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(57) Abréegée/Abstract:
A method and apparatus for resolving floating point and integer ambiguities in a satellite position navigation system Is disclosed. A
rover station Is periodically positioned at unknown locations and has a satellite recelver capable of recelving the navigation signals.
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(57) Abrege(suite)/Abstract(continued):
By calculating relative position coordinates between a base station in a known location and the rover station, and by calculating

other position parameters relative to the satellite position, a geometric constraint based on a measured elevation angle between the
rover and base station can be incorporated into data computations and processing to help resolve carrier phase ambiguities. The
elevation angle iIs measured by transmitting multiple laser beams to an optical sensor on the rover station. This technigue results In

greater precision In determining the location of the rover.
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ABSTRACT OF THE DISCLOSURE

A method and apparatus for resolving floating point and integer ambiguities in a
satellite position navigation system 1s disclosed. A rover station 1s penodically
positioned at unknown locations and has a satellite receiver capable of receiving the
navigation signals. By calculating relative position coordinates between a base
station in a known location and the rover station, and by calculating other position
parameters relative to the satellite position, a geometric constraint based on a
measured elevation angle between the rover and base station can be incorporated into
data computations and processing to help resolve carrier phase ambiguities. The
elevation angle 1s measured by transmitting multiple laser beams to an optical sensor
on the rover station. This technique results in greater precision in determining the

location of the rover.
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TITLE OF THE INVENTION

[0001] Estimation and Resolution of Carrier Wave Ambiguities in a Position

Navigation System

BACKGROUND OF THE INVENTION

[0002] This invention relates generally to satellite navigation receivers and more
particularly to estimating and resolving integer and floating point ambiguities of a navigation
satellite carmer wave. .

[0003] Satellite navigation systems, such as GPS (USA) and GLONASS (Russia), are
well known in the art and are intended for highly accurate self-positioning of users possessing
special navigation receivers. A navigation receiver receives and processes radio signals
transmitted by satellites located within line-of-sight distance of the receivers. The satellite
signals comprise carrier signals that are modulated by pseudo-random binary codes. The
receiver measures the time delay of the received signal relative to a local reference clock or
oscillator. These measurements enable the receiver to determine the so-called pseudo-ranges
between the receiver and the satellites. The pseudo-ranges are different from the actual ranges
(distances) between the receiver and the satellites due to various noise sources and varnations in
the time scales of the satellites and receiver. Each satellite has 1ts own on-board atomic clock,
and the receiver has its own on-board clock. If the number of satellites 1s large enough, then
the measured pseudo-ranges can be processed to determine more accurately the user location
and coordinate time scales.

[0004] The requirement of accurately determining user location with a high degree of
precision, and the desire to improve the stability and reliability of measurements, have led to
the development of differential navigation (DN). In differential navigation, the task of finding
the user position, also called the Rover, is performed relative to a Base station (Base). The
user may be mobile or immobile. The location coordinates of a moving Rover are continuously
changing, and should be referenced to a time scale. The precise coordinates of the Base station
are known and the Base station 1s generally stationary during measurements. The Base station
has a navigation receiver which receives and processes the signals of the satellites to generate
measurements. These signal measurements are transmitted to the Rover via a communication

channel (e.g., wireless). The Rover uses these measurements received from the Base, along
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with 1ts own measurements taken with its own navigation receiver, in order to precisely
determine its location. The accuracy of a Rover location determination i1s improved in the
differential navigation mode because the Rover is able to use the Base station measurements in
order to compensate for the major part of the strongly correlated errors in the Rover
measurements.

[0005]  Various modes of operation are possible while using differential navigation
(DN). In post-processing (PP) mode, the Rover’s coordinates are determined by co-processing
the Base and Rover measurements after all measurements have been completed. This allows
for highly accurate location determination because more data 1s available for the location
determination. In real-time processing (RTP) mode, the Rover’s coordinates are determined 1in
real time upon receipt of the Base station information received via the communication channel.

[0006] The location determination accuracy of differential navigation may be further
improved by supplementing the pseudo-range measurements with measurements of the phases
of the satellite carrier signals. If the carrier phase of the signal received from a satellite in the
Base receiver is measured and compared to the carrier phase of the same satellite measured 1n
the Rover receiver, measurement accuracy may be obtained to within several percent of the
carrier’s wévelength. The practical implementation of those advantages, which might
otherwise be guaranteed by the measurement of the carrier phases, runs into the problem of
ambiguity resolution for phase measurements.

[0007) The ambiguities are caused by two factors. First, the difference of a first
distance from a satellite to the Base in comparison with a second distance from a satellite to the
Rover is usually much greater than the carrier's wavelength. Therefore, the difference 1n the
phase delays of a carrier signal received by the Base and Rover receivers may substantially
exceed one cycle. Second, it is not possible to measure the integer number of cycles from the
incoming satellite signals; one can only measure the fractional part. Therefore, 1t 1s necessary
to determine the integer number of cycles, which is called the "ambiguity”. More precisely, we
need to determine the set of all such integer parameters for all the satellites being tracked, one
unique integer parameter respectively associated with each satellite. One has to determine this
set of integer ambiguities along with other unknown values, which include the Rover's

coordinates and the variations in the time scales.

Page 2 of 29




CA 02494417 2005-01-25
Docket No. 1010-0006-CAN

[0008] At a high level, the task of generating highly-accurate navigation

measurements is formulated as follows: it is necessary to determine the state vector of a system,

with the vector containing "= unknown components. Those include three Rover coordinates
(usually along Cartesian axes X, Y, Z) in a given coordinate system (sometimes time
derivatives of coordinates are added too); the variations of the time scales which is caused by
the phase drift of the local main reference oscillator in the recetver; and n integer unknown
values associated with the ambiguities of the phase measurements of the carnier frequencies.
The value of n is determined by the number of different carrier signals being processed, and
accordingly coincides with the number of satellite channels actively functioning in the receiver.
At least one satellite channel is used for each satellite whose broadcast signals are being
received and processed by the receiver. Some satellites broadcast more than one code-
modulated carrier signal, such as a GPS satellite which broadcasts a carrier in the L1 frequency
band and a carrier in the L2 frequency band. If the receiver processes the carner signals in both
of the L1 and L2 bands, a so-called dual-frequency receiver, the number of satellite channels
(n) increases correspondingly. Dual-frequency receivers allow for ionosphere delay correction
therefore making ambiguity resolution easier.

[0009] Two sets of navigation parameters are measured by the Base and Rover
receivers, respectively, and are used to determine the unknown state vector. Each set of
parameters includes the pseudo-range of each satellite to the receiver, and the full (complete)
phase of each satellite carner signal. Each pseudo-range is obtained by measuring the time
delay of a code modulation signal of the corresponding satellite. The code modulation signal 1s
tracked by a delay-lock loop (DLL) circuit in each satellite tracking channel. The full phase of
a satellite's carrier signal 1s tracked by a phase-lock-loop (PLL) in the corresponding satellite
tracking channel. An observation vector is generated as the collection of the measured
navigation parameters for specific (definite) moments ot time.

[0010] The relationship between the state vector and the observation vector is defined
by a well-known system of navigation equations. Given an observation vector, the system ot
equations may be solved to find the state vector 1f the number of equations equals or exceeds
the number of unknowns in the state vector. Conventional statistical methods are used to solve

the system of equations: the least squares method, the method of dynamic Kalman filtering, and

vanious modifications of these methods.
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[0011]  Practical implementations of these methods 1n digital form may vary widely.
In implementing or developing such a method on a processor, one usually must find a
compromise between the accuracy of the results and speed of obtaining results for a given
amount of processor capability, while not exceeding a certain amount of loading on the
Processor.

[0012] One general scheme comprises the following steps. The measured values of
the pseudo-ranges and full phases at specific (definite) moments of time, along with an
indication of the satellites to which these measurements belong and the time moments of the
measurements, are transmitted from the Base to the Rover. Corresponding values are measured
in the Rover receiver. The processing includes the determination of the single differences of the
pseudo-ranges and full phases between the Base and Rover measurements for each satellite.
The strongly correlated errors are compensated (i.e., substantially cancelled) in the single
differences. Then, the residuals of the single differences are calculated by subtraction of
calculated values from the measured results. The processing of residuals allows one to lineanze
the initial system of navigation equations (sometimes several subsequent iterations are
necessary), which makes possible the use of the well developed body of mathematics for
solving systems of linear equations. The components of the state vector, with the n ambiguities
included, are found as a result of the solution.

[0013] But the calculated values of the ambiguities are not necessarily integer
numbers, and are often floating point numbers. Because of this, they are called float
ambiguities, or floating ambiguities, at this stage of the solution. To find true values of the
integer ambiguities one uses the procedure of rounding off the float ambiguity vector to the
nearest set of integers. This process is called the ambiguity resolution. Only after the ambiguity
resolution has been done is it possible to determine the true values of residuals and then, by
solving the system of equations again, to find the coordinate values for the baseline connecting
the Base and Rover, and consequently to determine the exact coordinates of the Rover and the
correction to its clock drft.

[0014] The above described general scheme of computations is well known 1n the art
and is described in further detail, for example, in, Bradford W. Parkinson and James J. Spilker
Jr., Global Positioning Theory and Applications, Volume 163 of Progress In Astronautics and
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Aeronautics, published by the American Institute of Aeronautics and Astronautics, Inc,
Washington D.C., 1996.

[0015] However, the task of measuring carrier phase 1s difficult to accomplish. In
practice, we must use non-ideal receivers to measure the phases, with each receiver having a
different clock offset with respect to the GPS time, and with each receiver having phase errors
occurring during the measurement process. In addition, at the present time it 1s not practical to
individually count the carrier cycles as they are received by the receiver’s antenna since the
frequency of the carrier signal is over 1 GHz. This creates the “integer cycle ambiguity”™
problem that necessitates the solution provided by the present invention. Resolving the cycle
ambiguities efficiently and with reasonable precision is an important aspect in successfully

using the phase information to improve the estimated coordinates of the baseline.

BRIEF SUMMARY OF THE INVENTION

[0016] The present invention provides an improved method and apparatus for
achieving better accuracy in determining actual precise position coordinates of a stationary or
moving object using navigation satellite signals, receiver time offsets, laser beam transmitter,
and laser beam receiver.

[0017] One aspect of the invention 1s particularly oriented to speeding up the carrier
phase ambiguity resolution of satellite-to-receiver signals by augmentation based on laser beam
angle measurements.

[0018] The invention generally provides a technique for resolving carrier wave
ambiguities in a satellite position navigation system. In one embodiment, a differential
navigation system includes a base station positioned at a known location with a satellite
receiver capable of receiving navigation signals in the form of carrier waves from one or more
satellites. A rover station is periodically positioned at unknown locations and has a satellite
receiver capable of receiving the same or similar navigation signals. By determining relative
position coordinates between the base and rover as well as an elevation angle between the rover
and base stations, and by calculating other position parameters relative to the satellite position,
a geometric constraint can be developed to help resolve carner wave phase ambiguities and

minimize errors in determining the location of the rover.

Page 5 01 29




CA 02494417 2005-01-25
Docket No. 1010-0006-CAN

[0019] In one embodiment a laser transmitter on the base station transmits multiple
laser beams to an optical sensor on the rover as a basis for measuring the elevation angle
between the base and rover. A geometric constraint in the form of a conical surface based on
the elevation angle is used along with other parameters and calculations for estimation and
resolution of floating point and integer carrier phase ambiguity estimation and resolution.

[0020] These and other advantages of the invention will be apparent to those of
ordinary skill in the art by reference to the following detailed description and accompany

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Fig. 1 is a schematic drawing incorporating selected features of the invention
in a differential navigation system.

10022] Fig. 2 is a high level block diagram of a satellite receiver configured in
accordance with one embodiment of the invention.

[0023] Fig. 3 is a high level block diagram showing processing of satellite signals
used in embodiments of the invention.

[0024] Fig. 4 is a functional block diagram for an individual tracking channel in a
satellite receiver.

[0025]) Fig. 5 is a schematic drawing showing a Base station laser transmitter for
generating elevation measurements of a Rover station.

[0026] Fig. 6 is a schematic drawing showing a Base station laser transmitter for
generating elevation measurements of a Rover station mounted on an excavation machine.

[0027] Fig. 7 is a cross-sectional view showing an exemplary laser transmitter as
depicted 1n Figs. 5-6.

[0028] Fig. 8 i1s a schematic block diagram of a laser beam processing unit on a Rover
station.

[0029] Figs. 9A through 9J are illustrations of exemplary emission patterns of laser
beams generated by a laser transmitter.

[0030] Fig. 10 is a schematic diagram showing an elevation angle as measured

between a Base station laser transmitter and a reference point on a Rover station.
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[0031] Fig. 11 1s a schematic illustration showing estimated Rover positions
constrained to belong to a conical surface generated from a measured elevation angle when
estimating floating and integer ambiguity.

[0032] Fig. 12 1s a tlow chart for generating integer and floating point corrections

based on an elevation angle and geometric surface as depicted in Figs. 10-11.

DETAILED DESCRIPTION

[0033] A typical exemplary position navigation system for implementing the features
of the invention includes multiple satellites each radiating signals in two frequency bands: the
L1 band and the L2 band. Two carner signals are simultaneously transmitted in the L1-band;
both carrier signals have the same frequency, but are shifted in phase by n/2 (90°). The first L1
carrier signal 1s modulated by the clear acquisition C/A-code signal and the second L1 camrier
signal 1s modulated by the precision P-code signal. One carner signal 1s transmitted in the L2
band, and uses a different frequency than the L1 carrier signals. The L2 carrier signal is
modulated by the same P-code signal used to modulate the second L1 carner signal. These
carrier frequencies are between 1 GHz and 2 GHz in value. Each C/A-code signal and P-code
signal comprises a repeating sequence of segments, or “chips”, where each chip is of a
predetermined time period and has a pre-selected value, which is either +1 or —1. The segment
values follow a pseudo-random pattern, and thus the C/A-codes and the P-codes are called
pseudo-random code signals, or PR-code signals. Additionally, before each C/A-code signal
and P-code signal 1s modulated onto its respective carner signal, each code signal 1s modulated
by a low frequency (50 Hz) information signal (so-called information symbols).

[0034] The approximate distance between a satellite and a receiver 1s equal to the
speed of light multiplied by the transmission time it takes the satellite signal to reach the
receiver. This approximate distance 1s called the pseudo-range, and it can be corrected for
certain errors to find a corrected distance between the satellite and the receiver. There is a
pseudo-range between each visible satellite and the receiver. The transmission time from
satellite to recerver 1s measured with the aid of clocks in the receiver and the satellite, and with
the aid of several time scales (i.e., timing marks) present within the received satellite signal.
The clocks 1n the satellites and the receiver are set to substantially the same time, but it is

assumed that the receiver clock has a time offset because the receiver clock is based upon a
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quartz-crystal whereas each satellite clock i1s based upon a more accurate atomic reference
clock. The receiver has the orbital patterns of the satellites stored in a memory, and it can
determine the orbital position of the satellites based on the time of its clock. The receiver reads
the timing marks on the satellite’s signal, and compares them against 1t own clock to determine
the transmission time from satellite to receiver.

[0035] The satellite’s low-frequency (e.g., S0Hz) information signal provides the
least precise timing information, the C/A-code signal provides the next most precise timing
information, and the P-code signal provides the most precise timing information. The pseudo-
range i1s determined from the low-frequency information signal and the C/A-code signal for
civilian users and some military users, and is determined from the low-frequency information
signal and the P-code signal for most military users. Accurate use of the P-code signal requires
knowledge of a certain code signal that is only known to military users. Better precision than
that provided by the P-code signal can be obtained by measuring the phase of the satellite
carrier signal in a differential navigation DN mode using two receivers.

[0036] Fig. 1 shows a schematic drawing of an exemplary differential navigation
system incorporating certain features of the present invention. The differential navigation
system includes a Rover GPS unit 110 and a Base GPS Unit 114. The location of the Base 114
is known and the system is attempting to determine the location of the Rover 110. As 1s well
known 1n the art, Rover 110 receives signals from satellites 102, 104, 106, 108 via antenna 112.
Similarly, Base 114 receives signals from satellites 102, 104, 106, 108 via antenna 116. The
Base 114 transmits differential correction signals to the Rover 110 via communication channel
118. Communication channel 118 may be, for example, a wired or wireless connection. The
techniques for determining the location of the Rover 110 1n the illustrative system shown 1n
Fig. 1 are well known in the art, for example as descnbed in, Bradford W. Parkinson and James
J. Spilker Jr., Global Positioning Theory and Applications, Volume 163 of Progress In
Astronautics and Aeronautics, published by the American Institute of Aeronautics and
Astronautics, Inc, Washington D.C., 1996.

[0037] A laser unit 120 associated with Base 114 transmits laser beam(s) 122 to an
optical sensor 124 on the Rover 110 in order to precisely measure an elevation angle 126
between reference points on the Base and Rover. A local reference plane such as 128 1s used

for measuring the elevation angle. Additional details regarding the generation, transmission,
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detection and analysis of laser signals to measure the elevation angle are recited below in
connection with Figs. 5-9.

[0038] In accordance with one embodiment of the present invention, the Rover unit
110 1s modified to add the functionality of an integer ambiguity module in order to resolve
integer ambiguities based at least in part on the measurement of elevation angle 126. A high
level block diagram of a satellite receiver configured in accordance with one embodiment of
the invention is shown in Fig. 2. Fig. 2 shows a satellite receiver unit 202 comprising a signal
receiver 204 for receiving satellite signals via antenna 212. The signal receiver 204 provides
signal measurements to the navigation location determining module 206. The navigation
location determining module 206 performs the function of determining the location of the
satellite receiver unit 202 using the measurements received from signal receiver 204. This
function i1s sometimes referred to as the navigation task. The satellite receiver unit 202 also
includes a communication interface 208 for communicating with other devices via a
communication channel. For example, satellite receiver unit 202 receives information from the
Base station via the communication interface 208. In accordance with an embodiment of the
invention, the satellite receiver unit 202 also contains an integer ambiguity module 210 for
operating in accordance with the principles of the present invention. It is to be understood that
Fig. 2 is meant to show a high level functional block diagram of a satellite receiver unit for
purposes of illustrating the principles of the present invention. There are, of course, other
elements not shown which would be present in a satellite receiver umit. For example, a typical
satellite receiver unit would include one or more processors for controlling the overall
functioning of the unit. Such processors generally operate under the control of stored computer
program code stored in a memory unit of the unit. Given the description herein, one skilled 1n
the art would readily understand how to modify a well known satellite receiver unit in order to
implement the principles of the present invention.

[0039] As used here the term receiver refers to both the GPS satellite receiver unit
202 and the signal receiver 204 which is part of the satellite receiver unit 202. One skilled in
the art will recognize that these are different types of receivers. The satellite receiver unit 202
refers to the general unit used by a user to perform location functions by receiving and
processing satellite signals, while the signal receiver 204 refers to a particular portion of the

satellite receiver unit 202 which is a signal processing unit which receives signals via the
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antenna 212 and processes the signals (as descnbed herein below) and sends certain signal
measurements and parameters to the navigation location determining module for performance
of the navigation task.

[0040] Fig. 3 shows a high level block diagram of a satellite receiver 200 in
accordance with one embodiment of the invention. It is noted that the block diagrams used
herein are meant to describe the high level functioning and configuration of a unit. One skilled
in the art would readily recognize that some of the blocks represent hardware components
while other blocks represent some function or operation. The functions and operations may be
performed by hardware circuits, software instructions executing on a processor, firmware, or
some combination of hardware and software. Given the description herein, those skilled in the
art would be able to implement the described functionality using well known and various
combinations of hardware and software. As such, implementation details of the functions
described herein will not be described in detail as such implementation details would be readily
known to one skilled 1n the art.

{0041] Referring to Fig. 3, satellite receiver 200 comprises an antenna 214 for
receiving satellite signals 216. RF cable 222 carnes satellite signals from the antenna to RF
module 218. RF module 218 amplifies, frequency converts, and filters the signal in a manner
well known in the art. The signal output from the RF module 218 has low camer frequency
and sufficient power for analog to digital conversion. The output of the RF module 218 1s
provided to an analog-to-digital converter (ADC) 220, where the signal in each satellite channel
1s quantized by level and digitized by time. The ADC 220 provides the digital signal to
individual satellite channel processors 226, 228, 230. The output of the satellite channel
processors is provided to a navigation processor 232 which performs the navigation task.

[0042] Referring to Fig. 4, each channel tracks a selected one of the satellite signals.
Each tracking channel measures the delay of one PR-code signal within the satellite signal
(e.g., C/A-code or P-code signal), and also the phase of the down-converter version of the
satellite's carrier signal. A typical tracking channel comprises a Delay-Lock Loop (DLL)
circuit for tracking the delay of the PR-code, a Phase-Lock Loop (PLL) circuit for tracking the

phase of the satellite's carrier signal, and three correlators which generate the input signals for

the DLL and PLL circuits.
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[0043] The DLL circuit has a reference code generator that generates a set of
reference code signals, each of which tracks the PR-code of the satellite signal, and each of
which 1s provided as an input to a respective correlator. Each correlator output 1s representative
of the degree to which the reference code signals are tracking the satellite code signal (i.e., the
amount by which the reference signals are advanced or retarded in time with respect to the
satellite signal). The DLL circuit also has a DLL discnminator and a DLL filter. The DLL
discnminator receives inputs from two correlators, a DLL correlator that generates a base
signal for controlling the DLL circuit and a main correlator that generates a signal useful for
normalizing the base signal from the DLL correlator. The DLL discriminator generates an
error control signal from these inputs; this error signal 1s filtered by the DLL filter before being
provided to the DLL reference code generator as a control signal. The value of the DLL error
signal varies by the amount that the reference code signals of the DLL generator are delayed or
advanced with respect to the satellite code signal being tracked, and causes the code generator
to adjust the timing of the reference code signals to better match the satellite’s code signal. In
this manner, tracking 1s achieved. The pseudo-range 240 may be generated by methods known
to the art from the receiver clock 242, the 50 Hz information signal 244, and any one of the
reference code signals 246 generated by the DLL.

[0044] In a similar manner, the PLL has a reference carrier generator that generates a
reference carrier signal which tracks the down-converter version of the satellite's carrier signal.
We denote the frequency of the reference carrier signal as fNCO since the reference carrier
frequency 1s often generated by a numerically-controlled oscillator within the reference carrier
generator. Referning to Fig. 4, the PLL circuit also has a PLL discriminator and a PLL filter.
The PLL discniminator receives inputs from two correlators, a PLL correlator that generates a
base signal for controlling the PLL circuit, and the main correlator that generates a signal useful
for normalizing the base signal from the PLL correlator. Each correlator output 1s
representative of the degree to which the reference carrier signal is tracking the satellite’s
carrier signal (i.e., the amount by which the reference carrier signal 1s advanced or retarded in
time with respect to the satellite’s carrier signal). The PLL discriminator generates an error
control signal from these inputs; this error control signal is filtered by the PLL filter before
being provided to the PLL reference carrier generator as a control signal. The value of the PLL

error signal varies by the amount that the reference carrier signal of the PLL reference carmier
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generator 1s delayed or advanced with respect to the satellite carrier signal being tracked, and
causes the reterence carrier generator to adjust the timing of the reference carrier signal to
better match the satellite’s carrier signal. The reference carrier generator provides a phase input
250 representative of the phase (integrated frequency) of the PLL reference oscillator. This
phase input signal 250 may be combined with other information to provide a final output signal
252 representative of the full phase of the satellite signal (but with ambiguities in it).

[0045] Finally, each individual tracking channel usually comprises a search system
254 which 1mitially varies the reference signals to bring the PLL and DLL circuits into lock
mode. The construction of this and the other above components is well known to the art, and a
further detailed description thereof is not needed in order for one of ordinary skill in the art to
practice the present invention.

[0046] The PLL loop can easily track the Doppler-shift frequency of the carrier
signal, which 1s 1n the kHz range. As 1s known in the art, the satellite transmits at a fixed
frequency, but the relative motion between the satellite and receiver causes the frequency seen
by the receiver to be slightly shifted by the Doppler frequency. The reference oscillator (e.g.,
NCO) of the PLL circuit tracks the frequency of a selected one of the down-converted satellite
signals. As a result, it inherently tracks the Doppler-shift frequency of the satellite’s carrier
signal.

[0047] In U.S. Patent No. 6,268,824, it is shown how the observable phase signal is
related to the distance between the receiver and the satellite.

[0048] The teatures of the invention can be implemented in many application
environments and operational modes. The invention is suitable for both the real-time
processing mode (RTP) and for the post-processing mode (PP). It is useful in general
application areas where the relative positions between Rover and Base stations can be varied in
all directions (X, Y and Z axes). It is also applicable to more limited environments such as
where a Base station is always in a fixed position, or where a Rover is mounted on a vehicle or
on excavation equipment, etc.

[0049] The laser unit 120 and optical sensor 124 of Fig. 1 are shown in exemplary
embodiments of the invention in Figs. 5 and 6. A rotary laser device 27 projects a plurality of
beams by rotary irradiation to a photodetection sensor device 28. A tripod 29 installed for

approximate alignment with a known point X supports the laser device 27. The tripod 29
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carries a GPS measuring device 75 and constitutes a Base station.. A Rover 1s shown as a
mobile rod 34 that carnes the sensor device 28. A GPS measuring device 30 1s mounted an
upper end of the rod 34 and provides positional information based on signals received from a
satellite. The laser beam preferably incorporates fan-shaped beams 33a and 33b in a vertical
direction and a fan-shaped beam 33c tilted diagonally with respect to the other two beams 33a,
33b forming an N-shaped configuration. It is not required that the fan-shaped beams 33a and
33b run in vertical directions, although detection and analysis may be benefited where they run
parallel to each other and perpendicularly cross a horizontal reference plane.

[0050] Referring to the embodiment of Fig. 6, the Rover 1s mounted on excavation
equipment such as earth mover 17 with a blade 18 having a scraping edge 18a located at a
predetermined height.

[0051] Referring to Fig. 7, the rotary laser device 27 includes a laser projector 36
having a projection optical axis 40. The laser projection 36 1s accommodated in the casing 35
for tilting at any angle. A rotator 32 1s rotatably mounted on an upper portion of the laser
projector 36, and a pentagonal prism 39 1s mounted on the rotator 32. A motor drives the
rotator through a scanning gear 41. A laser beam emitting unit 52 and a collimator lens 53 are
arranged on a projection optical axis 40 together forming a projecting optical system 54. The
rotator 32 includes a prism holder 55 supporting the prism 39 and a diffraction grating 56. The
laser beam 33 emitted from the laser beam emitting unit 52 is turned to a parallel luminous flux
by the collimator lens 53 and enters the diffraction grating 56. The incident laser beam 33 is
divided by the diffraction grating 56 so as to form a plurality of fan-shaped laser beams such as
33a, 33b, 33c that are detlected 1n a horizontal direction by the pentagonal prism 39 and are
projected through a projection window 57 of the prism holder 55. The characteristics of the
laser beam are controlled by a control unit 50.

[0052]) It will be understood by those skilled in the art that other forms of multiple
laser beams generate from a laser transmitter may be utilized in practicing the invention such as
beams respectively having different characteristics such as different frequencies, different
polarizations, different wavelengths, different geometric forms, and/or different intensities.

[0053] Refterring to Fig. 8, a photodetection unit 62 for detecting the fan-shaped
beams 33a, 33b, 33¢ 1s mounted on the photodetection sensor device 28. The photodetection

sensor device 28 includes display unit 63, alarm unit 64, and input unit 65, as well as storage
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unit 66, arithmetic unit 67, photodetection signal processing circuit 68, photodetection signal
output unit 59 and tilt detector 70 for detecting the tilting of rod 34.

[0054] By obtaining a time interval ratio for a laser beam passing across the sensor
device 28, it 1s possible to calculate a passing position for each laser beam configuration.
Accordingly an elevation angle for the Rover compared to the center line of the laser
transmitter can be promptly calculated. Additional details for the exemplary laser
transmission, detection, and analysis system 1s found in U.S. Patent Application Publication
No. US 2004/0125365 A1 published July 1, 2004 entitled WORKING POSITION
MEASURING SYSTEM.

[0055] Refernng to Figs. 9A through 9], it will be understood by those skilled in the
art that various beam pattems and variations analogous to an N-shaped laser signal can be used
as a basis for sensing multiple diverging laser beams and computing an elevation angle between
a reference point on a Base station and a corresponding reference point on a Rover. Some of
these patterns incorporate only two fan-shaped beams (see Figs. 9A-9B) while others
incorporate three or more fan-shaped beams (see Figs. 9C-9J). Also, patterns incorporating
curved or creased fan-shaped beams (see Figs. 91-9J) can also be used. Exemplary techniques
for detecting and computing elevation angles including the technique of using two separated
light rece1ving sections in an optical sensor 28 for analyzing two selected fan-shaped beams are
disclosed in U.S. Patent Application Publication No. US 2003/0136901 A1 published July 24,
2003 entitled POSITION DETERMINING APPARATUS AND ROTARY LASER
APPARATUS USED WITH THE SAME.

[0056] As shown schematically in Fig. 10, the invention provides Rover elevation
angle theta measurements that are synchronized with GPS and GLONASS navigational data.
The elevation angle is measured between a local horizon plane 90 and the central line 92 of the
laser N-beam 94 emitted by the transmitter 27 and detected at the optical lens center of the
sensor 28. The optical center of the sensor lens 95 is at a fixed distance with respect to the
antenna phase center of the GPS Rover.

[0057] Accordingly for a known angle theta, the position of the antenna cannot be
arbitrary. It must be found on a certain geometric surface. In other words, provided one knows

the angle, only two degrees ot freedoms are left instead of three to locate the antenna. Actually

all three components of the Rover antenna (to be more precise - correction oX to the rough
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position X, of the Rover antenna X = X, + 8X ) are always used as a part of the vector Y, in

equation (7) below. Restriction from three degrees of freedom to only two degrees of freedom
1s performed 1mplicitly, applying penalty term (5) to the cost function (6) below. In any case

whether or not penalty 1s applied (whether or not the system (7) or (1) is solved) the state vector

e

Y, or Y, consists of X,y,z of correction oX , the time scales shift Jf, and ambiguity.

[0058] Referring to Figs. 10-11, the geometric surface generated from the elevation
angle theta 1s a cone with the vertex in the transmitter centerline point and a conical surface
generated to be inclined to the local horizon by the angle theta measured by the sensor. If the
Rover 1s at a mgher elevation than the laser transmitter, the conical surface expands upwardly
as shown 1n Fig. 11. Alternatively if the Rover is at a lower elevation than the laser transmitter,
the conical surface expands downwardly. Possible antenna locations are indicated at 96, 97,
98, and 99 on the surface of the cone. Such locations can be anywhere on the conical surface —
however the computation of the two additional degrees of freedom such as two additional polar
coordinates will ultimately confirm that only one of the possible reference points represents the
correct integer ambiguity.

[0059] This geometric information is useful for the process of ambiguity fixing
because it effectively restricts the region where the integer ambiguity may belong. Using this
additional geometry constraint when estimating floating and resolving integer ambiguities
makes 1t possible to better average GPS noise and finally to initialize faster and determine more
rapidly and etficiently a baseline vector between the Base and Rover.

[0060] The ambiguity resolution task generally comprises the following three main
parts:

1. Generation of the floating ambiguity estimations (estimating the floating ambiguities)
when additional geometry constraint is applied.

2. Generation of the integer ambiguities based in part on the floating ambiguity. and

3. Formation of a signal of ambiguities resolution.

[0061] The present invention pertains to estimating and resolving both the integer

ambiguities and the floating ambiguities. The apparatus and methods of our present invention

use as an input data:
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(a) the pseudo-ranges and full phase measurements obtained in the Base and Rover
recetvers;

(b) the satellites coordinates (which are highly predictable can be readily determined
from the GPS time and information provided in the 50 Hz low-frequency information signal by
methods well known to the art);

(c) the estimated coordinates of the Base and Rover stations (as measured at their
antennas); which may be generated from the pseudo-range data by single point solutions, and
oftentimes the coordinates of the base station are precisely known; and

(d) elevation angle parameters between the Base and Rover stations as measured using

laser beams transmitted from the Base station to the Rover station.

The inputs (a) — (c¢) are used implicitly when calculating the right-hand side vector R, in

equations (1) and (7) below.

[0062] The following recitation of data processing operations provides an explanation
of the underlying computational operations in an exemplary implementation and embodiment
of the invention. The mathematical analysis describes how the geometry constraint may be
incorporated into the floating and fixed (i.e., integer) carrier phase ambiguity estimation
schemes, provided the floating ambiguity estimation 1s performed recursively and either the

normal system matrix or inverse of the covariance matrix of unknown parameters 1s available.

The normal system matrix is denoted as D, below in the formula (1). The augmented matrix 1s

denoted as ﬁk in (7). Augmentation results from application of the constraint (4).

[0063]
Let:

- vectors are supposed to be columns,

- the symbol  stands for the matrix transpose,
- I be the identity matnx,
. )

T

-T =y, J be the known Laser Transmitter position,

Zr
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X

- X =| y | be the unknown position of the Rover, corrected for the antenna phase

Z

center to the Laser Sensor lens optical center offset,
- h be the normal vector to the local horizon,
- @ be the angle between the Laser Transmitter to the rover vector X' —7T and the

local horizon measured by the Laser Elevation Angle detector,

- [l|l is the Euclidean vector norm,

- lower index , stands for the number of number of epoch — current GPS time

instant.

Let X, be a rough approximation to the Rover position and oX be the correction

so that
X=X,+0X
éxk
Let also Y, =| &, | be the vector of parameters that are estimated at the & -th step
N k

of recursive estimation. In the notation above, ot 1s the between receivers clock
difference, N is the floating ambiguities vector. Whatever the numerical scheme of
estimation of unknown parameters may be, in the very general form it looks like solution

of the linear system with the symmetric positive definite matnx:
D,Y =R, (1)
Dy =D,,+AD, (2)
where D, is the normal system matrix or inverse of the covanance matrix, R, is the

right hand side vector comprising navigation data measured in two receivers at the epoch

k , floating ambiguities vector N,_, estimated at previous epochs, and accumulated

information collected at previous epochs. The formula (2) presents the normal system
update, which is the numencal core of the recursive estimation. Below we present a

mathematical description of how the Elevation Angle geometry constraint, reflecting the
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fact that the corrected Rover position belongs to the surface of the cone, may be involved

into the floating and fixed ambiguity estimation schemes.

[0064] Let us divide the matrix D, and the vector R, in the equation (1) into blocks

1in accordance with division of the vector of unknowns Y, into three parts:

Dxx,k E Dxt,k | Dxu,k Rx,k
D, = DLx,k ? Du,k | Dm,k ’ Rk — R:,k (3)
Dux,k Dnt,k Dnn,k Rn k

We will omit the epoch index , for the sake of brevity wherever this does not lead
to misunderstanding. Given the vector & let C; be the orthogonal projection onto the
local horizon plane

C,=1-hh
and
C,=hh
is the matrnix of orthogonal projection onto the direction # which 1s the orthogonal

complement to C, .
Provided there are no measurements errors, the identity
IC,(X -T)|tan(8) = |[C (X - T))

must hold.

Expanding last identity obtain that

o(X)=((X -TYC(X =T)] tan(@) -k (X -T) = 0. (4)
Let also introduce the quadratic penalty cost function for violation of the equation
(4):
D(X) =L p(X)". (5)

Note now that solution of the equation (1) 1s equivalent to minimization of the

quadratic function
F(Y)=1|(D,Y, -R)| =1(D,Y,~-R,) (DY, —R,).

The equalities (1) and (4) will be treated by least squares minimizing the

‘penalized’ cost function

Page 18 of 29



CA 02494417 2005-01-25
Docket No. 1010-0006-CAN

PY)=FX)+wd(X,+0X), (6)

where w 1s the weight with which the equality (4) must be taken into account along with
(1). Then the augmented scheme of estimating floating ambiguities comprising using the
Laser Elevation Angle data in the numerical process will consist in making one or more

Newton iterations to minimize the nonlinear function P(Y) in (6). One Newton iteration

takes the form

A

DY, = R,, (7)

where the augmented matrix 13k and vector ﬁk take the form:

0’ 2 D
[ Parwimoe by D | R w0
D, = D‘”‘ ................... D“"D‘"" R = R‘*" | (8)
an,k f Dnl,k f Dnn,k Rn,k
\ y, \ J
Here
0° O O .
O(X) = - o(x
oy (X) aX¢( )axco( )
X )tan( @ ] .
ML ) ,-(c,,--r —————C,(X -TXX -T)C,
(x -T)YC,(x -T)) (X -T)C (X -T)
\
o tan(@
—_®(X) = p(X) (o) -C(X-T)-h|.
oX (X -T)C,(X -T)) )

[0065] The numerical scheme above is formulated in the general form. It may be used
independently of the specifics of the ambiguity estimation algorithm used in recursive
estimation. The formulae (6), (7) express how to add one step of the Newton method to the
ambiguity estimation scheme. The Newton method aims to minimize the penalty function (5) in

the course of floating ambiguities estimation.
[0066] The tloating point ambiguity estimation goes first before the integer ambiguity

estimation. .After floating ambiguity has been estimated using the geometric restraint of the
cone surface, the augmented matrix D . and current floating ambiguity estimation may be used

the usual way when performing the integer ambiguity search.
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[0067] Particularly, both Lenstra-Lenstra-Lovasz transformation and
A -decorrelation may be applied to the augmented matrix Dk .

[0068] The observation vector consists of all navigation parameters comprising

between satellites and Rover and between satellites and Base pseudo-ranges and carner phases.

The observation vector is involved 1nto calculation of the nght-hand side vector R, in the

equation (1) above.

[0069] The state vector consists of all unknowns to be estimated: X,Y,Z of the
Rover, clock shift, ambiguity for all satellites and frequency bands. More precisely: X,Y,Z of
the Rover, between Rover and Base clock shift, between Base and Rover difference of

ambiguity for all satellites and frequency bands. The state vector estimated at the epoch k 1s
denoted by Y, in the equation (1) above.

[0070]  The present invention does not replace or eliminate the “rounding of the float
ambiguity vector to the nearest set of integers™. Very generally speaking the term ‘rounding

off> depends on the norm one uses to measure the closeness of two vectors — floating and

integer ambiguity in our case. The integer ambiguity resolution, or rounding off, may be

N-N H where N is the floating ambiguity

considered as a solution to the problem: r]?l?
€

vector, Z is the integer valued n-dimensional space (or integer lattice), N 1s the integer-valued

vector of ambiguity to be found, ||| stands for the norm we use to measure the closeness

between two vectors N and N . Using the ||| norm (or sum of absolute values of the vector
components) for ||| results in the ‘rounding-off” in the usual sense as solution of the above

minimization problem. We use another norm: weighted ||, or |||, which results in the

minimization problem min(N — N) D(N - N) (MP).

NeZ

[0071] The present invention (as part of integer ambiguity resolution) replaces the
matrix D with the augmented matrix D, where the matrix D appears in the equation (1), the
matrix D is defined in the equation (8). Also the floating point vector N as part of the state

vector Y, in (1) is replaced with the part of the state vector Y 1 (7).]
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[0072] ‘ Referring to the flow chart of Fig.12, the various steps for implementing the
method of operation for an exemplary embodiment in a differential navigation system are
shown. Generally speaking each time a Rover is placed in a different unknown location, the
invention provides a unique technique for collecting and processing various data parameters in
order to generate spatial coordinates that identify the unknown Rover locations with as much
precision as possible. The estimation and resolution of carner wave ambiguities 1s an
important part of this data collection, calculation and processing. After placing a Rover in an
unknown location (step 300), laser beams transmitted from a known location such as a Base
station are received by a rover sensor (step 302) and analyzed (step 304) in order to determine
an elevation angle of the laser beams relative to a local horizon reference (step 306). This
elevation angle is used to create a geometric conical surface (step 308) that provides a
geometric constraint for estimating carrier phase ambiguities sent by the navigational satellites.

[0073] A penalty term is calculated in accordance with equation (5) using the
elevation angle, current Rover position, and transmitter position (step 210). An augmented
normal system matrix (8) is calculated (step 312) and then used along with input 316 to
calculate an augmented right hand side vector for (7) (step 314).

[0074] The input 316 is generated by a series of steps incorporating data from both a
Base station and the Rover that can proceed separately and independently from the laser beam
detection and analysis. As shown by flowchart arrow 318, satellite carrier signals are received
(step 320) and processed to generate pseudo-range (step 322) and carrier phase (step 324)
parameters for further processing such as at the Rover (step 326). Analogous events occur for
satellite carrier signals received by the Rover (steps 328, 330, 332). The combined data
imputs from both Base and Rover is used to compute single differences of pseudo-range and
carrier phase data for each satellite (step 334). Additional calculations are made for satellite
positions (step 336) and for distances between satellites and both receivers (step 338). It 1s then
possible to calculate single differences residuals involving pseudo-ranges (step 340) and carner
phases (step 342) which are both used for calculating right hand side vector (step 344) of
equation (1).

[0075] After completing step 314 as described and shown, then step 346 calculates
single recursion by formula (7) to estimate floating position of the rover, clock difference, and

floating ambiguity. When ambiguity resolution (steps 348, 350) 1s deemed a success, then a
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final fixed position of the Rover 1s estimated (step 362). In some instances the ambiguity is
not resolved. Nevertheless in both situations the normal system matrix is updated (step 364)
according to the formula (2) and the sequence (step 368) starts all over again.

[0076] There are many iterations and reiterations of all the flowchart steps of Fig. 12
during initialization as well as thereafter as indicated at step 366 (Repeat recursion at next
epoch).

[0077] The processing of residuals is presented in the very general form by formulae

(1) and (2) where residuals are included into calculation of the right-hand side vector R, . The

cone surface 1s descnbed by the 1dentity (4). The additional geometry constraint — the Rover
position must belong to the cone surface — 1s taken into account by applying the penalty
function (5). So ‘not belonging’ to the cone surface (4) is ‘penalized’ by adding the penalty (5)
with the weighing coefficient w to the cost function (6). This results in the replacement of the
equation (1) with the equation (7) and further (8). The larger values takes the weighing

coefficient w in (8), the more close to the cone surface the Rover position is forced to be. Also,

as previously stated above, the augmented matrix ﬁk and floating ambiguity (as a part of the

estimated vector fk 1n (7)) are involved into the integer search of ambiguity.

[0078] Improvement of both the integer ambiguity and the floating ambiguity
estimations takes place step-by-step, and the probability of correct ambiguity resolution
increases step-by-step as information is accumulated recursively as described by the equation
(7). The geometry constraint (4) (which means ‘to belong to the cone surface’) is used
periodically as a part of recursive process (7) and every time there 1s a necessity to resolve
ambiguity or solve the problem (MP) above. Preferred finishing of this process is registered by
appearance of the signal of integer ambiguities resolution, which indicates that ambiguity
resolution was performed sufficiently safely. After that, the integer ambiguity estimations
incorporating the features of the present invention together with other input data are used for
accurate determination of the baseline vector between the Base and the Rover. The baseline
vector is a three dimensional Rover — Base difference of X,Y,Z.

[0079] The above method of the present invention may be carried out in an integer
ambiguity module 210 (see Fig. 2) or by data processor means located on a receiver or located

remotely using hardware, software, firmware, or combinations thereof. Program instructions
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implementing the invention may also be stored on disk, tape, non-volatile memory, volatile
memory, or other forms of computer readable medium. In view of the detailed disclosure
herein, it 1s well within the ability of one skilled in the GPS art to make, implement and use the
present invention.

[0080] The foregoing Detailed Description is to be understood as being in every
respect 1llustrative and exemplary, but not restrictive, and the scope of the invention disclosed
herein 1s not to be determined from the Detailed Description, but rather from the claims as
interpreted according to the full breadth permitted by the patent laws. It is to be understood
that the embodiments shown and described herein are only illustrative of the principles of the
present invention and that various modifications may be implemented by those skilled in the

art without departing from the scope and spint of the invention.
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1. Apparatus for resolving ambiguities 1n a satellite position navigation system
Comprising:
a base station located at a known location comprising:
a first satellite receiver capable of receiving navigation satellite signals
including carrier signals;
a laser transmitter;
a mobile station comprising:
a second satellite receiver capable of receiving navigation satellite signals
including carrier signals;
a photodetection device for receiving laser beams generated by said laser
transmitter;
an arithmetic processing unit for processing the laser beams in order to
calculate an elevation angle between said laser transmitter on said base station and
sald mobile station; and
a data processing unit in communication with said first and second satellite
receivers for determining the location of said mobile station based at least on part on
carrier signals, said processing unit configured to resolve carrier phase ambiguities

based at least in part on said elevation angle.

2. The apparatus of claim 1 wherein said data processing unit is configured to resolve

carrier phase floating point ambiguities based at least in part on said elevation angle.

3. The apparatus of claim 1 wherein said data processing unit is configured to resolve

carrier phase integer ambiguities based at least in part on said elevation angle.

4. The apparatus of claim 1 wherein said laser transmitter comprises a laser device

for generating multiple beams having different geometric characteristics.
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5. The apparatus of claim 4 wherein said multiple beams are shaped into two or more

beams that diverge vertically.

6. The apparatus of claim 5 wherein said arithmetic processing unit for processing

the laser beams computes a control signal from time delay between detections of the

two or more beams by said photodetection device.

7. The apparatus of claim 1 wherein said data processing unit resolves carner phase

ambiguities as part of a repeated 1terative procedure.

8. The apparatus of claim 1 wherein said arithmetic processing unit or said data
processing unit calculates a geometric cone having a vertex at said laser transmaitter

wherein a reference point location for said mobile unit 1s estimated to be on the

surface of said cone.

9. The apparatus of claim 1 wherein said data processing unit estimates first a

floating point ambiguity, and then uses said estimated tloating point ambiguity at

least in part for estimating an integer ambiguity.

10. A method for resolving ambiguities during position determination of a mobile

unit in a satellite navigation system comprising the steps of:
receiving a laser beam generated by a laser transmitter at a known location;

calculating an elevation angle between said mobile umt and said laser transmaitter;

and

resolving ambiguities in carrier waves received by the mobile unit based at least

in part on geometric constraint generated from said elevation angle.
11. The method of claim10 wherein said laser beam is N shaped.

12. The method of claim 10 wherein said laser beam comprises two or more

fan-shaped beams that diverge vertically.
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13. The method of claim 10 wherein said ambiguities are carrier phase integer

ambiguities.

14. The method of claim 10 wherein said ambiguities are carrier phase floating point

ambiguities.

15. The method of claim 10 wherein said step of resolving comprises the steps of:
generating a geometric cone having a vertex at said laser transmitter wherein a
reference point location for said mobile unit is estimated to be on the surtace of said

cone.

16. The method of claim 10 further comprising the steps of generating multiple laser
beams from the laser transmitter, said beams respectively having ditterent
characteristics taken from the following: different frequencies, different

polarizations, different wavelengths, different geometric forms, different intensities.

17. Apparatus for resolving ambiguities in a satellite position navigation system
having a base station at a known location capable of receiving navigation satellite
signals, and also having a laser transmitter, said apparatus comprnsing:

a mobile station;

a satellite receiver on said mobaile station;

an optical sensor on said mobile station capable of receiving laser beams
generated from the laser transmutter;

processor means for analyzing the laser beams to calculate an elevation angle
between said mobile station and the base station, and for resolving location

ambiguities based at least in part on said elevation angle.

18. The apparatus of claim 17 wherein said processor means estimates phase integer

ambiguities and floating point ambiguities based at least in part on said elevation

angle.
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19. The apparatus of claim 17 wherein said processor means estimates phase integer

ambiguities as part of an initialization process.

20. The apparatus of claim 17 wherein said mobile station is associated with a

construction machine.

21. The apparatus of claim 17 wherein said processor means calculates a geometric
cone having a vertex at the laser transmitter wherein a reference point location for

said mobile unit is estimated to be on the surface of said cone.

22. A method for resolving ambiguities during position determination of a mobile
unit having an optical sensor to receive multiple laser beams and having an antenna to
receive navigation satellite signals, comprising;

processing the satellite signals received by the antenna of the mobile unit in order
to detect cycle and phase parameters;

analyzing the laser beams received by the optical sensor of the mobile unit in
order to calculate an elevation angle between the mobile unit and a base station
located at a known location; and

resolving ambiguities in an estimated location of the mobile unit based on

calculations incorporating the elevation angle.

23. The method of claim 22 which further comprises resolving integer cycle

ambiguities based in part on said elevation angle.

24. The method of claim 22 which further comprises resolving tloating point

ambiguities based in part on said elevation angle.

25. The method of claim 22 which further comprises resolving ambiguities during an

initialization process.
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26. The method of claim 22 which further comprises calculating a geometric cone
based on the elevation angle wherein a reference point location for said mobile unit 1s

estimated to be on the surface of said cone.

~ 27. A computer readable medium storing computer program instructions which are
executable on a computer processor for resolving ambiguities during position
determination of a mobile unit having an optical sensor to receive multiple laser
beams and having an antenna to receive navigation satellite signals, said computer
program 1nstructions defining the following steps:

processing the satellite signals received by the antenna of the mobile unit in order
to detect cycle and phase parameters;

analyzing the laser beams received by the optical sensor of the mobile umt in
order to calculate an elevation angle between the mobile unit and a base station
located at a known location; and

resolving both floating point and integer carrier ambiguities using geometric

constraint based on calculations incorporating the elevation angle.

28. The computer readable medium of claim 27 which further includes program
instructions for calculating a geometric cone based on the elevation angle wherein a
reference point location for said mobile unit is estimated to be on the surface of said

cone.
29. The computer readable medium of claim 27 which further includes program

instructions for first estimating floating point ambiguities, and then using said

estimated floating point ambiguities at least in part for estimating integer ambiguities.
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