product (WoxRl). R01 is Zero; therefore, 

Vo1'Ro1=(Wo1XR1)'Ro1 
[0102] We assume that the satellite’s angular velocity 
(W0) is knoWn to high accuracy, and that What is not knoWn 
at the time of the measurement is its precise position (R0). 
The angular velocity of the Earth (W1) and the position of 
the primary RN (R1) are assumed to be knoWn. This implies 
that the vector WO1><R1 is knoWn, and We use it to de?ne the 
X unit vector (UK) in this Range and Range Rate algorithm. 
It plays the same role here that R21 does in the Three Sphere 
algorithm. 

[0103] The center of the circle of intersection is again 
denoted Rp, and in this algorithm, 

Rp1=Ux(RU1- UX)=UXa1VI/| WD1XR1I' 
[0104] As in the Three Sphere algorithm, 

RDp2=a12—Rp12. 
[0105] Via these equations, i.e., range plus range rate 
measurements from a single RN, the position, orientation, 
and radius of the circle of intersection are provided Without 
using a second RN. Once one has the circle of intersection, 
either from TWo Sphere or Sphere and Concentric Cone 
method, then one can use the same method to intersect that 
circle With the ?nal sphere to get the satellite’s position. In 
the Range and Range Rate method, all references to the 
“third RN” in the ?nal sphere intersection method actually 
refer to the second RN, since no third RN is required. After 
the assignments R3=R2 and a3=a2, the Range and Range 
Rate algorithm proceeds in the same Way as the Three 
Sphere algorithm. 
[0106] While the best modes for carrying out the invention 
have been described in detail, those familiar With the art to 
Which this invention relates Will recogniZe various alterna 
tive designs and embodiments for practicing the invention as 
de?ned by the folloWing claims. 

What is claimed is: 
1. A method for determining a position of an orbiting 

transceiver in a communications netWork including at least 
a ?rst and second transceiver at a ?rst and second knoWn 
location, respectively, on Earth, the ?rst and second trans 
ceivers adapted to transmit and receive communications 
signals to and from the orbiting transceiver, the method 
comprising: 

determining a ?rst and second range measurement 
betWeen each of the ?rst and second transceivers and 
the orbiting transceiver, respectively; 
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determining a ?rst and second range rate corresponding to 
a time rate of change of the ?rst and second range 
measurements, respectively; 

determining a circle of intersection representative of the 
set of possible positions for the orbiting transceiver 
based on the ?rst range measurement and the ?rst range 
rate, the circle of intersection having a speci?c orien 
tation in space, a speci?c radius and a center in a 
speci?c, three dimensional position relative to the 
knoWn position of the ?rst transceiver; 

determining an angular position of the orbiting transceiver 
along the circle of intersection based on the knoWn 
position of the second transceiver and the second range 
measurement; and 

determining the position of the orbiting transceiver based 
on the circle of intersection and the angular position. 

2. The method as recited in claim 1 Wherein the orbiting 
transceiver is not stationary With respect to Earth. 

3. The method as recited in claim 1 Wherein determining 
the ?rst and second range measurements includes determin 
ing the ?rst and second range measurements utiliZing tWo 
Way ranging. 

4. The method as recited in claim 3 Wherein one of the 
?rst and second transceivers is a primary transceiver and 
Wherein determining the ?rst and second range measure 
ments includes: 

transmitting a ranging signal at a knoWn initial time from 
the primary transceiver to the orbiting transceiver; 

transmitting the ranging signal from the orbiting trans 
ceiver to the primary transceiver and the other one of 
the ?rst and second transceivers; 

transmitting a reply signal from the other one of the ?rst 
and second transceivers to the orbiting transceiver; 

transmitting the reply signal from the orbiting transceiver 
to the primary transceiver; 

receiving the ranging signal relayed back from the orbit 
ing transceiver and reply signal at the primary trans 
ceiver at ?rst and second time instants, respectively; 

determining a time interval betWeen the initial time 
instant and each of the ?rst and second time instants; 

determining a ?rst and second signal path length betWeen 
each of the primary transceiver and the other one of the 
?rst and second transceivers and the orbiting trans 
ceiver based on the time intervals; and 

determining the ?rst and second range measurements 
based on the ?rst and second signal path lengths. 

5. The method as recited in claim 4 Wherein transmitting 
the ranging signal further includes transmitting the ranging 
signal at a knoWn initial carrier frequency, and Wherein 
receiving the ranging signal relayed back from the orbiting 
transceiver and the reply signal at the primary transceiver 
further includes receiving the ranging signal relayed back 
from the orbiting transceiver and the reply signal at ?rst and 
second carrier frequencies, respectively, and Wherein deter 
mining the time intervals further includes determining a 
frequency difference betWeen the initial carrier frequency 
and each of the ?rst and second carrier frequencies, and 
Wherein determining the ?rst and second signal path lengths 
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further includes determining a rate of change of the signal 
path lengths based on the frequency differences and the time 
intervals. 

6. The method as recited in claim 5 Wherein the known 
position of the ?rst transceiver includes a ?rst position 
vector and Wherein determining the center of the circle of 
intersection includes: 

determining a ?rst sphere centered about the ?rst trans 
ceiver and having a ?rst radius corresponding to the 
?rst range measurement; 

determining a ?rst angular velocity vector of the orbiting 
transceiver relative to the center of the Earth; 

determining a second angular velocity vector of the ?rst 
transceiver relative to the center of the Earth; 

determining a difference betWeen the ?rst and second 
angular velocity vectors to obtain a difference angular 
velocity vector; 

determining an X-unit vector corresponding to the nor 
maliZed cross product of the difference angular velocity 
vector With ?rst position vector; 

determining an X-aXis corresponding to a line passing 
through the center of the ?rst sphere and being parallel 
to the X-unit vector; 

de?ning a range rate cone having a vertex located at the 
center of the ?rst sphere, the cone being oriented 
symmetrically about the X-aXis and having its surface at 
a speci?c angle relative to the X-aXis, the speci?c angle 
being determined by the rate of change of the signal 
path length betWeen the primary transceiver and the 
orbiting transceiver; and 

determining the center as lying on the X-aXis at the 
speci?c distance and in the speci?c direction from the 
position of the ?rst transceiver. 

7. The method as recited in claim 6 Wherein determining 
the angular position includes: 

determining a y-aXis and a Z-aXis Which are perpendicular 
to each other and each of the y-aXis and the Z-aXis 
further being perpendicular to the X-aXis; 

determining a second sphere centered about the second 
transceiver and having a second radius corresponding 
to the second range measurement; 

de?ning tWo solution points located at the intersection 
betWeen the circle of intersection and the second 
sphere; 

de?ning an h-aXis containing the tWo solution points and 
being parallel to the Z-aXis; and 

determining the second intermediate point at the intersec 
tion betWeen the h-aXis and the X-y plane. 

8. The method as recited in claim 7 Wherein determining 
the y-aXis and the Z-aXis further includes: 

determining the y-aXis intersecting the X-aXis at the center 
of the circle of intersection and oriented such that the 
knoWn position of one of the second transceiver and the 
third transceiver lies in an X-y plane containing the 
X-aXis and the y-aXis; and 
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determining the Z-aXis as being perpendicular to the X-y 
plane and intersecting the X-y plane at the center of the 
circle of intersection. 

9. The method as recited in claim 1 further comprising a 
third transceiver Wherein determining the ?rst and second 
range measurement further includes determining a third 
range measurement, and Wherein determining the circle of 
intersection further includes determining the circle of inter 
section relative to the ?rst and second transceivers based on 
the ?rst and second range measurements, and Wherein 
determining the angular position further includes determin 
ing the angular position based on the circle of intersection, 
the knoWn position of the third transceiver and the third 
range measurement. 

10. The method as recited in claim 9 Wherein determining 
the center of the circle of intersection includes: 

determining a ?rst sphere centered about the ?rst trans 
ceiver and having a ?rst radius corresponding to the 
?rst range measurement; 

determining a second sphere centered about the second 
transceiver and having a second radius corresponding 
to the second range measurement; 

determining an X-aXis corresponding to a line containing 
the centers of the ?rst and second spheres; 

de?ning a second circle of intersection betWeen the ?rst 
and second spheres; 

de?ning a ?rst plane containing the second circle of 
intersection and being perpendicular to the x-axis; and 

determining the center of the circle of intersection 
betWeen the ?rst and second spheres at an intersection 
of the X-aXis With the ?rst plane. 

11. The method as recited in claim 10 Wherein determin 
ing the angular position includes: 

determining a y-aXis and a Z-aXis Which are perpendicular 
to each other and each of the y-aXis and the Z-aXis 
further being perpendicular to the X-aXis; 

determining a third sphere centered about the third trans 
ceiver and having a third radius corresponding to the 
third range measurement; 

de?ning tWo solution points located at the intersection 
betWeen the second circle of intersection and the third 
sphere; 

de?ning an h-aXis containing the tWo solution points and 
being parallel to the Z-aXis; 

determining a second intermediate point at the intersec 
tion betWeen the h-aXis and the X-y plane; and 

determining tWo angular positions of the tWo solution 
points based on the position of the second intermediate 
point. 

12. A system for determining a position of an orbiting 
transceiver in a communications netWork, the system com 
prising: 

at least a ?rst and second transceiver at a ?rst and second 
knoWn location, respectively, on Earth, the ?rst and 
second transceivers adapted to transmit and receive 
communications signals to and from the orbiting trans 
ceiver; and 
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a processor coupled to one of the ?rst and second trans 
ceivers operative to determine a ?rst and second range 
measurement betWeen each of the ?rst and second 
transceivers and the orbiting transceiver, respectively, 
determine a ?rst and second range rate corresponding 
to a time rate of change of the ?rst and second range 
measurements, respectively, determine a circle of inter 
section representative of the set of possible positions 
for the orbiting transceiver based on the ?rst range 
measurement and the ?rst range rate, Wherein the circle 
of intersection includes a speci?c orientation in space, 
a speci?c radius, and a center in a speci?c, three 
dimensional position relative to the knoWn position of 
the ?rst transceiver, determine an angular position of 
the orbiting transceiver along the circle of intersection 
based on the knoWn position of the second transceiver 
and the second range measurement, and determine the 
position of the orbiting transceiver based on the circle 
of intersection and the angular position. 

13. The system as recited in claim 12 Wherein the orbiting 
transceiver is not stationary With respect to Earth. 

14. The system as recited in claim 12 Wherein the pro 
cessor, in determining the ?rst and second range measure 
ments, is further operative to determine the ?rst and second 
range measurements utiliZing tWo-Way ranging. 

15. The system as recited in claim 14 Wherein one of the 
?rst and second transceivers is a primary transceiver and the 
system further comprising: 

the primary transceiver for transmitting a ranging signal at 
a known initial time to the orbiting transceiver; 

the orbiting transceiver for transmitting the ranging signal 
to the primary transceiver and the other one of the ?rst 
and second transceivers; 

the other one of the ?rst and second transceivers for 
transmitting a reply signal to the orbiting transceiver; 

the orbiting transceiver for transmitting the reply signal to 
the primary transceiver; 

the primary transceiver for receiving the ranging signal 
relayed back from the orbiting transceiver and reply 
signal at ?rst and second time instants, respectively; 
and 

the processor further operative to determine a time inter 
val betWeen the initial time instant and each of the ?rst 
and second time instants, determine a ?rst and second 
signal path length betWeen each of the primary trans 
ceiver and the other one of the ?rst and second trans 
ceivers and the orbiting transceiver based on the time 
intervals, and determine the ?rst and second range 
measurements based on the ?rst and second signal path 
lengths. 

16. The system as recited in claim 15 Wherein the primary 
transceiver, in transmitting the ranging signal, is further 
operative to transmit the ranging signal at a knoWn initial 
carrier frequency, and Wherein the primary transceiver, in 
receiving the ranging signal relayed back from the orbiting 
transceiver and the reply signal, is further operative to 
receive the ranging signal relayed back from the orbiting 
transceiver and the reply signal at ?rst and second carrier 
frequencies, respectively, and Wherein the processor, in 
determining the time intervals further includes determining 
a frequency difference betWeen the initial carrier frequency 
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and each of the ?rst and second carrier frequencies, and, in 
determining the ?rst and second signal path lengths, is 
further operative to determine a rate of change of the signal 
path lengths based on the frequency differences and the time 
intervals. 

17. The system as recited in claim 16 Wherein the knoWn 
position of the ?rst transceiver includes a ?rst position 
vector and Wherein the processor, in determining the center 
of the circle of intersection, is further operative to determine 
a ?rst sphere centered about the ?rst transceiver and having 
a ?rst radius corresponding to the ?rst range measurement, 
determine a ?rst angular velocity vector of the orbiting 
transceiver relative to the center of the Earth, determine a 
second angular velocity vector of the ?rst transceiver rela 
tive to the center of the Earth, determine a difference 
betWeen the ?rst and second angular velocity vectors to 
obtain a difference angular velocity vector, determine an 
X-unit vector corresponding to the normaliZed cross product 
of the difference angular velocity vector With ?rst position 
vector, determine an X-aXis corresponding to a line passing 
through the center of the ?rst sphere and being parallel to the 
X-unit vector, de?ne a range rate cone having a verteX 
located at the center of the ?rst sphere, the cone being 
oriented symmetrically about the X-aXis and having its 
surface at a speci?c angle relative to the X-aXis, the speci?c 
angle being determined by the rate of change of the signal 
path length betWeen the primary transceiver and the orbiting 
transceiver, and determine the center as lying on the X-aXis 
at the speci?c distance and in the speci?c direction from the 
position of the ?rst transceiver. 

18. The system as recited in claim 17 Wherein the pro 
cessor, in determining the angular position, is further opera 
tive to determine a y-aXis and a Z-aXis Which are perpen 
dicular to each other and each of the y-aXis and the Z-aXis 
further being perpendicular to the X-aXis, determine a second 
sphere centered about the second transceiver and having a 
second radius corresponding to the second range measure 
ment, de?ne tWo solution points located at the intersection 
betWeen the circle of intersection and the second sphere, 
de?ne an h-aXis containing the tWo solution points and being 
parallel to the Z-aXis, and determine the second intermediate 
point at the intersection betWeen the h-aXis and the X-y 
plane. 

19. The system as recited in claim 18 Wherein the pro 
cessor, in determining the y-aXis and the Z-aXis, is further 
operative to determine the y-aXis intersecting the X-aXis at 
the center of the circle of intersection and oriented such that 
the knoWn position of one of the second transceiver and the 
third transceiver lies in an X-y plane containing the X-aXis 
and the y-aXis, and determine the Z-aXis as being perpen 
dicular to the X-y plane and intersecting the X-y plane at the 
center of the circle of intersection. 

20. The system as recited in claim 12 further comprising 
a third transceiver and Wherein the orbiting transceiver is 
stationary With respect to Earth, Wherein the processor, in 
determining the ?rst and second range measurement, is 
further to determine a third range measurement, and, in 
determining the circle of intersection, is further operative to 
determine the circle of intersection relative to the ?rst and 
second transceivers based on the ?rst and second range 
measurements, and, in determining the angular position, is 
further operative to determine the angular position based on 
the circle of intersection, the knoWn position of the third 
transceiver and the third range measurement. 
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21. The system as recited in claim 20 Wherein the pro 
cessor, in determining the center of the circle of intersection, 
is further operative to determine a ?rst sphere centered about 
the ?rst transceiver and having a ?rst radius corresponding 
to the ?rst range measurement, determine a second sphere 
centered about the second transceiver and having a second 
radius corresponding to the second range measurement, 
determine an X-aXis corresponding to a line containing the 
centers of the ?rst and second spheres, de?ne a second circle 
of intersection betWeen the ?rst and second spheres, de?ne 
a ?rst plane containing the second circle of intersection and 
being perpendicular to the X-aXis, and determine the center 
of the circle of intersection betWeen the ?rst and second 
spheres at an intersection of the X-aXis With the ?rst plane. 

22. The system as recited in claim 21 Wherein the pro 
cessor, in determining the angular position, is further opera 
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tive to determine a y-aXis and a Z-aXis Which are perpen 
dicular to each other and each of the y-aXis and the Z-aXis 
further being perpendicular to the X-aXis, determine a third 
sphere centered about the third transceiver and having a 
third radius corresponding to the third range measurement, 
de?ne tWo solution points located at the intersection 
betWeen the second circle of intersection and the third 
sphere, de?ne an h-aXis containing the tWo solution points 
and being parallel to the Z-aXis, determine a second inter 
mediate point at the intersection betWeen the h-aXis and the 
X-y plane, and determine tWo angular positions of the tWo 
solution points based on the position of the second interme 
diate point. 


