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TITLE OF THE INVENTION

Detection of Scintillations in Signals of Global Navigation Satellite Systems

Caused by lonospheric Irregularities

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is related to PCT International Patent Application
No.  (Attorney Docket No. 13838.0300), entitled Mitigation of Scintillations in
Signals of Global Navigation Satellite Systems Caused by lonospheric Irregularities,
which is being filed concurrently herewith and which is herein incorporated by

reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to global navigation satellite
systems, and more particularly to method and apparatus for detection of scintillations
in signals of global navigation satellite systems caused by ionospheric irregularities.

[0003] Global navigation satellite systems (GNSSs) can determine target
parameters, such as position, velocity, and time (PVT). Examples of currently
deployed global navigation satellite systems include the United States Global
Positioning System (GPS) and the Russian GLONASS. Other global navigation
satellite systems, such as the Chinese Beidou and the European GALILEO systems,
are under development. In a GNSS, a navigation receiver receives and processes
radio signals transmitted by satellites located within a line-of-sight of the receiver.
The satellite signals comprise carrier signals modulated by pseudo-random binary
codes. The receiver measures the time delays of the received signals relative to a
local reference clock or oscillator. Code phase measurements enable the receiver to
determine the pseudo-ranges between the receiver and the satellites. The pseudo-
ranges differ from the actual ranges (distances) between the receiver and the
satellites due to an offset between the time scales of the GNSS and the receiver. If
signals are received from a sufficiently large number of satellites, then the measured
pseudo-ranges can be processed to determine the coordinates and the offset
between the time scales of the GNSS and the receiver. This operational mode is

referred to as a stand-alone mode, since the measurements are determined by a
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single receiver. A stand-alone system typically provides meter-level accuracy of
positioning.

[0004] To improve the accuracy of positioning, differential navigation (DN)
systems have been developed. In a DN system, the position of a user is determined
relative to a base station, also referred to as a base. The base is typically fixed, and
the coordinates of the base are precisely known; for example, by surveying. The
base contains a navigation receiver that receives satellite signals and that can
determine the corrections to GNSS measurements based on the known base
position. In some DN systems, the raw measurements of the base can serve as
corrections.

[0005] The user, whose position is to be determined, can be stationary or
mobile; in a DN system, the user is often referred to as a rover. The rover also
contains a navigation receiver that receives GNSS satellite signals. Corrections
generated at the base are transmitted to the rover via a communications link. To
accommodate a mobile rover, the communications link is often a wireless link. The
rover processes the corrections received from the base, along with measurements
taken with its own receiver, to improve the accuracy of determining its position.
Accuracy is improved in the differential navigation mode because errors incurred by
the receiver at the rover and by the receiver at the base are highly correlated. Since
the coordinates of the base are accurately known, measurements from the base can
be used for calculating corrections, thus compensating the errors at the rover. A DN
system provides corrections to pseudo-ranges measured with code phase.

[0006] The position determination accuracy of a differential navigation
system can be further improved if the pseudo-ranges measured with code phase are
supplemented with the pseudo-ranges measured with carrier phase. [f the carrier
phases of the signals transmitted by the same satellite are measured by both the
navigation receiver in the base and the navigation receiver in the rover, processing
the two sets of carrier phase measurements can yield a position determination
accuracy to within several percent of the carrier’'s wavelength. A differential
navigation system that computes positions based on real-time carrier phase pseudo-
range measurements, in addition to the code phase pseudo-range measurements, is
often referred to as a real-time kinematic (RTK) system. Processing carrier phase

measurements to determine coordinates includes the step of ambiguity resolution;
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that is, determining the integer number of cycles in the carrier signal received by the
navigation receiver from an individual satellite.

[0007] The accuracy with which target parameters can be determined
using GNSS signals is affected by various factors; in particular, by the propagation of
the satellite signals through the ionosphere. The ionosphere is a dispersive media
located approximately between 40 and 1000 km above the Earth’s surface. Itis
saturated by electrically charged particles (electrons and ions). The highest
concentration of charged patrticles is within 250 — 400 km above the Earth’s surface.
Since the ionosphere is a dispersive media, it influences both the group delay and
phase advance of radio signals, resulting in different values for the group velocity
and the phase velocity of radio signals. The product of the group velocity and phase
velocity in the ionosphere is equal to the speed of light squared.

[0008] The values of the group velocity and the phase velocity are
dependent on the integral of the concentration of charged particles along the signal
propagation path. The concentration of charged particles is characterized by the
value of Total Electron Content (TEC). TEC is counted as the number of electrons in
a tube of 1 m? cross section extending from the transmitter to the receiver. In the
case of GNSS, the transmitter is a GNSS satellite, and the receiver is GNSS
navigation receiver.

[0009] As the TEC increases, the group velocity decreases, and the phase
velocity increases. The TEC value is dependent on the state of the ionosphere and
the obliquity factor. The state of the ionosphere strongly depends on the sun. When
the sun rises, its radiation breaks up gas molecules into ions and electrons. The
electron density reaches its maximum around 2 pm local time. Then ions and
electrons start to recombine, and, at night, the electron density declines to its daily
minimum.

[0010] Earth seasonal variations also lead to variations in the TEC. The
sun is higher above the horizon in summer than in winter; consequently, on average,
the TEC is higher in summer than in winter. The TEC is also dependent on the
geographical position on the Earth, as the elevation of the sun is different for
different latitudes, and the Earth’s magnetic field is different for different locations.

[0011] Similarly, the sun has its own seasonal variations, such that
approximately every 11-12 years its activity reaches the maximum. Approximate

years of maximum of solar activity are 2001, 2013, etc. The increased solar activity
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is characterized by frequent solar flares that eject plasma, including high-energy
protons, accompanied by X-rays. Such solar flares are the reasons for high and
non-uniform concentration of free electrons in the Earth’s ionosphere. The most
difficult ionospheric irregularities to predict are ionospheric irregularities of relatively
small size, such that receivers separated by ~1 km or less on the ground could
receive satellite signals with noticeably different group delay due to the ionosphere.
These relatively small size irregularities not only delay but also scatter radio signals,
leading to rapid fluctuations in amplitude and phase; these rapid fluctuations are
referred to as scintillations. In the most severe cases, scintillations can lead to
complete loss of signal.

[0012] Method and apparatus for the detection of scintillations in global
navigation satellite systems caused by ionospheric irregularities are therefore

advantageous.

BRIEF SUMMARY OF THE INVENTION

[0013] A scintillation caused by ionospheric irregularities during Global
Navigation Satellite System (GNSS) measurements is detected. A first input GNSS
measurement corresponding to a navigation satellite and corresponding to a first
carrier frequency and a second GNSS measurement corresponding to the navigation
satellite and corresponding to a second carrier frequency, in which the second
carrier frequency is different from the first carrier frequency, are received. A
geometry-free combination parameter based at least in part on the first input GNSS
measurement, the second input GNSS measurement, the first carrier frequency, and
the second carrier frequency is calculated. The occurrence of a scintillation caused
by an ionospheric irregularity is determined based at least in part on the geometry-
free combination parameter.

[0014] 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

the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Fig. 1A shows an example of a global navigation satellite system in
which the navigation receiver operates in a stand-alone mode or in a single-base-
station differential navigation mode;

[0016] Fig. 1B shows an example of a global navigation satellite system in
which the navigation receiver operates in a network differential navigation mode;

[0017] Fig. 1C shows an example of a global navigation satellite system in
which the navigation receiver operates in a satellite-based network differential
navigation mode;

[0018] Fig. 2 shows a high-level schematic functional block diagram of a
navigation receiver,

[0019] Fig. 3 shows a high-level schematic functional block diagram of a
control and computing system implemented with a computer,

[0020] Fig. 4A — Fig. 4C show a flowchart of a method for detecting
scintillations caused by ionospheric irregularities;

[0021] Fig. 5 shows a flowchart of a first method for mitigating scintillations
caused by ionospheric irregularities;

[0022] Fig. 6 shows a flowchart of a second method for mitigating
scintillations caused by ionospheric irregularities; and

[0023] Fig. 7 shows a flowchart of a third method for mitigating

scintillations caused by ionospheric irregularities.

DETAILED DESCRIPTION

[0024] Global navigation satellite systems (GNSSs) can operate in various
operational modes. Different operational modes require equipment of different
complexities and can determine target parameters (such as position, velocity, and
time) with different accuracies. The types and quantities of data to be processed
also depend on the operational mode. Several operational modes are summarized
below.

[0025] Fig. 1A shows a high-level schematic of a global navigation satellite
system (GNSS). A constellation of global navigation satellites 102 transmits
navigation signals. Shown are six representative navigation satellites, denoted
navigation satellite 102A — navigation satellite 102F, which transmit navigation signal

103A — navigation signal 103F, respectively. In general, the navigation satellites can
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belong to more than one global navigation satellite system (for example, GPS and
GLONASS).

[0026] Refer to the GNSS measurement unit 110, which operates in a
stand-alone mode. The GNSS measurement unit 110 includes the antenna 114 and
the navigation receiver 112. The antenna 114 receives navigation signals, such as
navigation signal 103A — navigation signal 103F; from these navigation signals, the
navigation receiver 112 can calculate target parameters, such as precision time
referenced to a GNSS system clock and position and velocity referenced to the
antenna 114. In some GNSS measurement units, the antenna is mounted in a fixed
relationship with respect to the navigation receiver. If the GNSS measurement unit
110 is carried by a person who is walking or running, the GNSS measurement unit
110 can be used to calculate the position and velocity of the person as a function of
time. If the GNSS measurement unit 110 is mounted on a moving vehicle, the
GNSS measurement unit 110 can be used to calculate the position and velocity of
the vehicle as a function of time.

[0027] In other GNSS measurement units, the antenna can be moved with
respect to the navigation receiver. In one application, the antenna 114 is mounted
on the blade of a bulldozer, and the navigation receiver 112 is mounted inside the
cab of the bulldozer; the antenna 114 is coupled to the navigation receiver 112 via a
flexible cable. The GNSS measurement unit 110 can then be used to measure the
position and velocity of the blade as a function of time. To simplify the discussion
below, phrases such as “position of the navigation receiver” or “position and velocity
of the navigation receiver” are used; strictly, however, “position” and “velocity” refer
to the parameters of the antenna that receives the navigation signals that are then
processed by the navigation receiver.

[0028] The navigation signals comprise carrier signals modulated by
pseudo-random binary codes. The navigation receiver measures the time delays of
the received signals relative to a local reference clock or oscillator. Code phase
measurements enable the navigation receiver to determine the pseudo-ranges,
which in essence are estimates of the distances between the navigation receiver and
the navigation satellites. The pseudo-ranges differ from the actual ranges
(distances) between the navigation receiver and the navigation satellites due to
presence of the term determined by the offset between the time scales of the

navigation receiver and the respective GNSS.
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[0029] If navigation signals are received from a sufficiently large number of
navigation satellites, then the measured pseudo-ranges can be processed to
determine the position of the navigation receiver. In general, the three-dimensional
coordinates of the navigation receiver can be determined; a reference Cartesian

coordinate (X, )/, Z ) system can be used. The reference Cartesian coordinate

system can be an Earth Centered Earth Fixed (ECEF) system; WGS-84 is an
example of an ECEF system. Two-dimensional coordinates along a reference

horizontal plane (X — ) plane) or a one-dimensional coordinate (Z or height) along

an axis normal to the reference horizontal plane can also be determined. The
reference horizontal plane can, for example, be tangent to the WGS-84 ellipsoid. A
time referenced to a GNSS system clock can also be calculated by the navigation
receiver from the navigation signals (which contain timing information). Velocity of
the navigation receiver can be calculated by taking the time derivative of position as
a function of time, by processing Doppler measurements, or by processing carrier
phase measurements over a specific interval of time.

[0030] Various error sources contribute to errors in determination of the
position and time. Examples of error sources include satellite clock errors, satellite
ephemeris errors, and variations in propagation velocities of the navigation signals
due to the ionosphere and troposphere. Time scales of the navigation satellites are
referenced to precision atomic on-board clocks and are synchronized with the GNSS
time scale; however, there are residual satellite-specific drifts and offsets with
respect to that GNSS time scale. Calculations of position, velocity, and time using
pseudo-ranges require ephemeris data (orbital positions of the satellites); ephemeris
data is encoded on the navigation signals, and is updated in real time periodically.
Measured pseudo-ranges are affected by the propagation velocity of the navigation
signals between the navigation satellites and the navigation receiver. The
propagation velocity depends on the medium and varies as the navigation signal
travels through the ionosphere and through the troposphere; instabilities in the
ionosphere and troposphere can result in dynamic changes to the propagation
velocity.

[0031] Some errors can be reduced by operating the GNSS in a differential
navigation (DN) mode. Refer again to Fig. 1A. The GNSS measurement unit 130,
also referred to as the base station (or base) 130, is fixed or stationary; its

coordinates are precisely known (for example, from high-precision surveying
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measurements). The GNSS measurement unit 120, also referred to as the rover
120, in general is mobile.

[0032] The base station 130 includes the antenna 134 and the navigation
receiver 132. The antenna 134 receives navigation signals, such as navigation
signal 103A — navigation signal 103F. The base station 130 also includes the
communications transceiver 136 and the antenna 138. Similarly, the rover 120
includes the antenna 124 and the navigation receiver 122. The antenna 124
receives navigation signals, such as navigation signal 103A — navigation signal
103F. The rover 120 also includes the communications transceiver 126 and the
antenna 128. The base station 130 transmits the communications signal 131 (for
example, a radiofrequency signal) from the antenna 138. The rover 120 receives the
communications signal 131 at the antenna 128.

[0033] From the received navigation signals, the navigation receiver 132 at
the base station 130 can caiculate corrections to the received GNSS measurements
with respect to the known position of the base station 130. In some DN systems,
raw measurements of the base station can serve as corrections. If the distance
between the base station 130 and the rover 120 is relatively small, then many of the
errors at the base station 130 and at the rover 120 are correlated. The base station
130 transmits error correction data to the rover 120 via the communications signal
131. The error correction data includes data that can be used to correct errors from
the various error sources discussed above, for example. The rover 120 processes
the navigation signals and the error correction data to determine the position of the
rover 120. The accuracy with which the rover 120 can determine its position in the
differential navigation mode is higher than the accuracy with which the GNSS
measurement unit 110 can determine its position in the stand-alone mode.

[0034] A DN system that broadcasts correction data to pseudo-ranges is
often referred to as a differential global positioning system (DGPS), or a differential
global navigation satellite system (DGNSS). The position determination accuracy of
a DN system can be further improved if the pseudo-ranges measured with code
phase are supplemented with the pseudo-ranges measured with carrier phase.

[0035] If the carrier phases of the signals transmitted by the same
satellites are measured by both the navigation receiver in the base station and the
navigation receiver in the rover, processing the two sets of carrier phase

measurements can yield a location determination accuracy to within several percent
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of the carrier's wavelength. A DN system that determines positions based on real-
time carrier phase pseudo-range measurements, in addition to the code phase
pseudo-range measurements, is often referred to as a real-time kinematic (RTK)
system. Processing carrier phase measurements to determine position includes the
step of ambiguity resolution; that is, determining the integer number of cycles in the
carrier signal received by the navigation receiver from an individual satellite.

[0036] More complex DN systems, including RTK systems, are configured
as network DN systems. In a network DN system, error correction data for a rover is
generated from measurements collected from a group of base stations that are
geographically dispersed over a wide area. A network control center processes the
measurements from the group of base stations and transmits the error correction
data to the rover via various communications links, such as radiofrequency satellite
signals or General Packet Radio Service (GPRS). Network DN systems can differ
by application areas and target positioning accuracy.

[0037] Fig. 1B shows an example of a regional (local) network DN system
used to provide a network RTK solution; such systems are often referred to as
Network RTK systems. Shown are the rover 190 and four representative base
stations, denoted base station 180A — base station 180D. The rover 190 includes
the antenna 194 and the navigation receiver 192. The antenna 194 receives
navigation signals, such as navigation signal 103A — navigation signal 103F. The
rover 190 also includes the communications transceiver 196 and the antenna 198.
The base station 180A includes the navigation receiver 182A, the antenna 184A, and
the data processing and communications unit 186A; base station 180B — base
station 180D are each similar to the base station 180A.

[0038] In general, the rover and each base station can receive navigation
signals from a slightly different subset of navigation satellites in the constellation 102,
dependent on observation specifics at the rover and at each base station. Operation
of the rover in a RTK mode is possible, however, only using satellite signals received
simultaneously by the rover 190 and by the base stations 180A — 180D.

[0039] Base station 180A — base station 180D transmit data 181A — data
181D, respectively, to the network control center (NCC) 1100. The data can be
transmitted via communications links or via a communications network. The NCC
1100 includes the communications transceiver 1102, the antenna 1104, and the data

processing and communications unit 1106. The NCC 1100 receives the data from
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the base stations as well as the approximate position of the rover and processes
these data according to specific algorithms to generate a consolidated set of error
correction data corresponding to the rover position (described in more detail below).

[0040] The NCC 1100 makes the consolidated set of error correction data
available to the rover via various communication channels, such as GPRS. In Fig.
1B, the NCC 1100 delivers the consolidated set of error correction data via the
communications signal 1101 (for example, a radiofrequency signal) transmitted from
the antenna 1104. The rover 190 receives the communications signal 1101 at the
antenna 198. The rover 190 then calculates its position based on measurements
collected with its receiver and the consolidated set of error correction data.

[0041] The consolidated set of error correction data in network RTK
systems can be partitioned into a few groups. The consolidated set of error
correction data can include:

e Cumulative corrections to both code phase and carrier phase
measurements from one or more individual base stations in a group of
base stations;

e Corrections to code phase and carrier phase measurements for a
virtual base station generated from processing GNSS measurements
for a group of base stations;

e Corrections representing the dispersive part of GNSS measurement
errors (measurement errors attributable to the ionosphere) for
measurements from one or more individual base stations in a group of
base stations;

o Corrections representing the non-dispersive part of GNSS
measurement errors (measurement errors attributable to the
troposphere, satellite ephemeris, and satellite clock data) for
measurements from one or more individual base stations in a group of
base stations;

¢ Coefficients approximating how various GNSS measurement error
components change in space; and

e Other servicing information.

[0042] Fig. 1C shows another example of a network DN system, referred

to as a Space Based Augmentation System (SBAS). Shown are the rover 170 and

-10 -



WO 2015/020551 PCT/RU2013/000681

four representative base stations, denoted base station 140A — base station 140D.
The rover 170 includes the antenna 174 and the navigation receiver 172. The base
station 140A includes the navigation receiver 142A, the antenna 144A, and the data
processing and communications unit 146A; base station 140B — base station 140D
are each similar to the base station 140A. In general, the rover and each base
station can receive navigation signals from a slightly different subset of navigation
satellites in the constellation 102, dependent on the specific navigation satellites in
view at the rover and at each base station. Operation of the rover in a differential
mode is possible, however, only using satellite signals received simultaneously by
the rover 170 and by the base stations 140A — 140D.

[0043] Base station 140A — base station 140D transmit data 141A — data
141D, respectively, to the network control center (NCC) 150. The data can be
transmitted via communications links or via a communications network. The NCC
150 includes the satellite transmitter 152, the antenna 154, and the data processing
and communications unit 156. The NCC 150 receives the data from the base
stations and processes the data according to specific algorithms to generate a
consolidated set of error correction data (described in more detail below). The NCC
150 transmits the consolidated set of error correction data to the geosynchronous
(geostationary) relay satellite 160 via the satellite uplink channel 151.

[0044] The geosynchronous relay satellite 160 then retransmits the
consolidated set of error correction data over a specific region (zone) of the Earth.
Multiple geosynchronous relay satellites provide coverage for multiple zones. In Fig.
1B, the rover 170 receives the consolidated set of error correction data from the
geosynchronous relay satellite 160 via the satellite signal 161. The rover 170 then
calculates its position from the navigation signals and the consolidated set of error
correction data. Note that the navigation receiver 172 in the rover 170 needs to be
specially equipped to process the satellite signal 161.

[0045] The consolidated set of error correction data can be partitioned into
a few groups. The consolidated set of error correction data can include:

o Corrections to code phase measurements from one or more individual
base stations in a group of base stations;
e Corrections to both code phase and carrier phase measurements from

one or more individual base stations in a group of base stations;
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Corrections to orbital (trajectory) parameters and clock parameters of
GNSS satellites, specified in the processing of measurements from a
group of base stations;

o Corrections to code phase measurements for a virtual base station
generated from processing GNSS measurements for a group of base
stations;

¢ Corrections to code phase and carrier phase measurements for a

virtual base station generated from processing GNSS measurements

for a group of base stations; and

o Other error correction data.

[0046] A third example of a network DN system, referred to as Precise
Point Positioning (PPP), is similar to network RTK in some aspects, but correction
data is presented differently. The architecture of the PPP system is identical to that
of the SBAS. Referring to Fig. 1C, a PPP system includes a network of base
stations 140A — 140D distributed regionally or globally. They send their data to the
network control center (NCC) 150. The NCC 150 receives the data from the base
stations and processes the data according to specific algorithms to generate a
consolidated set of error correction data (described in more detail below). As one
option, the NCC 150 can transmit the consolidated set of error correction data to the
geosynchronous (geostationary) relay satellite 160 via the satellite uplink channel
151. In another option, the NCC 150 can make the consolidated set of error
correction data available to a rover via the Internet.

[0047] The key distinction between the PPP system and the typical SBAS,
despite similarity in infrastructure, is better accuracy. The SBAS can provide
positioning accuracy, on the order of a meter or better; whereas, the PPP system is
capable of delivering decimeter level positioning accuracy. In certain cases, PPP
correction data sets can make possible carrier phase ambiguity resolution, thus
leading to centimeter level positioning accuracy (similar to RTK).

[0048] The consolidated set of error correction data in a PPP system can
be partitioned into a few groups. The consolidated set of error correction data can

include:
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e Corrections to orbital (trajectory) parameters of GNSS satellites
specified in the processing of measurements from a group of base
stations;

¢ Corrections to clock parameters of GNSS satellites, specified in the
processing of measurements from a group of base stations;

e Corrections for residual uncompensated errors of GNSS
measurements; and

o Other error correction data.

[0049] Each navigation satellite in a global navigation satellite system can
transmit navigation signals on one or more frequency bands (for example, on the L1,
L2, and L5 frequency bands). To simplify the terminology herein, a navigation
receiver is also referred to simply as a receiver. A single-band receiver receives and
processes signals on one frequency band (such as L1); a multi-band receiver
receives and processes signals on two or more frequency bands (such as L1, L2,
and L5). A single-system receiver receives and processes signals from a single
GNSS (such as GPS); a multi-system receiver receives and process signals from
two or more GNSSs (such as GPS, GLONASS, and GALILEO).

[0050] Fig. 2 shows a high-level schematic functional block diagram of an
example of a receiver, denoted as the receiver 200. The input analog signal 201
represents the total signal (also referred to as the combined signal, aggregate signal,
or composite signal) of all the navigation signals received by the antenna (not
shown) coupled to the receiver 200. For the example shown in Fig. 1A, the input
analog signal 201 includes the navigation signal 103A — navigation signal 103F. The
input analog signal 201 is first inputted into the analog radiofrequency (RF)
processing unit 202. In the analog RF processing unit 202, the input analog signal
201 is amplified by a low-noise amplifier, filtered by a RF bandpass filter, and mixed
with a local oscillator signal to generate an intermediate signal with an upconverted
frequency and an intermediate signal with a downconverted frequency. An
intermediate frequency bandpass filter removes the intermediate signal with the
upconverted frequency and outputs the intermediate signal with the downconverted
frequency; this output signal is denoted as the output analog signal 211.

[0051] The output analog signal 211 is inputted into the analog-digital
converter (ADC) 204, which digitizes the analog signal 211. The output digital signal
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213 is then inputted into the digital channel processing unit 206, which processes
navigation data used for solving navigation tasks. The navigation data includes
GNSS information (such as satellite ephemeris and satellite clock parameters)
encoded on the navigation signals. The navigation data also includes code phase
measurements (that is, delay times used to determine pseudo-ranges) calculated
from delay-locked loops (DLLs). If the navigation receiver processes carrier phases,
the navigation data also includes carrier phase measurements calculated from
phase-locked loops (PLLs).

[0052] The output digital signal 215 is inputted into the control and
computing system 208, which computes target parameters such as position, velocity,
and time offset. If the receiver operates in a differential navigation mode, the control
and computing system 208 receives the error correction data 203, used to compute
target parameters with better accuracy. In the single-base-station DN system shown
in Fig. 1A, the error correction data 203 would be received from the communications
transceiver 126 in the rover 120. In the network DN system shown in Fig. 1B, the
error correction data would be received from the communications transceiver 196 in
the rover 190. In the network DN system shown in Fig. 1C, the error correction data
203 would be received from the satellite signal 161.

[0053] An embodiment of the control and computing system 208 is shown
in Fig. 3. One skilled in the art can construct the control and computing system 208
from various combinations of hardware, firmware, and software. One skilled in the
art can construct the control and computing system 208 from various electronic
components, including one or more general purpose processors (such as
microprocessors), one or more digital signal processors, one or more application-
specific integrated circuits (ASICs), and one or more field-programmable gate arrays
(FPGAS).

[0054] The control and computing system 208 includes a computer 302,
which includes a processor [referred to as the central processing unit (CPU)] 304,
memory 306, and a data storage device 308. The data storage device 308 includes
at least one persistent, non-transitory, tangible computer readable medium, such as
non-volatile semiconductor memory, a magnetic hard drive, or a compact disc read
only memory.

[0055] The control and computing system 208 further includes a user

input/output interface 310, which interfaces the computer 302 to user input/output
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devices 312. Examples of user input/output devices 312 include a keyboard, a
mouse, a local access terminal, and a video display. Data, including computer
executable code, can be transferred to and from the computer 302 via the user
input/output interface 310.

[0056] The control and computing system 208 further includes a
communications network interface 320, which interfaces the computer 302 with a
communications network 322. Examples of the communications network 322
include a local area network and a wide area network. A user can access the
computer 302 via a remote access terminal (not shown) communicating with the
communications network 322. Data, including computer executable code, can be
transferred to and from the computer 302 via the communications network interface
320.

[0057] The control and computing system 208 further includes a digital
channel processing unit interface 330, which interfaces the computer 302 with the
digital channel processing unit 206 (see Fig. 2).

[0058] The control and computing system 208 further includes a
communications transceiver interface 340, which interfaces the computer 302 with a
communications transceiver, such as the communications transceiver 126 (see Fig.
1A) or the communications transceiver 196 (see Fig. 1B).

[0059] As is well known, a computer operates under controt of computer
software, which defines the overall operation of the computer and applications. The
CPU 304 controls the overall operation of the computer and applications by
executing computer program instructions that define the overall operation and
applications. The computer program instructions can be stored in the data storage
device 308 and loaded into the memory 306 when execution of the program
instructions is desired. The algorithms described below can be defined by computer
program instructions stored in the memory 306 or in the data storage device 308 (or
in a combination of the memory 306 and the data storage device 308) and controlled
by the CPU 304 executing the computer program instructions. For example, the
computer program instructions can be implemented as computer executable code
programmed by one skilled in the art to perform algorithms. Accordingly, by
executing the computer program instructions, the CPU 304 executes the algorithms

described below.

215



WO 2015/020551 PCT/RU2013/000681

[0060] Refer back to Fig. 1A. As navigation signals, such as navigation
signal 103A — navigation signal 103F, propagate from navigation satellites, such as
navigation satellite 102A — navigation satellite 102F, they propagate through the
ionosphere en route to the Earth. Local irregularities of electron concentration in the
ionosphere caused by increased solar activity can lead to delay and scattering of
radio signals, and consequently, to fluctuations (scintillations) in signal amplitude and
phase. Scintillations can affect any radio signal travelling through the ionosphere; in
particular, scintillations can affect GNSS signals.

[0061] For GNSS applications, scintillations can be categorized into three
categories, depending on their strength:

1) Strong scintillations lead to the loss of a GNSS signal;

2) Moderate scintillations lead to noticeable degradation of positioning
accuracy (that is, the resulting errors are significant with respect to specific
user tolerances); and

3) Weak scintillations lead to only slight (or even unnoticeable) degradation
of positioning accuracy (that is, the resulting errors are not significant with
respect to specific user tolerances).

[0062] Described herein are methods and apparatus for detecting

scintillations under the folliowing conditions:

1) Scintillations are moderate: GNSS signals are distorted, but still tracked,
and GNSS measurements are generated,;

2) Pseudo-range GNSS measurements (code phase or carrier phase) are
available on at least two frequencies.

Also described herein are methods and apparatus for mitigating the effects of
scintillations on target parameters, such as position, velocity, and time, calculated
from GNSS measurements.

[0063] In an embodiment of the invention, a scintillation is detected based
on the value of a parameter referred to herein as the geometry-free combination
(GFC) parameter. The equation used for calculating the GFC parameter depends on
the operational mode of the navigation receiver (stand-alone or differential
navigation) and on the type of measurements processed by the navigation receiver
(code phase pseudo-range measurement or carrier phase pseudo-range
measurement). There are therefore four configurations (combinations of operational

mode and measurement type), which are described below.
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[0064] Configuration 1. The navigation receiver operates in a stand-

alone mode and processes code phase pseudo-range measurements. In this
configuration, the generalized model of GNSS code phase pseudo-range

measurements is described by the following equations:

D =ct,+R+1+¢; (E1)

and

(E2)
2
2

A
D,=ct,+R+1++ &,
2 2 f 2

where:

D, D2 are the code phase pseudo-range measurements at carrier

frequency 1 and carrier frequency 2, respectively;,

C is the speed of light;

7,, T, are the offsets between the receiver and GNSS time scales at carrier

frequency 1 and carrier frequency 2, respectively;

R is the geometric (true) distance between the GNSS receiver antenna and
the GNSS satellite antenna;

I isthe ionospheric delay at carrier frequency 1;

f], f2 are the nominal values of carrier frequency 1 and carrier frequency 2,

respectively; and
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fl, é:z represent the cumulative effects of various uncompensated errors and

unmodelled factors at carrier frequency 1 and carrier frequency 2,
respectively. Examples of uncompensated errors and unmodelled factors

include ephemeris errors, tropospheric factors, receiver noise, and multipath.

Note that a navigation signal transmitted on carrier frequency 1 and a navigation
signal transmitted on carrier frequency 2 by the same navigation satellite are
considered to be two separate navigation signals. The above equations apply
independently for navigation signals from each navigation satellite in view. To
simplify the notation, the index of the navigation satellite has been omitted; similarly,
the index of the navigation satellite has been omitted from (E3) — (E27) below.
[0065] A parameter referred to herein as the geometry-free combination

(GFC) parameter is then determined from the following equation:

GFC=(D,-D,)/(1-u), (E3)

where

u= 1 f (E4)

is the ratio of the frequencies squared. The value of the GFC parameter provides an
estimate of a value of signal delay caused by propagation through the ionosphere,
as can be seen by substituting (E1) and (E2) in (E3):

GFC=(D,-D,)/(1-p)

=I+(ct,—cr,+&-&)/ (1-p)
_1+e,

(ES)

where §3 represents the cumulative effect of various uncompensated errors and

unmodelled factors to the estimation of ionospheric delay at carrier frequency 1.
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From (E5), it is clear that GFC is an estimate of the ionospheric signal delay at
carrier frequency 1 ([), within an accuracy determined by 53.

[0066] As discussed above, a pseudo-range measurement calculated from
GNSS signals provides an estimate of the true (geometric) distance between a
navigation satellite and a navigation receiver. The pseudo-range measurements are
functions of the geometric distance, clock offset between the receiver clock and the
GNSS system time, and various error components. When pseudo-range
measurements on two or more frequencies are available, various combinations of
the pseudo-range measurements on different frequencies can be formed. These
combinations have different properties. In the geometry-free combination (GFC
parameter), the geometric distances, tropospheric delays, satellite clock errors, and
other factors common for any two frequencies are cancelled. The ionospheric
influence remains and can be estimated with the GFC parameter.

[0067] Confiquration 2. The navigation receiver operates in a differential

navigation mode and processes code phase pseudo-range measurements. In this
configuration, the generalized model of GNSS code phase pseudo-range

measurements is described by the following equations:

AD, =cAt, + AR+ Al +n; (E6)
and
f2
AD,=cAt,+ AR+ Al +1,; (E7)
2 2 f2 2
2

where:

AD]’ AD2 are the code phase pseudo-range differences between the base

and the rover at carrier frequency 1 and carrier frequency 2, respectively,;

ATI , A’L'z are the differences between the base and the rover time scales

at carrier frequency 1 and carrier frequency 2, respectively;
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AR is the difference of the geometric (true) distances between the base

antenna and the rover antenna with respect to a GNSS satellite antenna;

Al s the ionospheric delay difference between the base and the rover at

carrier frequency 1;

1. N}, represent the cumulative effects of various uncompensated errors

and unmodelled factors at carrier frequency 1 and carrier frequency 2,
respectively.
[0068] In this configuration, the GFC parameter is determined from the

following equation:
GFC =(AD,-AD,)/(1- u). (E8)
Substitution of (E6) and (E7) into (E8) then yields:

GFC =(AD,-AD,)/(1- p) (E9)
=Al +n;,

where 7}, represents the cumulative effect of various uncompensated errors and

unmodelled factors on the estimation of ionospheric delay difference between the

base and the rover at carrier frequency 1. From (E9), it is clear that GFC is an
estimate of the ionospheric signal delay difference at carrier frequency 1 (A[),
within an accuracy determined by 53.

[0069] Configuration 3. The navigation receiver operates in a stand-

alone mode and processes carrier phase pseudo-range measurements. In this
configuration, the generalized model of GNSS carrier phase pseudo-range

measurements is described by the following equations:
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@, =ct,+R-IT+ AN, +v; (E10)
and
f2
¢z=CTz+R—1}%+%Nz+V2: (E11)
2

where;:

®, @, are the carrier phase pseudo-range measurements at carrier

frequency 1 and carrier frequency 2, respectively;

/1‘, ﬂz are the wavelengths corresponding to carrier frequency 1 and carrier

frequency 2, respectively;

]\/'1 : ]\/2 are the integer ambiguity values for measurements at carrier

frequency 1 and carrier frequency 2, respectively; and

V,, V, represent the cumulative effects of various uncompensated errors

and unmodelled factors at carrier frequency 1 and carrier frequency 2,
respectively.
[0070] In this configuration, the GFC parameter is determined from the

following equation:

GFC=(¢,—¢,)/ (1-1). (E12)

Substitution of (E10) and (E11) into (E12) then yields:
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GFC=(p, —p,)/ (1~1)
=—I+(ct, —cr, +v,—v, + AN, - L,N,)/ (u-1)
=—[+v,,

(E13)

where V; represents the cumulative effect of various uncompensated errors and

unmodelled factors, including integer ambiguities, on the estimation of ionospheric

delay at frequency 1. From (E13), it is clear that GFC provides an estimate of the
ionospheric signal delay for carrier frequency 1 ([ ), within an accuracy determined
by V5. Note that the sign of the estimate in (E13) is opposite to the sign of the

estimate in (E5) due to the different impact of the ionosphere on signal group and
signal phase velocities.

[0071] Configuration 4. The navigation receiver operates in a differential

navigation mode and processes carrier phase pseudo-range measurements [that is,
the navigation receiver operates in the real-time kinematic (RTK) mode]. In this
configuration, the generalized model of GNSS carrier phase pseudo-range

measurement differences is given by the following equations:

Ap,=cAt, + AR—- Al + LAN, +¢,; (E14)
and
2
A¢2=CA72+AR—A]%+22AN2+52; (E15)
2

where:

A(Dl , A(p2 are the carrier phase pseudo-range differences between the

base and the rover at carrier frequency 1 and carrier frequency 2,

respectively,
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AN1 , AN2 are the integer ambiguity differences between the base and the

rover at carrier frequency 1 and carrier frequency 2, respectively; and

&, &, represent the cumulative effects of various uncompensated errors

and unmodelled factors at carrier frequency 1 and carrier frequency 2,
respectively.
[0072] In this configuration, the GFC is determined from the following

equation:
GFC =(Ap, —A@,)/ (u-1). (E16)
Substitution of (E14) and (E15) into (E16) then yields:

(E17)

GFC =(Ap, —Ap,)/(1-1)
=—Al +(cAt,—cAt, + & — &, + LAN, = L,AN, )/ (1 —1)
=-Al +¢g,,

where &; represents the cumulative effect of various uncompensated errors and

unmodelled factors, including integer ambiguities differences, on the estimation of
ionospheric delay difference at carrier frequency 1. From (E17), it is clear that GFC

provides an estimate of the ionospheric delay difference between the base and the
rover at carrier frequency 1 (A[ ), with an accuracy determined by V.

[0073] In summary, the value of the GFC parameter for four different
configurations (combinations of operational mode and measurement type) is
determined from (E3), (E8), (E12), and (E16). For a stand-alone mode
(Configuration 1 and Configuration 3), the value of the GFC parameter represents an
estimate of the ionosphere delay and an error component; the error component has
a noise-like portion and a systematic portion. For a differential navigation mode

(Configuration 2 and Configuration 4), the value of the GFC parameter represents an
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estimate of the ionospheric delay difference between the base and the rover and an
error component; the error component has a noise-like portion and a systematic
portion. The systematic portion includes the impact of carrier phase integer
ambiguities. For those configurations in which carrier phase measurements are
used (Configuration 3 and Configuration 4), the systematic portion includes the
impact of carrier phase integer ambiguities.

[0074] To simplify the terminology, the term “input GNSS measurement”

refers to any one of the following:

o Code phase pseudo-range measurement D (between a navigation

satellite and a navigation receiver)

o Code phase pseudo-range difference AD (difference between a first
code phase pseudo-range and a second code phase pseudo-range, where
the first code phase pseudo-range is the code phase pseudo-range
between a navigation satellite and a first navigation receiver in a rover,
and the second code phase pseudo-range is the code phase pseudo-
range between the same navigation satellite and a second navigation

receiver in a base)

o Carrier phase pseudo-range measurement (0 (between a navigation
satellite and a navigation receiver)
e Carrier phase pseudo-range difference AgD (difference between a first

carrier phase pseudo-range and a second carrier phase pseudo-range,
where the first carrier phase pseudo-range is the carrier phase pseudo-
range between a navigation satellite and a first navigation receiver in a
rover, and the second carrier phase pseudo-range is the carrier phase
pseudo-range between the same navigation satellite and a second
navigation receiver in a base).

[0075] The geometry-free combination parameter for all four instances of

input GNSS measurements can then be expressed as:
GFC=(L —L,)/(1—pu). (E18)

where:

LI are input GNSS measurements on carrier frequency 1,
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L2 are input GNSS measurements on carrier frequency 2; and

2 2 . . :
H= fl /f2 , where f] is the nominal value of carrier frequency 1 and fz

is the nominal value of carrier frequency 2.

[0076] Input GNSS measurements are a function of time. Typically, input
GNSS measurements are calculated at discrete time instants, referred to as epochs.
In an embodiment of the invention, the dispersion of the GFC parameter is used for
detecting scintillations. Here “dispersion” refers to a generic statistical metric that
characterizes the variation of the GFC parameter over a specified time interval. For
example, the dispersion can be calculated for a set of input GNSS measurements

corresponding to time instants over a moving time interval (time window) with a fixed

width A7’ . As a new input GNSS measurement is received, the oldest input GNSS
measurement is removed from the set, the new input GNSS measurement is added

to the set, and the dispersion is re-calculated. If the value of the dispersion exceeds
a specified threshold value, then a scintillation is detected.

[0077] Various statistical functions, such as variance, standard deviation,
mean difference, mean absolute deviation (MAD), and inter-quartile range, can be
used to represent the dispersion. In an embodiment of the invention, the value of the
standard deviation of the GFC parameter is used for detecting scintillations. For
real-time applications, a recursive method can be used for estimating the value of

the standard deviation of the GFC parameter:

GFCi =GFCi1 +(GFC,-~GFCi1)/ (E19)

(E20)

GFD, = GFD, , + ((GFC,. ~GFC1.\) —GFD,, ) In;

and
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GFS, = \|GFD, (21

where:

GFC ; is the value of the geometry-free combination parameter at the

i—th step, where I is an integer index = I;

GFC is the estimate of the mathematical expectation of the GFC;

GFED is the estimate of the variance of the GFC;

GFS is the estimate of the standard deviation of the GFC;

;i < Nlim
n = IS an averaging constant; and

* | NMim;i > Nlim
Nlim is the limiting value for the averaging constant.

The limiting value for the averaging constant is selected based on knowledge of the

scintillation statistics and measurement noise values of the navigation receiver in
use. In an embodiment, values for N/im are determined from a sampling interval
of approximately 20 to 100 seconds. For example, if AT is the sampling interval
and At is the period for one step, then Nlim = AT/ At , with AT equal to
approximately 20 to 100 seconds. The period for one step, At | for example, can be

one epoch, and the index I can correspond to a particular epoch.
[0078] In an embodiment of the invention, the following criterion is used for
detecting a scintillation. A scintillation is detected when the following inequality is

satisfied for measurements from at least one navigation satellite:
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GFS, > Lim, (E22)

where Lim is a specified threshold value. The value of Lim is selected

depending on knowledge of scintillation statistics and measurement error values of

the navigation receiver in use. As one example, the value of Li#1 is selected to be
about 2 cm (for Configuration 4 above) or greater.

[0079] Measurements based on signals from low-elevation navigation
satellites are susceptible to increased multipath errors. In addition to direct, line-of-
sight, signals transmitted from navigation satellites, a navigation receiver can also
receive signals transmitted from navigation satellites and reflected one or more times
from environmental surfaces such as ground and water and from surfaces of
obstacles such as buildings. These multipath signals, when processed with the
direct signals, can result in errors in determining position. These multipath errors
can also trigger false alarms in the scintillation detection algorithm. In an
embodiment of the invention, to minimize false alarms arising from multipath errors,

one or both of the following methods are used:

1) Reject measurements from low-elevation satellites;

2) Weight every measurement in accordance with satellite elevation.

Since scintillations mostly affect higher elevation satellites, measurements from low-
elevation satellites can be rejected from the scintillation detection algorithm if the
satellite elevation is below a specified threshold value; as one example, the specified
threshold value is 20°. Satellite elevation is commonly measured as an angle above
the horizon (0° corresponds to the horizon; 90° corresponds to the zenith).

[0080] Weights can be incorporated into the scintillation detection

algorithm according to the following equation:
(E23)

GFD, = GFD, , + ((GFC,. ~GFCi) xw,~GFD,.,)/n,

where W, is a weight. In general, the weight W, is a specified function of elvl.,
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which is the satellite elevation angle above the horizon at the I — th step. Various

specified functions can be used for W, ; for example
w, =sin(elv,); (E24)

or
w, =(sin(elv, ))2 (E25)

[0081] When carrier phase measurements are used for detecting
scintillations, cycle slips can be encountered. Cycle slips are rapid changes in the
measured carrier phases, resulting from errors in the tracking loop (phase-locked
loop) caused by sources such as signal interference and multipath reception. When
a cycle slip occurs, the estimated GFS can be incorrect.

[0082] In an embodiment of the invention, cycle slips are detected and
isolated; that is, a measurement corrupted by a cycle slip can be removed from

further processing or assigned a proportionally low weight. For example, the

difference (GFCZ. - GFCi, ) is monitored. A cycle slip is detected when the

following inequality is satisfied for measurements from at least one navigation

satellite:
(GFC,~GFCi1) > LimDiff (E26)

where Ll'le'ff is a specified threshold value. The value of LimDiff IS
selected depending on wavelength. As one example, the value of Ll'le'ff IS
selected to be about half a wavelength. For the GPS L1 frequency, Ll'le'ﬁf IS
about 10 cm. If a cycle slip is detected, then 71, in (E19), (E20), or (E23) is reset to
1; with 71, = 1, there is no averaging or smoothing. Reset is performed only for

those satellites having corresponding detected cycle slips.
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[0083] lonospheric impact can be excluded if measurements made at two
or more frequencies are available. Exclusion of ionospheric impact with dual
frequency measurements is based on forming the so-called ionosphere-free

combination of measurements (IFC parameter):
IFC=(L,—pL)/(1-u), (E27)
where, as defined above in reference to (E18):

Ll are input GNSS measurements on carrier frequency 1;

L2 are input GNSS measurements on carrier frequency 2; and

2 2 . : ,
= / , where is the nominal value of carrier frequency 1, and
1 2 1

f2 is the nominal value of carrier frequency 2.

Target parameters (such as position, velocity, and time) can be calculated from
IFC parameters from a sufficiently large number of satellites. The algorithms for

calculating target parameters from IFC parameters are well known in the art and

are not described herein.
[0084] Compared to calculating the target parameters directly from the

input GNSS measurements, calculating target parameters from [F' C parameters
has the advantage of excluding ionospheric biases but the disadvantage of

increased noise. If the ionospheric biases are significantly larger than the noise, as

is the case when scintillations occur, then calculating target parameters from IFC
parameters yields overall better accuracy. Embodiments of the invention described

below determine the conditions under which calculation of target parameters from

IFC parameters are favorable and the conditions under which calculation of target
parameters from the input GNSS measurements are favorable.

[0085] The flowchart shown in Fig. 4A — Fig. 4C summarize an
embodiment of a method for detecting a scintillation caused by an ionospheric
irregularity for a specific navigation satellite. [In Fig. 4A — Fig. 4C, the indices “A”

and “B” enclosed in a hexagon are used only to assist in aligning the sections of the
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flowchart. They do not refer to drawing elements; they are not used in the
description; and they are not assigned reference numbers.]

[0086] Refer to Fig. 4A. In step 402, one or more input GNSS
measurements corresponding to a specific navigation satellite and corresponding to
a specific time instant are received; they are received, for example, at the control
and computing system 208 (see Fig. 2 and Fig. 3). The process then passes to step
404 in which the elevation of the navigation satellite is determined; the elevation can
be calculated, for example, from the ephemeris data transmitted by the navigation
satellite. The process then passes to step 406 in which the elevation of the
navigation satellite is compared to a specified satellite elevation threshold value; this
value, for example, can be 20 deg. The process then passes to the decision step
408. If the elevation of the navigation satellite is not greater than the specified
satellite elevation threshold value, then the process passes to step 410 (exit), as it is
assumed that input GNSS measurements coming from navigation satellites below
the specified satellite elevation threshold are not affected by scintillations. If the
elevation of the navigation satellite is greater than the specified satellite elevation
threshold value, then the process passes to step 412.

[0087] In a second embodiment, step 404, step 406, and step 408 are
absent, and the process passes directly from step 402 to step 412. That is, there is
no screening based on satellite elevation.

[0088] In step 412, it is determined whether input GNSS measurements
corresponding to two or more carrier frequencies are available. The process then
passes to decision step 414. If input GNSS measurements corresponding to two or
more carrier frequencies are not available, then the process passes to step 410
(exit). If input GNSS measurements corresponding to two or more carrier
frequencies are available, then the process passes to step 416.

[0089] In step 416, afirst input GNSS measurement corresponding to a
first carrier frequency for a specific navigation satellite and a second input GNSS
measurement corresponding to a second carrier frequency for a specific navigation
satellite are selected. If input GNSS measurements corresponding to only two
carrier frequencies (for example, L1 and L2) are available, then those input GNSS
measurements are selected. If input GNSS measurements corresponding to three
carrier frequencies are available (for example, L1, L2, and LS5), then three pair-wise
combinations are available: (L1, L2), (L1, L5), and (L2, L.5). One, two, or all three
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pair-wise combinations can be used. If only one or two pair-wise combinations are
used, the combination of carrier frequencies can be selected based on various
criteria, such as the widest separation between the carrier frequencies or the highest
signal-to-noise ratios. If input GNSS measurements corresponding to more than
three carrier frequencies are available, similar pair-wise combinations can be
generated and selected. In general, input GNSS measurements corresponding to
the same navigation satellite and corresponding to different carrier frequencies are
assigned to a group, and pair-wise combinations of input GNSS measurements are
selected from the group. To simplify the example, a single combination is selected.
The process then passes to step 420 (Fig. 4B), in which a geometry-free
combination parameter is generated according to (E18).

[0090] The process then passes to the decision step 430. If the input
GNSS measurements are not based on carrier phases (that is the input GNSS
measurements are code phase pseudo-ranges or code-phase pseudo-range
differences), then the process passes to step 440 (Fig. 4C). If the input GNSS
measurements are based on carrier phases (that is, the input GNSS measurements
are carrier phase pseudo-ranges or carrier phase pseudo-range differences), then
the process passes to step 432, in which the occurrence of a cycle slip is
determined. One method for determining whether a cycle slip has occurred is based
on (E26) above.

[0091] The process then passes to decision step 434. If a cycle slip has
not occurred, then the process passes to step 440. If a cycle slip has not occurred,
then the process passes to stép 436, in which the cycle slip is isolated, as described
above. The process then passes to step 440.

[0092] In another embodiment, step 430, step 432, step 434, and step 436
are absent; that is, the process passes directly from step 420 to step 440.

[0093] In step 440 (Fig. 4C), an estimate of the dispersion of the geometry-
free combination parameter is calculated. As discussed above, various statistical
parameters, in particular the standard deviation, can be used to characterize the
dispersion. The process then passes to step 442, in which the estimate of the
dispersion is compared to a specified dispersion threshold value. The process then
passes to the decision step 444. If the estimate of the dispersion is not greater than
the dispersion threshold value, then the process passes to step 410 (exit). If the

estimate of the dispersion is greater than the dispersion threshold value, then the
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process passes to step 446, in which a scintillation caused by an ionospheric
irregularity is detected. The process then passes to step 448, in which a scintillation
indicator is generated. A scintillation indicator can take various forms; for example, it
can be a message or one or more bits in a data field (such as a flag in a data field).

[0094] The method described above for detecting scintillations can be
performed for input GNSS measurements corresponding to each navigation satellite
in the constellation of satellites in view. If a scintillation is detected based on input
GNSS measurements corresponding to a specific navigation satellite, then the
scintillation indicator generated in step 448 (Fig. 4C) corresponds to the input GNSS
measurements corresponding to the specific navigation satellite; to simplify the
terminology, the scintillation indicator corresponds to the specific navigation satellite.

[0095] Fig. 5 shows a flowchart of a first embodiment of a method for
mitigating the effect of scintillations on the calculation of target parameters. In step
502, input GNSS measurements corresponding to specific navigation satellites in a
constellation of navigation satellites and corresponding to a specific time instant are
received; they are received, for example, at the control and computing system 208
(see Fig. 2 and Fig. 3). The process then passes to step 504, in which the presence
of scintillation indicators, such as those generated by the method described above in
reference to Fig. 4A — Fig. 4C, are determined.

[0096] The process then passes to the decision step 506. If at least one
scintillation indicator is not detected, then the process passes to step 520, in which
one or more target parameters are calculated from the input GNSS measurements
according to standard algorithms well-known in the art and not described herein. If
at least one scintillation indicator is detected, then the process passes to step 510, in
which an ionosphere-free combination parameter corresponding to every navigation
satellite having input GNSS measurements on two or more carrier frequencies is
generated according to (E27). The process then passes to step 512, in which one or
more target parameters are calculated from the ionosphere-free combination
parameters. The minimum required number of navigation satellites with
corresponding ionosphere-free combination parameters depends on the number of
target parameters and on the number of GNSS. For example, if only one GNSS is
used, and the target parameters are three-dimensional position and time, the
minimum required number of navigation satellites with corresponding ionosphere-

free combination parameters is four. The remaining input GNSS measurements
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corresponding to the navigation satellites that do not have input GNSS
measurements on two or more carrier frequencies are not used in the calculation of
the target parameters.

[0097] Fig. 6 shows a flowchart of a second embodiment of a method for
mitigating the effect of scintillations on the calculation of target parameters. In step
502, input GNSS measurements corresponding to specific navigation satellites in a
constellation of navigation satellites and corresponding to a specific time instant are
received, they are received, for example, at the control and computing system 208
(see Fig. 2 and Fig. 3). The process then passes to step 504, in which the presence
of scintillation indicators, such as those generated by the method described above in
reference to Fig. 4A — Fig. 4C, are determined.

[0098] The process then passes to the decision step 606. If at least two
scintillation indicators are not detected, then the process passes to step 520, in
which one or more target parameters are calculated from the input GNSS
measurements according to standard algorithms well-known in the art and not
described herein. If at least two scintillation indicators are detected, then the
process passes to step 610, in which an ionosphere-free combination parameter
corresponding to every navigation satellite having a corresponding scintillation
indicator is generated according to (E27). The process then passes to step 612, in
which one or more target parameters are calculated from the ionosphere-free
combination parameters and the remaining input GNSS measurements
corresponding to the navigation satellites without scintillation indicators. Here the
remaining input GNSS measurements refer to the input GNSS measurements not
used to generate an ionosphere-free combination parameter; the remaining input
GNSS measurements include (a) the input GNSS measurements corresponding to
navigation satellites for which input GNSS measurements on only a single carrier
frequency are available and (b) the input GNSS measurements corresponding to
navigation satellites for which GNSS measurements on two or more carrier
frequencies are available but for which no scintillation indicators are generated. The
algorithms for calculating the target parameters from the ionosphere-free
combination parameters and the remaining input GNSS measurements are well-
known in the art and are not described herein.

[0099] For the second method, the minimum required number of

navigation satellites depends on the number of target parameters and on the number
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of GNSS. For example, if only one GNSS is in use, the target parameters are three-
dimensional position and time, and the remaining input GNSS measurements are
single frequency, the minimum required total number of navigation satellites is five.
In this example, a minimum of two navigation satellites with corresponding
scintillation indicators is needed to resolve for the new unknown and add to position
calculation. A new unknown combines clock offset and other common biases of
GFC, which typically differs from combination of clock offset and other common
biases of the remaining input GNSS measurements.

[00100] In the first method, described above in reference to Fig. 5, only one
unknown is introduced for all IFC parameters; that is, the clock offset and other
common biases of the IFC parameters with respect to each GNSS. In the second
method, described above in reference to Fig. 6, more unknowns are introduced; that
is, the clock offset and other common biases of the IFC parameters, and the clock
offsets and other common biases of input GNSS measurements corresponding to a
different carrier frequency (one unknown per frequency for all measurements).
Although the second method needs more unknowns, it can provide more accurate
results because input GNSS measurements are less noisy than IFC parameters.
The particular method that is more advantageous in a particular application is
selected based upon analysis of multiple factors, such as the number of navigation
satellites with scintillations, the number of navigation satellites without scintillations,
the satellite geometry relative to a navigation receiver, weights assigned to input
GNSS measurements, and other factors.

[00101] Fig. 7 shows a flowchart of a third embodiment of a method for
mitigating the effect of scintillations on the calculation of target parameters. In step
502, input GNSS measurements corresponding to specific navigation satellites in a
constellation of navigation satellites and corresponding to a specific time instant are
received; they are received, for example, at the control and computing system 208
(see Fig. 2 and Fig. 3). The process then passes to step 504, in which the presence
of scintillation indicators, such as those generated by the method described above in
reference to Fig. 4A —Fig. 4C, are determined.

[00102] The process then passes to the decision step 506. If at least one
scintillation indicator is not detected, then the process passes to step 520, in which
one or more target parameters are calculated from the input GNSS measurements

according to standard algorithms well-known in the art and not described herein. [f
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at least one scintillation indicator is detected, then the process passes to step 710, in
which an extra unknown is generated for every navigation satellite with a
corresponding scintillation indicator to account for the ionosphere impact. The
methods for estimating the ionosphere impact as an extra unknown are well-known
in the art and are not described herein. The process then passes to step 712 in
which one or more target parameters are calculated. The algorithms for calculating
the target parameters under these conditions are well-known in the art and are not
described herein.

[00103] The foregoing Detailed Description is to be understood as being in
every respect illustrative and exemplary, but not restrictive, and the scope of the
invention disclosed herein is 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 spirit of the invention. Those skilled in the art could implement
various other feature combinations without departing from the scope and spirit of the

invention.
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CLAIMS:

1. A method for processing global navigation satellite system (GNSS)
measurements, the method comprising the steps of:

receiving a first input GNSS measurement corresponding to a
navigation satellite and corresponding to a first carrier frequency and a
second GNSS measurement corresponding to the navigation satellite and
corresponding to a second carrier frequency, wherein the second carrier
frequency is different from the first carrier frequency;

calculating a geometry-free combination parameter based at least in
part on the first input GNSS measurement, the second input GNSS
measurement, the first carrier frequency, and the second carrier frequency;
and

determining, based at least in part on the geometry-free combination
parameter, whether a scintillation caused by an ionospheric irregularity has

occurred.

2. The method of claim 1, wherein the step of determining, based at least in
part on the geometry-free combination parameter, whether a scintillation caused by
an ionospheric irregularity has occurred comprises the steps of:

calculating an estimate of a dispersion of the geometry-free
combination parameter over a specified time interval;
comparing the estimate of the dispersion of the geometry-free
combination parameter to a specified threshold value;
upon determining that the estimate of the dispersion of the geometry-
free combination parameter is greater than the specified threshold value:
determining that a scintillation caused by an ionospheric
irregularity has occurred; and
upon determining that the estimate of the dispersion of the geometry-
free combination parameter is not greater than the specified threshold value:
determining that a scintillation caused by an ionospheric

irregularity has not occurred.
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3. The method of claim 1, wherein the navigation satellite has an elevation

angle greater than a specified threshold value.

4. The method of claim 1, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first code phase pseudo-range based at least in part
on a first navigation signal having the first carrier frequency, wherein the first
navigation signal is transmitted from the navigation satellite and received by a
navigation receiver,

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second code phase pseudo-range based at
least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the navigation receiver; and

the geometry-free combination parameter is calculated from the

equation
GFC=(D,-D,)/(1-pu),
wherein:

GFC represents the geometry-free combination parameter;

l)1 represents the first code phase pseudo-range;

])2 represents the second code phase pseudo-range;
— 2 2 -

H=541 1

f1 represents the first carrier frequency; and

f2 represents the second carrier frequency.

5. The method of claim 1, wherein:
the first input GNSS measurement corresponding to the first carrier

frequency comprises a first code phase pseudo-range difference based at
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least in part on a first navigation signal having the first carrier frequency,
wherein the first navigation signal is transmitted from the navigation satellite
and received by a first navigation receiver in a rover and received by a second
navigation receiver in a base station;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second code phase pseudo-range difference
based at least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the first navigation receiver in the rover
and received by the second navigation receiver in the base station; and

the geometry-free combination parameter is calculated from the

equation
GFC =(AD, - AD,)/(1- u),
wherein:

GFC represents the geometry-free combination parameter;

ADI represents the first code phase pseudo-range difference;
AD represents the second code phase pseudo-range difference;
2
—_— 2 2 .
H=4 L
fl represents the first carrier frequency; and

f2 represents the second carrier frequency.

6. The method of claim 1, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first carrier phase pseudo-range based at least in part
on a first navigation signal having the first carrier frequency, wherein the first
navigation signal is transmitted from the navigation satellite and received by a

navigation receiver;
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the second input GNSS measurement corresponding to the second
carrier frequency comprises a second carrier phase pseudo-range based at
least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the navigation receiver; and

the geometry-free combination parameter is calculated from the

equation

GFC=(g,—p,)/(1- ),
wherein:

GFC represents the geometry-free combination parameter;

@, represents the first carrier phase pseudo-range;

@, represents the second carrier phase pseudo-range;

— {2 2,
H=hH1 1
f{ represents the first carrier frequency; and

f2 represents the second carrier frequency.

7. The method of claim 6, further comprising the steps of:
determining whether a cycle slip has occurred; and
upon determining that a cycle slip has occurred:
isolating the first input GNSS measurement and the

second input GNSS measurement.

8. The method of claim 1, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first carrier phase pseudo-range difference based at
least in part on a first navigation signal having the first carrier frequency,

wherein the first navigation signal is transmitted from the navigation satellite
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and received by a first navigation receiver in a rover and received by a second
navigation receiver in a base station;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second carrier phase pseudo-range difference
based at least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the first navigation receiver in the rover
and received by the second navigation receiver in the base station; and

the geometry-free combination parameter is calculated from the

equation
GFC =(Ap,—Ap,) /! (1- 1),
wherein:

GFC represents the geometry-free combination parameter;

A(pl represents the first carrier phase pseudo-range difference;

A(p2 represents the second carrier phase pseudo-range difference,
—_— 2 2 .

H=5 1

ﬁ represents the first carrier frequency; and

f2 represents the second carrier frequency.

9. The method of claim 8, further comprising the steps of:
determining whether a cycle slip has occurred; and
upon determining that a cycle slip has occurred:
isolating the first input GNSS measurement and the

second input GNSS measurement.

10. An apparatus for processing global navigation satellite system (GNSS)

measurements, the apparatus comprising:

_40 -



WO 2015/020551 PCT/RU2013/000681

means for receiving a first input GNSS measurement corresponding to
a navigation satellite and corresponding to a first carrier frequency and a
second GNSS measurement corresponding to the navigation satellite and
corresponding to a second carrier frequency, wherein the second carrier
frequency is different from the first carrier frequency;

means for calculating a geometry-free combination parameter based at
least in part on the first input GNSS measurement, the second input GNSS
measurement, the first carrier frequency, and the second carrier frequency;
and

means for determining, based at least in part on the geometry-free
combination parameter, whether a scintillation caused by an ionospheric

irregularity has occurred.

11. The apparatus of claim 10, wherein the means for determining, based at
least in part on the geometry-free combination parameter, whether a scintillation
caused by an ionospheric irregularity has occurred comprises:

means for calculating an estimate of a dispersion of the geometry-free
combination parameter over a specified time interval;
means for comparing the estimate of the dispersion of the geometry-
free combination parameter to a specified threshold value;
means for, upon determining that the estimate of the dispersion of the
geometry-free combination parameter is greater than the specified threshold
value:
determining that a scintillation caused by an ionospheric
irregularity has occurred; and
means for, upon determining that the estimate of the dispersion of the
geometry-free combination parameter is not greater than the specified
threshold value:
determining that a scintillation caused by an ionospheric

irregularity has not occurred.

12. The apparatus of claim 10, wherein the navigation satellite has an

elevation angle greater than a specified threshold value.
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13. The apparatus of claim 10, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first code phase pseudo-range based at least in part
on a first navigation signal having the first carrier frequency, wherein the first
navigation signal is transmitted from the navigation satellite and received by a
navigation receiver;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second code phase pseudo-range based at
least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the navigation receiver; and

the geometry-free combination parameter is calculated from the

equation
GFC =(D,-D,)/(1-p),
wherein:

GFC represents the geometry-free combination parameter;

l)1 represents the first code phase pseudo-range;

D2 represents the second code phase pseudo-range;
— 2 2 .

H=411

f1 represents the first carrier frequency; and

f2 represents the second carrier frequency.

14. The apparatus of claim 10, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first code phase pseudo-range difference based at
least in part on a first navigation signal having the first carrier frequency,

wherein the first navigation signal is transmitted from the navigation satellite
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and received by a first navigation receiver in a rover and received by a second
navigation receiver in a base station;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second code phase pseudo-range difference
based at least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the first navigation receiver in the rover
and received by the second navigation receiver in the base station; and

the geometry-free combination parameter is calculated from the

equation
GFC =(AD, - AD,)/(1- ).
wherein:

GFC represents the geometry-free combination parameter,;

ADI represents the first code phase pseudo-range difference;

AD2 represents the second code phase pseudo-range difference;

o— 2 2 .
H=11 0
f1 represents the first carrier frequency; and

f2 represents the second carrier frequency.

15. The apparatus of claim 10, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first carrier phase pseudo-range based at least in part
on a first navigation signal having the first carrier frequency, wherein the first
navigation signal is transmitted from the navigation satellite and received by a
navigation receiver,

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second carrier phase pseudo-range based at

least in part on a second navigation signal having the second carrier
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frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the navigation receiver; and
the geometry-free combination parameter is calculated from the

equation

GFC =(p,~¢,)/(1- ),
wherein:

GFC represents the geometry-free combination parameter,

@, represents the first carrier phase pseudo-range;

(, represents the second carrier phase pseudo-range;

— 2 2 .
H=H 11
f1 represents the first carrier frequency; and

f2 represents the second carrier frequency.

16. The apparatus of claim 15, further comprising:
means for determining whether a cycle slip has occurred; and
means for, upon determining that a cycle slip has occurred:
isolating the first input GNSS measurement and the

second input GNSS measurement.

17. The apparatus of claim 10, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first carrier phase pseudo-range difference based at
least in part on a first navigation signal having the first carrier frequency,
wherein the first navigation signal is transmitted from the navigation satellite
and received by a first navigation receiver in a rover and received by a second
navigation receiver in a base station;

the second input GNSS measurement corresponding to the second

carrier frequency comprises a second carrier phase pseudo-range difference
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based at least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the first navigation receiver in the rover
and received by the second navigation receiver in the base station: and

the geometry-free combination parameter is calculated from the

equation
GFC=(Ap —Ap,)/(1-p),
wherein:

GFC represents the geometry-free combination parameter;

Aqol represents the first carrier phase pseudo-range difference;

A(Dz represents the second carrier phase pseudo-range difference:

— 2 2 -
H=141 1
fl represents the first carrier frequency; and

f2 represents the second carrier frequency.

18. The apparatus of claim 17, further comprising:
means for determining whether a cycle slip has occurred; and
means for, upon determining that a cycle slip has occurred:
isolating the first input GNSS measurement and the

second input GNSS measurement.

19. A computer readable medium storing computer program instructions,
which, when executed by a processor, cause the processor to perform a method for
processing global navigation satellite system (GNSS) measurements, the method
comprising the steps of:

receiving a first input GNSS measurement corresponding to a

navigation satellite and corresponding to a first carrier frequency and a

second GNSS measurement corresponding to the navigation satellite and
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corresponding to a second carrier frequency, wherein the second carrier
frequency is different from the first carrier frequency;

calculating a geometry-free combination parameter based at least in
part on the first input GNSS measurement, the second input GNSS
measurement, the first carrier frequency, and the second carrier frequency;
and

determining, based at least in part on the geometry-free combination
parameter, whether a scintillation caused by an ionospheric irregularity has

occurred.

20. The computer readable medium of claim 19, wherein the step of
determining, based at least in part on the geometry-free combination parameter,
whether a scintillation caused by an ionospheric irregularity has occurred comprises
the steps of:

calculating an estimate of a dispersion of the geometry-free
combination parameter over a specified time interval;
comparing the estimate of the dispersion of the geometry-free
combination parameter to a specified threshold value;
upon determining that the estimate of the dispersion of the geometry-
free combination parameter is greater than the specified threshold value:
determining that a scintillation caused by an ionospheric
irregularity has occurred; and
upon determining that the estimate of the dispersion of the geometry-
free combination parameter is not greater than the specified threshold value:
determining that a scintillation caused by an ionospheric

irregularity has not occurred.

21. The computer readable medium of claim 19, wherein the navigation

satellite has an elevation angle greater than a specified threshold value.

22. The computer readable medium of claim 19, wherein:
the first input GNSS measurement corresponding to the first carrier
frequency comprises a first code phase pseudo-range based at least in part

on a first navigation signal having the first carrier frequency, wherein the first
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navigation signal is transmitted from the navigation satellite and received by a
navigation receiver;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second code phase pseudo-range based at
least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the navigation receiver; and

the geometry-free combination parameter is calculated from the

equation
GFC =(D,-D,)/(1-p),
wherein:

GFC represents the geometry-free combination parameter;

Dl represents the first code phase pseudo-range;

D2 represents the second code phase pseudo-range;

— 2 2 .
=N
f1 represents the first carrier frequency; and

f2 represents the second carrier frequency.

23. The computer readable medium of claim 19, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first code phase pseudo-range difference based at
least in part on a first navigation signal having the first carrier frequency,
wherein the first navigation signal is transmitted from the navigation satellite
and received by a first navigation receiver in a rover and received by a second
navigation receiver in a base station;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second code phase pseudo-range difference

based at least in part on a second navigation signal having the second carrier
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frequency, wherein the second navigation signal is transmitted from the

navigation satellite and received by the first navigation receiver in the rover

and received by the second navigation receiver in the base station; and
the geometry-free combination parameter is calculated from the

equation
GFC =(AD,-AD,)/(1- u),
wherein:

GFC represents the geometry-free combination parameter;

ADI represents the first code phase pseudo-range difference;

AD2 represents the second code phase pseudo-range difference;

— 2 2 .
H=h 11
f1 represents the first carrier frequency; and

f2 represents the second carrier frequency.

24. The computer readable medium of claim 19, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first carrier phase pseudo-range based at least in part
on a first navigation signal having the first carrier frequency, wherein the first
navigation signal is transmitted from the navigation satellite and received by a
navigation receiver,;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second carrier phase pseudo-range based at
least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the navigation receiver; and

the geometry-free combination parameter is calculated from the

equation
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GFC=(¢g,—¢,)/(1- p),
wherein:

GFC represents the geometry-free combination parameter,

@, represents the first carrier phase pseudo-range;

(@, represents the second carrier phase pseudo-range;

—_— 2 2 -
H=101 1
fl represents the first carrier frequency; and

f2 represents the second carrier frequency.

25. The computer readable medium of claim 24, wherein the method further
comprises the steps of:
determining whether a cycle slip has occurred; and
upon determining that a cycle slip has occurred:
isolating the first input GNSS measurement and the

second input GNSS measurement.

26. The computer readable medium of claim 19, wherein:

the first input GNSS measurement corresponding to the first carrier
frequency comprises a first carrier phase pseudo-range difference based at
least in part on a first navigation signal having the first carrier frequency,
wherein the first navigation signal is transmitted from the navigation satellite
and received by a first navigation receiver in a rover and received by a second
navigation receiver in a base station;

the second input GNSS measurement corresponding to the second
carrier frequency comprises a second carrier phase pseudo-range difference
based at least in part on a second navigation signal having the second carrier
frequency, wherein the second navigation signal is transmitted from the
navigation satellite and received by the first navigation receiver in the rover

and received by the second navigation receiver in the base station; and
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the geometry-free combination parameter is calculated from the

equation
GFC =(Ap, —Ap,)/ (1= p),
wherein:

GFC represents the geometry-free combination parameter;

A(Dl represents the first carrier phase pseudo-range difference;

A(Dz represents the second carrier phase pseudo-range difference;
— 2 2 .

u=H1 L

fl represents the first carrier frequency; and

f2 represents the second carrier frequency.

27. The computer readable medium of claim 26, wherein the method further
comprises the steps of:
determining whether a cycle slip has occurred; and
upon determining that a cycle slip has occurred:
isolating the first input GNSS measurement and the

second input GNSS measurement.

-50-



PCT/RU2013/000681

WO 2015/020551

4€01
aeo0l

§ 3¢0L
D01
401 § aeoL §
§ azo}
3201 §

azol oN_E

col _

1/11



PCT/RU2013/000681

WO 2015/020551

aisi
-— T
_ |
_ _
| |

T I |

01 : _ |

] I | _

_ _ —— -

| ObL (~00L} aos|

! _

[ bOLL | T —

_ _ LOLL
mmomw\\

ammwmwymmmw 3c01

4201

c0l

Vi8l

o18) g181
mlll . | m.ll -1 ml.l - — /1
_ _ _
“ | " | " vosl,
_ _ _
_ - x vzl |
||||J" "" "" %2"
eL! TTT& TTET T T T TT
| 008l g08} Vo8l
_
261 1061

2/11



PCT/RU2013/000681

WO 2015/020551

4801
oL 191 N\

091 acoi

aivi oLpl alvl Vit
— - -1 —— -1 —— 1 -~ — i |
i _ | | | _ | <©3._
_ | “ L e |
- _ 0Ll | | vzl |
| ~ ! | |||.~.I.|.|,_ _ | _ | _ |
_ o5k | “ “ _ " “ | “ i |
_ _ ——F - —-——r = — ===
" csl ~0st aovl a0yl vOvlL
_
_

r4e]3 _

3/11



WO 2015/020551 PCT/RU2013/000681

-
l

ANALOG RF
PROCESSING UNIT

f211

ANALOG - DIGITAL
CONVERTER

202 ~

204 ~

213
4

DIGITAL CHANNEL
PROCESSING UNIT

206 ~

~ 215

A 4

203 CONTROL AND
Pd

COMPUTING
SYSTEM

y

4
208

2
200

FIG. 2

4/11



PCT/RU2013/000681

WO 2015/020551

¢ oOld

80z 208
JOVAHILNI
961 ‘9z wzﬂm"w%owmnxﬂwo HIAIZOSNVHL
ope-|  SNOLLYOINNWNOO
AHOWIN
¢
1INA ONISSID0¥Hd JJvV4H3INI 90¢
g0z~ A OSSO e LINN ONISSTO0Nd
oec~l  TANNVHO VLI
ndo
¢
e WHOMLIN 39VAYILINI HHOMLIN ¥0g
SNOLLYDINNWINOD SNOLLYOINNIINOD
0Z€
39IA3A
3OVHOLS
vivad
Len S30IA3A JOVAHILNI -
LNdLNO/LNANI ¥3SN 1N4LNO/LNANI ¥3SN 80¢

0le~

511



WO 2015/020551 PCT/RU2013/000681

402 ~ RECEIVE INPUT GNSS MEASUREMENTS

404 ~ DETERMINE SATELLITE ELEVATION

A

COMPARE SATELLITE ELEVATION TO
SATELLITE ELEVATION THRESHOLD VALUE

410
SATELLITE ELEVATION > Y
408 SATELLITE ELEVATION EXIT

THRESHOLD VALUE?

DETERMINE WHETHER INPUT GNSS
MEASUREMENTS CORRESPONDING TO TWO
OR MORE CARRIER FREQUENCIES ARE
AVAILABLE

412 ~

INPUT GNSS 4130
14 MEASUREMENTS CORRESPONDING TO e
TWO OR MORE CARRIER FREQUENCIES

AVAILABLE?

SELECT FIRST INPUT GNSS MEASUREMENT
CORRESPONDING TO FIRST CARRIER

416 ~ FREQUENCY AND SECOND INPUT GNSS

MEASUREMENT CORRESPONDING TO
SECOND CARRIER FREQUENCY

FIG. 4A é}TOFIGAB

6/11



WO 2015/020551 PCT/RU2013/000681

(%} FROM FIG. 4B

GENERATE GEOMETRY-FREE
COMBINATION PARAMETER

432 DETERMINE WHETHER CYCLE
SLIP HAS OCURRED
434 CYCLE SLIP

OCCURRED?

436 ~ ISOLATE CYCLE SLIP

711



WO 2015/020551 PCT/RU2013/000681

FROM FIG. 4B

CALCULATE ESTIMATE OF DISPERSION OF
440 GEOMETRY-FREE COMBINATION
PARAMETER

COMPARE ESTIMATE OF DISPERSION WITH
DISPERSION THRESHOLD VALUE

442 ~

410

ESTIMATE OF DISPERSION >
DISPERSION THRESHOLD
VALUE?

444 EXIT

DETECT SCINTILLATION CAUSED BY
IONOSPHERIC IRREGULARITY

'

448 ~ GENERATE SCINTILLATION INDICATOR

FIG. 4C

446 ~

8/11



PCT/RU2013/000681

WO 2015/020551

G Old

SY313NVYEVd
NOILYNIGINOO 3344-343IHASONOI
WOY¥ YILINVHVC 1304VL FIVINITVO

~ CLG

029 ~

SININIHNSYIW SSNO LNdNI
WOY4 H31INVHVYd 1394dVL 1VINDTIVO

A

3

SIIONINDIHH UV
JHONW HO OML NO SINIWNIHNSVIN
SSNO LNdNI ONIAVH 31IT131VS
NOILVOIAVYN AHIAT OL ONIONOdSIHHOD
d313NvHVd NOILYNIGNOD
33H4-F4THASONOI F1VHINIO

~ 01G

¢d310313d
HOL1VOIANI NOILVYTIILNIOS
ANO 1Sv3a1 1V

A

SHOLVIIANI
NOILVTILINIOS 40 IONIS3IHd INIWYFLIA

L. 05

SININFHNSVYIAN SSNO LNdNI 3AIFO3Y

~ ¢09

9/11



PCT/RU2013/000681

WO 2015/020551

9 "Old

02S ~

SINIWIINSYIN SSNO LNdNI
WO¥d Y3 L3NVHVYd 1394VL 31VINITVO

SHOLVOIANI
NOILVTILNIOS ONIANOdSIHHOD
LNOHLIM SALITIFLVYS NOILVOIAVN
Ol ONIANOdSIHHOO SINIWIHNSVIN
SSNO LNdNI ANV SHIL3NVHVd
NOILYNIGWOD 33H4-34IHISONOI
WOY 4 Y3 LINVHVYd 1398VL 31V INDTVO

~ ¢l9

I 3

HOLVOIANI NOILVTILLNIOS
ONIGNOJSIHHOO HLIM 3LIMTILYS
NOILVOIAVYN AH3IAT O1 ONIANOJS3IHH0D
H3A1INVHEVYd NOILYNIGNOD
J3H4-FHIHASONOI 3LVHINIO

~ 019

¢d310413d
SYOLVYOIANI NOILVYTTILNIOS
OML 1SV31 LV

SHOLVOIIANI
NOILVYTIILNIOS 40 3ON3IS3dHd INING3L3A

~ v0g

r

S1ININIHNSYIN SSNO LNdNI 3AIZTO3Y ~ Now

10/11



PCT/RU2013/000681

WO 2015/020551

d31TNVYEYd 13D9YVYL ILVINDTIVO

~ ClL

/. ©Old HOLYDIAN! NOILYTVLNIOS

025 ~

SINIWIFHINSYIN SSNO LNdNI
WOYH HILANVHYC 1394V1 J1VINOTIVO

ONIANOJSIHYOD V HLIM ILITT3LVS
NOILVOIAVN AHIAT O1 ONIANOJSTIHHOD
NMONMNN YH1X3 3LVHINIO

~ 0LL

¢d31531340
HOLVYOIANI NOLLYTILLNIOS
3NO LSV31lVv

SHOLVOIAN!
NOILVTIILNIOS 40 30ON3IS3dd INIWY313a

~ v0S

SINIWNIHINSVYIN SSNO 1NdNI INAITD3H

~ ¢09

11/11



INTERNATIONAL SEARCH REPORT

International application No.

PCT/RU 2013/000681

A CLASSIFICATION OF SUBJECT MATTER

G018 19/07 (2010.01)
GO01S 3/02 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO1S 3/00-3/86, 13/00-13/95, 19/00-19/55, GO1C 21/00-21/36

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSearch (RUPTO internal), USPTO, PAJ, Esp@cenet, DWPI, EAPATIS, PATENTSCOPE, Information Retrieval System of
FIPS

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2012/0169542 A1 (MICHAEL B. MATHEWS et al.) 05.07.2012 1-27
A US 2003/0135327 A1 (SEYMOUR LEVINE et al.) 17.07.2003 1-27
A EP 2279426 B1 (TECHNISCHE UNIVERSITAT MUNCHEN) 23.05.2012 1-27
A RU 2467352 C2 (SELEX COMMUNICATIONS S.P.A)) 20.11.2012 1-27
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T” later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier document but published on or after the international filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other

special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means
“P”  document published prior to the international filing date but later than

the priority date claimed

date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

09 April 2014 (09.04.2014)

Date of mailing of the international search report

22 May 2014 (22.05.2014)

Name and mailing address of the ISA/ FIPS
Russia, 123995, Moscow, (3-39, GSP-5,
Berezhkovskaya nab., 30-1

Facsimile No. +7 (499) 243-23-37

Authorized officer
S. Botuz

Telephone No. 499-240-25-91

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - wo-search-report

