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the number of wavelengths and the carrier phase of each of the medium wave radio carrier signals, and a location of each of the me -
dium wave radio transmitters.



15

WO 2014/137544 PCT/US2014/015510

SATELLITE-BASED INTEGER CYCLE AMBIGUITY RESOLUTION OF LOCAL
MEDIUM WAVE RADIO SIGNALS

FIELD
Erabodiments of the present disclosure velate generally to location determivation.  More
particularly, embodiments of the present disclosure relate to systems for integer cycle ambiguity

resolution in location determination.

BACKGROUND

Determining an unknown mteger number of carrier waves (N} between a transmitter and a
receiver is generally referred to as integer cycle ambiguity reselution. The integer number of
carricr waves {IN} allows estimating a range between a location of the transmitter and a location
of a receiver. When carrier phase tracking is applied to Global Navigation Sateliite Systern
{GNSS)-based radio-navigation, a variety of existing techniques may be used for integer cyele
ambiguity resolution. Since Amplitude Modulated (AM) radio stations typically transmit one
frequency, are generally stationary, and generally don’t broadcast a code-phase signal, these
techuiques do not work for infeger cyele arabiguity resolution of AM radio station signals. Other
existing techniques use AM radio for navigation by manually initializing integer cycle
ambiguitics by starting at a known location, or using multiple frequencics to resolve integer

cycle ambiguities.

SUMMARY

A systern and methods for resolving wnteger cycle ambiguity 1o mediom wave radio sigoals are
presented. A satellite signal is recetved at a receiving location and a measured code phase of the
sateilite signal 1s measured. A satelliie location estimate of the receiving location 18 computed
based on the measured code phase. Medium wave radio carrier signals from a plurality of
medium wave radio transmitters are received with a mediurn wave radio receiver the receiving
focation. A number of wavelengths of the medium wave radio carrier signals from the satellite
location estimate to cach of the medium wave radio transmitters is determined respectively, A
carrier phase of cach of the medium wave radio carrier signals is measured with the medium

wave radio receiver. An improved position estimate of the receiving location is computed based

-1 -



(¥4

10

15

30

WO 2014/137544 PCT/US2014/015510

on the number of wavelengths and the carrier phase of cach of the medium wave radio carrier
signals, and a transmitter location of cach of the medium wave radio transmitters.

In this manner, embodiments of the disclosure provide systems and methods for resolving integer
cycle ambiguities for one or more medium wave radio carrier signals transmitted from medium
wave radio transmitters using satellite-based positioning.

v an ervbodiment, a systero for resolving integer cycle ambiguity n mediura wave radio signals
comprises a satellite receiver, a medium wave radio receiver, and a processor module. The
sateilite receiver receives at least one satellite signal at a receiving location, and measures 4
measured code phase of the satellite signal. The medium wave radio receiver receives medium
wave radio carrier signals froro medium wave radio transmitters at the receiving location, and
measures a carrier phase of each the medium wave radio carrier signals. The processor module
further computes a satellite location estimate of the receiving location based on the measured
code phase, and determines a number of wavelengths of the medium wave radio carrier signals
from the satellite location estimate to cach of the medium wave radio transmitiers respectively.
The processor module also computes an iraproved position estitsate of the receiving location
based on the mumber of wavelengths and the carrier phase of cach of the medium wave radio
carvier signals, and a transmitter location of each of the medium wave radio transmiiters.

In another embodiment, a method for resolving integer cycle ambiguity i medium wave radio
signals receives a satelite signal at a satellite receiver at a recciving location. The method
further measures a measured code phase of the satellite signal at the satellite receiver, and
computes a satclite location cstimate of the recciving location based on the measured code phase
using a processor. The method further receives a plurality of medium wave radio carrier signals
from a plurality of medium wave radio transmitters with at least one medium wave radio receiver
at the receiving location.  The wethod further determives a vumber of wavelengths of the
medium wave radio carrier signals from the satellite location estimate to cach of the medium
wave radio transmitters respectively using the processor. The method further mocasures a carrier
phase of cach the medium wave radio carrier signals with the at least one medium wave radio
receiver. The method further computes an improved position estimate of the receiving location
based on the number of wavelengths and the carrier phase of each of the medium wave radio
carricr signals, and 4 location of cach of the medium wave radio transmitters using the processor.
In a further embodiment, a nop-transitory computer readable storage mediuvm comprises
computer-executable instructions for resolving integer cycle ambiguities in medinm wave radio

signals. The computer-executable instructions receive a satellite signal at a satellife receiver at a
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receiving location, and measure a measured code phase of the satcllite signal at the satellite
receiver. The computer-executable instructions further compute a satellite location estimate of
the recetving location based on the racasured code phase using a processor module, and receive
medium wave radio carrier signals from a plurality of medium wave radio transmitters with a
medium wave radio receiver at the receiving location. The computer-exccutable instructions
further determine a number of wavelengths of the mednirn wave radio carrier signals from the
satellite location estimate to cach of the medum wave radio transmitters respectively, and
measure a carrier phase of cach the wediom wave radio carrier signals with the medium wave
radig recciver. The computer-executable instructions further compute an improved position
cstimate of the receiving location based on the number of wavelengths and the carrier phase of
each of the medivm wave radio carrier signals, and a transmitter location of each of the medium
wave radio transmitters,

This summary is provided to introduce a selection of concepts in a simplified form that are
turther described below 1n the detailed description. This surnmary 18 not intended to 1identity key
features or essential features of the claimed subject matter, nor is it intended to be used as an aid

in determining the scope of the claimed subject matter.

BRIEF DESCRIPTION OF DRAWINGS
A more complete understanding of embodiments of the present disclosure may be derived by
referring to the detailed description and claims when counsidered in conjunction with the
following figures, wherein like reference numbers refer to similar clements throughout the
figares. The figures are provided to facilitate understanding of the disclosure without hmiting
the breadth, scope, scale, or applicability of the disclosure. The drawings are not necessarily
made to scale.
Figure 1 is an illustration of an AM radio carrier signal showing integer components (N} {(integer
number of carrier waves N) relative to a timing reference.
Figure 2 15 an ilustration of an AM radio carrier signal showing integer components (N} {integer
number of carrier waves N) relative to a differential reference station.
Figuare 3 is an illustration of an AM radio carrier signal showing integer components (N} (integer

number of carrier waves Nj relative to a mobile receiver.
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Figure 4 1s an illustration of an excroplary two-dirnensional graph showing an issue of integer
cycle ambiguity resolution of AM radio transmitters.

Figure 5 1s an illustration is an illustration of an exemplary two-dimensional graph showing an
issue of integer cycle ambiguity resolution of AM radio stations shown in Figure 4 plus a
sateilite-based-solution according to an embodiment of the disclosure.

Figure 6 1s au dlustration of a functional block diagram of an mteger cycle ambiguity resolution
system according to an emmbeodiment of the disclosure.

Figure 7 s an illustration of an exemplary flowchart showing a process for resolving an integer

cycle ambiguity according to an embodiment of the disclosure.

BETAILED DESCRIPTION

The following detailed description is exemplary in nature and is pot intended to limit the
disclosure or the application and uscs of the erubodiments of the disclosure. Descriptions of
specific devices, techniques, and applications are provided only as examples. Modifications to
the cxamples described herein will be readily apparent fo those of ordinary skill in the art, and
the general principles defined herein may be applied to other examples and applications without
departing from the spirit and scope of the disclosure. Furthermore, there is no intention to be
bound by any expressed or imoplied theory presented in the preceding field, background,
summary or the following detailed description. The present disclosure should be accorded scope
consistent with the claims, and not limited to the examples described and shown herein,
Embodiments of the disclosure may be described heretn in terms of functional and/or logical
block componcnts and various processing steps. It should be appreciated that such block
components may be realized by any number of hardware, software, and/or firmware components
configured to perform the specified functions. For the sake of brevity, conventional techniques
and components related to code-phase tracking, carvier~phase tracking, communication systerus,
network protocols, global positioning systems, cloud computing, and other functional aspects of
the systeras {and the individual operating compounents of the systerns) may not be described in
detail herein.

Embodiments of the disclosure are described in the context of a non-limiting application,
namely, a mobile phone. Embodiments of the disclosure, however, are not Hmited to such
mobile phone, and the techniques described herein may also be utilized in other applications
requiring finding a location. For example, embodiments may be applicable to a desktop

. TM - TM p P p
computer, a laptop or notebook computer, an iPad™™, an iPod’ ", a cell phone, a personal digital
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assistant (PDA), a mainframe, a server, 4 router, an mternct protocol (IP) node, 1Touch, a Wi-Fi
node, a client device, or any other type of special or general purpose computing device as may be
desirable or appropriate for a given apphication or cnvironment.

As would be apparent to one of ordinary skill in the art after reading this description, the
following arc cxamples and embodiments of the disclosure, are not limited to operating in
accordance with these examples. Other embodiments may be utilized and chavges way be roade
without departing from the scope of the exemplary embodiments of the present disclosure.

As 18 true for many radio frequency sigoals, an AM radio signal can be used as a ranging source
for radio-navigation. An AM radio signal has an advantage in that the AM radio signal can be
received indoors with high quality, and AM radio signals are also conmmon throughout the world.
An AM radio signal does not have a distinct digital component that can be used for code-phase
tracking. However, an AM radio signal does have a clean AM carrier signal that can be used for
carrier-phase tracking.

An important factor of carrier-phase-tracking-based radio-navigation is that ioteger cyele
ambiguity resolution 1s required. Embodiments of the disclosure provide a system and methods
for resolving integer cycle ambiguities for one or more Amplitude Modulated {AM ) radio carrier
signals using satellite-based positioning. The AM radio carrier signals are transmitted from AM
radio transmitters, and may comprise, for example, an integer number of carrier wavelengths N
between an AM radio transmitter and a recciver. A maobile user can measure their phase along
the AM radio carrier signal at an tnstant in time as explained below.

While cmbodiments shown in the figures may use AM radio carrier signals as exaraples, any
substantially mediom wave or medium frequency signals using any suitable modulation method
may be used. In other embodiments, any signal comprising ambiguities resolvable with an
unarabiguous approximately 100 meter level posttion estimate may be used.

Figure 1 is an illustration of an AM radio carrier signal 102 showing integer components {(N) 118
(integer number of carvier wavelengths N) relative to a timing reference T, The AM radio
carrier signal 102 transmitted from an antenna 104 may be synchronized to time from the Global
Posttioning System {(GPS) or other thming reference. This timing synchronization may be done,
for example, by using a pulse-per-second (PPS) output from a GPS timing receiver at the timing
reference T, for an AM radio transmitier 106 that generates the AM radio carrier signal 102,
Since the AM radic carrier signal 102 is synchronized to the timing reference T, at a signal
source such as the AM radio transmitter 106, when a mobile device 108 (mobile user)

saraples/measures a phase 110 of the AM radio carvier signal 102 at a time Ty, a substantially
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sirnultancous phase 112 of the AM radio carrier signal 102 at the AM radio transmatter 106 18
also know or can be determined.

A distance 114 between the mobile device 108 and the AM radio transmitter 106 1s then equal to
a difference in fractional carrier phase (P} 116 measured by the mobile device 108, plus an
unknown integer number of carrier waves (N} 118 (integer components (N} 118} which cannot
be directly measured by the mobile device 108, A process of computing the unknown integer
number of carrier waves (N} 118 18 called integer cycle ambiguity resolution.

Figure 2 1s an dlustration of the AM radio carrier signal 102 showing integer components (N)
206 {integer number of carrier waves (N} 206} relative to a differential reference station 202.
The phase 110 along the AM radio carrier signal 102 is messured/sampled substantially
simultancously by a receiver in a known and fixed location such as the differential reference
station 202 and by the mobile device 108, The distance 204 between the mobile device 108 and
the differential reference station 202 is equal to the difference in fractional carrier phase (P) 116
measured by the mobile device 108, plus an unknown integer mumber of carrier waves (N) 206
{(integer components (N} 206} which cannot be directly rocasured by the mobile device 10X,

In the embodiment shown in Figure 2, one diffcrential reference station is used. However, in
other embodivaents, any number of differential reference stations suitable for resolving the
integer cycle ambiguity may be used. As mentioned above, a process of computing the unknown
wteger nurnber of carrier waves (N) 206 1s called integer cycle arabiguity resolution.

Figure 3 is an illustration of the AM radio carrier signal 102 showing an integer components (N}
306 (integer number of carrier waves (N) 306) relative to a mobile reference receiver 304, In
this example (“crowd sourcing”), a system and method similar to the embodiment shown in
Figure 2 is used; however, one or more diffcrential reference stations 202 in Figure 2 are
replaced by mobile reference receivers 304, The mobile reference recetvers 304 are mobile
devices other than the mobile device 108, The mebile reference receivers 304 are located in
known locations, for exaruple, outdoors and their locations can be measured by GPS/GNSS.
Measurements from the mobile reference receivers 304 are transmitted to a processor such as a
processor moedule 618 in Figure 6 where they can be compared to measurement(s) collected
substantially simultaneously by the mobile device 108 in order to determine the receiving
location 120 of the roobile device 108, The processor may be located in the mobile device 108,
or other locations remote from the mobile device 108, Similar to Figure 2, a distance 302
between the mobile device 108 and the mobile reference receivers 304 s equal to the difference

wn fractional carrier phase (Py 116 (factional component (P) 116) measured by the mobile device
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108, plus an unknown teger number of carrier waves (N) 306 (integer components (N} 306)
which cannot be directly measured.

When carrier phasce tracking is applied to GNSS-based radio-navigation, a variety of existing
techntques may be used for integer cycle ambiguity resolution: (1} techniques that take
advantage of multiple frequencies transmitted by the satellites; (2} techniques that rely on
satellite motion to resolve the integer; and (3) techniques that use code-~phase measurements o
estimate a user’s position {estimated user position}, and then atiempt to lock on to a correct set of
mtegers that hie vear the estimated user position. Many implewentations wmay combine 2 or even
all 3 of these techniques. Since AM radio stations typically transmit one frequency, are
generally stationary, and generally don’t broadeast a code-phase signal, these techniques do not
work for integer cycle ambiguity resolution of the AM radio station signals.

Other existing techniques use AM radio for navigation by manually tmitializing nteger cycle
ambiguities by starting at a known location, or using multiple frequencies to resolve integer
cycle ambiguities.

Embodiments of the disclosure provide a systern and wethods to resolve mnteger cyele
arnbiguities for one or more AM radio carricr signals transmitted from AM radio transmitters
using satellite-based positioning.

Figure 4 is an illustration of an excmplary two-dimensional graph 400 showing an issue of
nteger cycle ammbiguity resolution of AM radio stations 406/412 (transmitters 406/412). A user
such as the mobtle device 108 at an unknown position such as the receiving location 120 makes a
measurement of a carrier phase 402 (110 i Figure 1) of an AM radio carrier signal 404
transmitted from a (first) AM radio transmitter 406, and a measurement of a carrier phase 408 of
an AM radio carrier signal 410 transmitted from a (sccond) AM radio transmitter 412, In this
example, a reference location for the AM radio carvier signal 404 and the AM radio carrier signal
410 are their respective signal sources such as the first AM radio transmitter 406 and the second
AM radio transmitter 412, However, other reference locations, such as but without limitation,
the differential reference station 202, and the mobile reference recetver 304, may alse be used to
measure the carrier phase 402, the carrier phase 408, and other signal charactenistics of the AM
radio carrter signals 404/410.

For cach measurement of the carricr phase 402 and the carrier phase 408, only the factional
component {(P) 116 described in Figures 1-3 can be measured. The integer component (N}
118/206/306 in Figures 1-3 1s known to be an integer component N (integer number N} of carrier

wavelengths A, but the integer component N s unkvown. Therefore, a range (1) such as the
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distance 114 m Figure 1 between the receiving location 120 (user) such as the mobile device 108
and the AM radio station 406 is based on the following relationship shown in equation (1)
=Ny + Py (1),
where Py is the measurement of the carrier phase 402, and Ny may be equal to 0, &, 241, 3 4, 4
Ay, ... M Ay where A; 1s a carrier wavelength {(similar to A shown in Figures | and 4) of the AM
radio carrier signal 404 transmitted from the AM radio station 406, and M is an integer equal to a
maximum number of carrier wavelength A; of the AM radio carrier signal 404, Eguation (1)
leads to a nuraber of possible position solutions 414 comprising concentric circles 416 centered
at the AM radio transmitter 406.
Siratlarly, a carrier rocasurcracnt from AM radio transrottter 412 leads to a number of possible
position sohutions 418 comprising concentric circles 420 centered at the AM radio transmitter
412.
In this manner, the recetving location 120 {user position) can be narrowed down to locations
where these concentric circles 416 and 420 overlap to gencrate potential navigation solutions
422, However, without knowing the integer cycle ambiguities (N}, the mobile device 108 (user)
cannot determine which of these potential navigation solutions 422 is a correct position of the
recetving location 120,
Equation (1) above and Figure 4 are simplifications for illustrative purposes and ignore an effect
ot a user recciver clock bias. Mathematical techuiques 1n the art of satellite and radio navigation
may be used to simultaneously solve for time and location in a context of integer cycle ambiguity
resolution.  Generally the navigation solution 502 (Figure 5) cstimates time as well as posttion.
For example, in some cases two measurements may be differenced to eliminate receiver clock
error or bias.
I sorae cases, a receiver clock 1o the mobile device 108 may comwprise a higher accuracy than an
accuracy of a horizontal position determined from a navigation sohution 502 (Figure 5). This can
merease a complexity of computations over a concentric circle graphical representation,
Figure 5 is an illustration of an exemplary two-dimensional graph 500 showing an integer cycle
ambiguity resolution of the AM radio transmitters 406/4 12 shown in Figure 4 plus the navigation
solution 502 based on tracking/measuring a satellite code phase 504 and/or measuring a Doppler
shift 512 of one or more satellites 506 according to an embodiment of the disclosure. The
navigation solution 502 may be based on a standard GPS measurement, a measurement based on
Iridium sateilites, or a measurement based on tracking of a satellite code phase of other satellite.

Iridium satellite signals are however generally better able to penctrate indoor environroents than
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GPS signals to provide a viable position estimate such as the position cstimate S10 (sateliite
focation estimate 510} for an indoor 308 (Figure 3} user of the mobile device 108, In this
exarnple, only one navigation solution 502 from among potential navigation solutions 422 lics
within the satelite location estimate 510 from a measurement of the satellite code phase 504,
Therefore, the integer cycle ambiguities (N} can be determined.

For some embodiments, calculating the satellite location estimate S10 1s described in more detail
in the U.S. Patent No. 803555, 7952518, and 8296051, and U.S. Patent Publication No. US
2010/0265128.

Non-optimalitics {¢.g., a time for a satellite to move) of satellite-based positioning systems can
be removed by using the AM radio carrier signals, while strengths (e.g., widespread presence of
satellites) of the satellite-based positioning systems are re-enforced allowing a more accurate
estirnate of a recetving location,

For example but without fimitation, satellite signals such as Iridium-based satelite signals from
an Iridiurn low orbit satellite network can be used along with the AM radio carrier signals to
estimate the recetving location more accurately and in less time than the iridivm-based satellite
positioning system can provide by itself without using the AM radio carrier signals.

The integer cycle ambiguities, combined with a measurement of the carrier phase 402 of the AM
radio carricr signal 404 transmitted from the AM radio transmitter 406, and the measurerment of
the carrier phase 408 of the AM radio carrier signal 410 transmitted from the AM radio
transmitter 412 mentioned in Figure 4 above, provide a more accurate position estimate than may
be possible with only a satellite-based solution. The nteger cycle ambiguity resolution method
iilustrated herein can be extended to three dimensions (3-D3) without loss of generality, although
for AM transmitters mostly horizontal information may be provided.

If a satelliie-based position estivoate comprises more than ove navigation sohution such as the
navigation solution 502, measurement of the carrier phase 402/408 from one or more additional
AM radio stations such as the AM radio transmutier 406/412 can be wade. A standard
measurement residual can then be computed for cach navigation solution within the number of
the satellite-based position cstimate. These residuals can then be cornpared to find the correct
solution {e.g., one with a lowest measurement residual) comprising the recetving location 120
Using a graphical concentric circle as an example, when three transmitters are used, a sct of
concentric circles may not exactly intersect at a single peint. A low residual solution may be one

where a misalignment of intersections of the sct of concentric circles is at a substantial minimum.
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In one embodiment, the AM radio transmitters 406 and 412 comprise U.S. AM radio stations in a
frequency range of 520 kHz-1,610 kHz. The range of carrier wavelengths & in this frequency
range s approximately 200 to 600 racters. Iridiurn-based code-phase measurements are able to
measure a user position such as the recetving location 120 to better than about 100 meters (about
328 feet) accuracy in many indoor environments. Since this is better than half of the carrier
wavelength A of typical AM radio station signals, Iridiurn-based code phase measurements are a
good sohation for integer cycle ambiguity resolution.

For a carrier phase measureroent that is approximately 1% of the carrier wavelength A, a ranging
crror to an AM radico station would be approximately 2 to 6 meters once the integer cycle
ambiguitics (N} arc resolved.  Assuming a dilution of precision is reasonable based on a
geometry of a line-of-sight vectors to the AM radio stations, then a resulting carrier phase
navigation selution is significantly more accurate than a solution based on satellite code-phase
measurements.

Figure 6 18 an llustration of a functional block diagram of an mteger cyele ambiguity resolution
system 600 {systern 600} according to an embodimaent of the disclosure. System 600 way
comprise a satellite receiver 602, a medium wave radio receiver 614, the processor module 618,
and a mewory module 624,

The satellite receiver 602 is configured to receive at least one satellite signal 604 at an antenna
606 of the satellite receiver 602 at a receiving location 120 of the mobile device 108 (in Figure 1)
and measure a measured code phase 612 of the satellite code phase 504 of the at least one
sateilite signal 604, The satellite receiver 602 may receive the at least once satellite signal 604
from, an Iridium satellite, a GNSS satellite, and/or other satellite. Thus, the satellite receiver 602
may comprise an Iridium satellite-based receiver configured to receive an Iridium satellite-based
signal, a GNSS satellite receiver configured to receive a GNSS signal, or a corobivation thereof.
The GNSS satellite may comprise: a low Earth orbiting (LEQ) satellite, a medium EHarth orbiting
(MEQO) satellite, a geosynchronous Harth orbiting (GEQ) satellite, a Global Positioning Systera

(GPS™) satellite, a Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS™

) satellite,
a BeiDou Navigation System (COMPASS™) satellite, a Galileo™ sateflite, and/or other
sateilite. The sateilite receiver 602 may also receive the satellite signal 604 form a future
constellation.

The medium wave radio receiver 614 is configured to recetve a plurality of medium wave signals
such as the AM radio carrier signals 404/410 from a phlurality of AM radio transmitters 406/412

respectively at the receiving location 120 via an antenna 640, The medivn wave radio receiver
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614 1s also configured to rmacasure a measured carrier phase 636/638 of the (reccived) carrier
phase 402/408 of cach of the AM radio carrier signals 404/410 respectively. The medium wave
signals may comprise, for exaraple but without limitation, the AM radio carrier signals 404/410,
frequency modulated {(FM) camrier signals, phase modulated (PM) carrier signals, or other
substantially medivm wave or medium frequency signals using any suitable modulation method.
The measured carrier phase 636/638 of cach of the AM radio carnier signals 404/410 may be
determined based on a transmitter carrier phase timing 628/630 and the received carrier phase
402/408 for cach of the AM radio carrier signals 404/410. The trausmitter carvier phase timing
628/630 for cach of the AM radio carrier signals 404/410 may be received at the medium wave
{c.g., AM) radio receiver 614 and the received carricr phase 402/408 for cach of the AM radio
signals may be measured at the medium wave radio receiver 614 to provide the measured carrier
phase 636/638. For example but without limitation, the transmitter carricr phase timing 628/630
for cach of the AM radio carrier signals 404/410 may be received via a celiular network 428
{(Figure 4), or may be embedded in cach of the AM radio carrier signals 404/410.

The processor module 61K 15 configured to compute the satcllite location estimate 510 (Figure 5)
of the receiving location 120 (Figure 1) based on the measured code phase 612 of the satellite
code phase 304. The processor module 618 is also configured to determine the integer vurnber N
{(118/206/306 in Figure 1) of the carrier wavelengths A of the AM radio carrier signals 404/410
(Figure 4) from the satcilite location estirnate 510 to cach of the AM radio transmitters 406/412
{Figure 4) respectively to resolve the integer cycle ambiguity. The processor module 618 is also
configured to compute an improved position cstimate 620 of the receiving location 120 based on
the integer number N of carrier wavelengths A and the measured carrier phase 636/638 of each of
the AM radio carrier signals 404/410, and a transmitter location 424/426 (location 424/426) of
cach of the AM radio transrtters 406/412.

The transmitter location 424/426 of the AM radio transmitters 406/412 can be determined by, for
exaraple but without limutation, receiving the transmitter location 424/426 via the cellular
network 42¥, accessing the transmitter location 424/426 of cach of the AM radio transmitters
406/412 from an AM radio transmitter location database 626, or other location information
resource.

The processor module 618, may be implemented, or realized, with g general purpose processor, a
content addressable memory, a digital signal processor, an application specific integrated circuit,
a field programmable gate array, any suitable programmmable logic device, discrete gate or

transistor logic, discrete hardware coroponents, or any combination thereof, designed to perform
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the functions described herein. In this manner, g processor may be realized as a microprocessor,
a controlier, a microcontrolier, a state machine, or other software or hardware machines.

A processor may alse be mmplemented as a combination of computing devices, ¢.g., &
combination of a digital signal processor and a microprocessor, a plurality of microprocessors,
ONe Of MOTC MICTOProcessors in conjunction with a digital signal processor core, or any other
such configuration. The processor module 618 comprises processing logic that is configured to
carry out the functions, techniques, and processing tasks associated with the operation of the
system 600,

In particular, the processing logic is configured to support the method to resolve integer cycle
ambiguitics of a plurality of AM radio signals as described herein. Furthermore, the steps of a
method or algorithm described in connection with the embodiments disclosed heretn may be
erabodied directly in hardware, in firmware, in a software module executed by the processor
module 618 or in any combination thereof.

The memory module 624, may be realized as a non-volatile storage device (non-volatile
sermconductor raemory, hard disk device, optical disk device, and the like), 8 random access
storage device {for example, SRAM, DRAM), or any other form of storage medium known in
the art. The memory module 624 way be coupled to the processor module 618 that can read
information from, and write information to the memory module 624.

As an cxample, the processor module 618 and memeory module 624 may reside in thewr
respective ASICs. The memory module 624 may also be integrated into the processor module
618, In an crobodiment, the memory module 624 may include a cache memory for storing
temporary vartables or other intermediate information during execution of instructions to be
cxecuted by the processor module 618, The memory module 624 may also include non-volatile
memory for storing instructions to be executed by the processor module 618,

The memory module 624 may store, for example but without limitation, the integer component
(N 118/206/306, the factional component {(P) 116, the distance 114/204/302, the carrier phase
402/408, the measured carrier phase 636/638, the potential navigation solutions 422, the satellite
code phase 504, the satellite location estirnate 510, the navigation solution 502, the measured
code phase 612, the improved position estimate 620, and other parameters. The memory module
624 may also comprise the AM radio transmutter location database 626 for storing the transroitter
location 424/426 of cach of the AM radio transmitters 406/412.

Those skilled in the art will understand that the various tllustrative blocks, modules, circuits, and

processing logic described 1o connection with the embodiments disclosed herctn may be
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impleroented in hardware, computer-readable software, firmware, or other combination thereof,
To clearly illustrate this interchangeability and compatibility of hardware, firmware, and
software, various tllustrative components, blocks, modules, circuits, and steps are described
generally in terms of their functionality.

In some embodiments, the system 600 may comprise any number of processor modules, any
ourober processing modules, any number of mewory modules, any number of transmitter
modules, and any mumber of receiver modules suitable for their operation described herein. The
iHustrated system 600 depicts a siaple embodiment for case of description. These and other
clements of the system 600 are interconnected together, allowing communication between the
various clernents of systern 600, In one cruobodiment, these and other clements of the system 600
may be interconnected together via a respective data communication bus 634,

A transmitter module and a receiver module may be located in the processor module 618 coupled
to a shared antenna 632, Although in a simple module only one shared antenna 632 may be
provided, more sophisticated modules may be provided with multiple and/or more corplex
antenna configurations. Additionally, although not shown 1 this Figure 6, those skilled in the art
will recognize that a transmitter may transmit to more than one receciver, and that multiple
frausmitters may transmit {0 a same receiver.

Whether such functionality is implemented as hardware, firmware, or software depends upon the
particular application and design constraints froposed on the overall systermn. Those familiar with
the concepts described herein may implement such functionality in a suitable manner for each
particular application, but such implernentation decisions should not be mterpreted as causing a
departure from the scope of the present invention.

Figure 7 is an illustration of an cxemplary flowchart showing a process 700 for calculating an
witeger number of carrier waves (integer cycle ambiguities (N)) according to an embodiment of
the disclosure. The various tasks performed in connection with the process 700 may be
performed by software, hardware, firroware, a computer-readabie medium having computer
cxecutable instructions for performing the process method, or any combination thereof. The
process 700 may be recorded in a non-transitory computer-readable medium such as a
serniconductor memory, a magnetic disk, an optical disk, and the like, and can be accessed and
exccuted, for example, by a computer CPU such as the processor module 608 in which the
computer-readable medinm is stored.

It should be appreciated that process 700 may include any number of additional or alternative

tasks, the tasks shown in Figure 7 need not be performed m the illustrated ovder, and process 700
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may be incorporated into a more comprchensive procedure or process having additional
functionality not described in detail herein. In some embodiments, portions of the process 700
may be performed by diffcrent elements of the systern 600 such as: the satellite recetver 602, the
medium wave radio receiver 614, the processor modide 618, the memory module 624, etc.
Process 700 may have functions, material, and structures that are similar to the embodiments
shown in Figures 1-6. Therefore coromon f{eatures, functions, and clements way not be
redundantly described here.

Process 700 may begin by receiving at least one satellite signal such as the satelitte signal 604 at
a satellite receiver such as the satellite receiver 602 at a receiving location such as the receiving
location 120 (task 702).

Process 700 may continue by the satellite recetver 602 measuring a measured code phase such as
the measured code phase 612 of the at least one satellite signal 604 at the satellite receiver 602
{task 704).

~
7
i

Process 700 may continuc by coraputing a satellite location estimate such as the satellite location
estimate 310 of the receiving location 120 based on the micasured code phase 612 using a
processor module such as the processor module 618 (task 706).

Process 700 may continue by recerving a plurality of maedium wave radio carcier signals such as
the AM radio carrier signals 404/410 from a phurality of medium wave radio transmitters such as
the AM radio transmitters 406/412 with at least one medium wave radio receiver such as the
medinm wave radio receiver 614 at the receiving location 120 (task 70K).

Process 700 may continue by determining a number of wavelengths such as the integer
component (N} 118/206/306 of the medium wave radio carrier signals from the satellite location
cstimate 510 to cach of the medium wave radio transmitters such as the AM radio transmitters
406/412 respectively using the processor module 618 (task 710).

Process 700 may continue by measuring a carrier phase such as the carrier phase 402/408 of
each the medium wave radio carrier signals such as the AM radio carrier signals 404/410 with
the at least one medium wave radio receiver 614 (task 712).

Process 700 may continue by computing an improved position cstimate such as the improved
position estimate 620 of the receiving location 120 based on the mumber of wavelengths such as
the integer compounent (N} 118/206/306 and the carrier phase such as the measured carrier phase
636/638 of each of the medium wave radio carrier signals, and a location such as the transmitter
location 424/426 of ecach of the medium wave radio transmitters using the processor module 618

{task 714).
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Process 700 may continue by the mediurm wave radio receiver 614 receiving a transmitter carrier
phase timing such as the transmitter carrier phase timing 628/630 for each of the medium wave
radio carrier signals such as the AM radio carrier signals 404/410 (task 716)
Process 700 may continue by measuring a received carrier phase such as the received carrier
phase 402/408 at the at least one medium wave radio receiver 614 {(c.g., AM radio receiver) for
cach of the mediom wave radio carrier signals {(task 718).
Process 700 may continue by determining the carrier phase such as the measured carrier phase
636/638 of cach the medivm wave radio carvier signals such as the AM radio carrier signals
404/410 based on the transmitter carrier phase timing 628/630 and the received carrier phase
402/408 for cach of the mediurn wave radio carrier signals such as the AM radio carrier signals
404/419 (task 720}.
Process 700 may continue by receiving the transmitter carrier phase tirning 628/630 for cach of
the medium wave radio carrier signals via a cellular network such as the cellular network 428
{task 722).
Process 700 may continue by receiving the location such as the transmitter location 424/426 of
cach of the medium wave radio transmitters via the cellular network 428 {task 724).
Process 700 may coutinue by accessing the location of cach of the medium wave radio
transimitters from a database such as the transmitter location database 626 (task 726).
In this manner, erabodirents of the disclosure provide system and methods for resolving an
integer cycle ambiguity of medivm wave radio signals using a satellite-based-sohution to
determine an accurate location of a receiving location.
While at least one example embodiment has been presented in the foregoing detailed description,
it should be appreciated that a vast number of variations exist. It should also be appreciated that
the example embodiment or embodiments described herein are not intended to Himit the scope,
applicability, or configuration of the subject matter in any way. Rather, the foregoing detailed
escription will provide those skilled in the art with a conventent road map for implementing the
described embodiment or embodiments. It should be understood that various changes can be
made i the function and arrangement of clements without departing from the scope defined by
the claims, which inchudes known equivalents and foresceable equivalents at the time of filing
this patent application.
In this document, the term “module” as used herein, refers to software, firmware, hardware, and
any combination of these clements for performing the associated functions described herein.

Additionally, for purpose of discussion, the various modules are described as discrete modules;
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however, as would be apparent one of skilled in the art, two or roore modules may be combined
to form a single module that performs the associated functions according the embodiments of the
present disclosure.

In this document, the terms “computer program product”, “computer-readable medium”, and the
like may be used generally to refer to media such as, for example, memory, storage devices, or
storage untt. These and other forms of computer-readable roedia roay be involved n storing one
or more instructions for use by the processor module 618, perform specified operations.  Such
mstructions, generally referred to as “computer program code” or "program code” (which may be
grouped in the form of computer programs or other groupings), when executed, enabic a method
ot using the system 600,

The above description refers to elements or nodes or features being “connected” or “coupled”
together,  As used herein, unless expressly stated otherwise, “connected” means that one
clement/node/feature 18 directly jowned to (or directly communicates with) another
clernent/node/feature, and not ncocessarily mechanically.  Likewise, unless oxpressly stated
otherwise, “coupled” means that one element/node/feature 1s directly or indirectly joined to {or
directly or indirectly communicates with) another element/node/feature, and not necessarily
mechanically, Thus, although Figure 6 depicts exarple arrangements of clements, additional
intervening clements, devices, features, or components may be present in an embodiment of the
disclosure.

Terms and phrases used in this document, and variations thercof, unless otherwise expressly
stated, should be construed as open ended as opposed to hmiting. As examples of the foregoing:
the term “inchiding” should be read as mean “inchuding, without limitation” or the like; the term
“example’ is used to provide exemplary instances of the item in discussion, not an exhaustive or
timiting list thereof; and adjectives such as “conventional,” “traditional,” “normal,” “standard,”
“known” and terms of similar meaning should not be construed as limiting the item described to
a given time period or to an item available as of a given time, but instead should be read to
encompass conventional, traditional, normal, or standard technologies that may be available or
known now or at any fime in the future.

Likewise, a group of items Hnked with the conjunction “and” should not be read as requiring that
cach and cvery onc of those iterns be present in the grouping, but rather should be read as
“and/or” unless expressly stated otherwise. Similarly, a group of items linked with the
conjunction “or” should not be read as requiring mutual exclusivity among that group, but rather

should also be read as “and/or” unless expressly stated otherwise.
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Furthermore, although tlerns, cleracnts or components of the disclosure may be described or
claimed in the singular, the plural is contemplated to be within the scope thereof unless himitation
to the singular 1s cxplicitly stated. The presence of broadening words and phrases such as “one
or more,” “at least,” “but not limited t0” or other like phrases in some instances shall not be read
to mean that the narrower case is intended or required in instances where such broadening
phrases may be absent. The term "about” when referring to a numerical value or range 18
intended to encompass values resulting from experimental error that can occur when taking
MEeasureents.,

As used herein, unless expressly stated otherwise, “operable” means able to be used, fit or ready
for usc or service, usable for a specific purpose, and capable of performing 4 recited or desired
function described herein.  In relation to systems and devices, the term "operable” means the
system and/or the device s fully functional and calibrated, comprises elements for, and meets
applicable operability reguirements to perform a recited function when activated. In relation to
systemns and circuits, the torm "operable” means the systern and/or the circutt 18 fully functional
and calibrated, coraprises logic for, and meets applicable operability requirements to perform a

reciied function when activated.
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CLAIMS
I A systern for resolving integer cycle ambiguity in mediurn wave radio signals
comprising:
a satellite reeciver operable fo:
5 receive at least one satellite signal at a receiving location; and

measure a measured code phase of the at least one satellite signal;
at least one medium wave radio recetver operable to:
receive a plurality of medium wave radio camrier signals from a plurality of
roedium wave radio transmutters at the receiving location; and
10 measure a carrier phase of cach the medium wave radio carrier signals; and
a processor module operable to:
compute a satellite location estimate of the receiving location based on the
reasured code phase;
determine a number of wavelengths of the medium wave radio carrier signals

from the satellite location estimate to each of the medium wave radio fransmitters

U
(¥4

respectively; and
compute an improved position estimate of the receiving location based on the
number of wavelengths and the carrier phase of each of the medium wave radio carrier

signals, and a transmitter location of each of the medium wave radio transmitters.

28 2. The system of claim 1, wherein the satellite receiver comprises: an Iridium satellite-based

receiver, a GNSS satellite receiver, or a combination thereof,

3. The system of claim 2, wherein the GNSS satellite receiver receives the at least one
satellite signal from at least one member selected from the group consisting of: an LEO satellite,
25  an MEQ satellite, a GEQ sateliite, a Global Navigation Satellitc Systern (GINSS) satellite, a
Global Positioning System (GPS™

Sisterna (GLONASS™) satellite, a BeiDou Navigation System (COMPASS™) satcllite, and a

3y satelitte, a Globalnaya Navigatsionnaya Sputnikovaya

Galileo™ satellite.

4. The systern of claim 1, wherein the at least one medium wave radio receiver is further

30 operable to:
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receive a transmitter carrier phase tining for each of the medium wave radio signals;

measure a received carrier phase for each of the medium wave radio signals; and

determine the carrier phase of cach the medium wave radio signals based on the
transmitter carrier phase timing and the recetved carrier phase for each of the medinm wave

radio signals.

5. The system of claim 4, further comprising receiving the transmitter carrier phase timing

for each of the medium wave radio signals via a cellular network.

6. The systera of claum 4, further comprising receiving the transmitter location of cach of

the medium wave radio transmitiers via a cellular network.

7. The system of claim 4, wherein the transmitter carrier phase timing for ecach of the

mediurm wave radio signals is embedded i cach of the medium wave radio signals.

2. The system of claim 4, further comprising accessing the transmitier location of each of
~ 3 & =)

the medium wave radio transmitters from a database.

8. A method for resolving integer cycle ambiguity in medium wave radio signals, the
method comprising;

receiving at least one satellite signal at a satellite receiver at a receiving location;

measuring a measured code phase of the at least one satellite signal at the satellite
receiver,

computing a satellite location estimate of the receiving location based on the measured
code phase using a processor;

receiving a plorality of medium wave radio carrier signals from a phurality of medium
wave radio transmitters with at least one medium wave radio recetver at the receiving location;

determining a nuraber of wavelengths of the medium wave radio carrier signals from the
sateilite location estimate to cach of the medium wave radio transmitters respectively using the
PrOCCSs0r;

measuring a carrier phase of cach of the medium wave radio carrier signals with the at
least one medium wave radio receiver; and

computing an improved position estimate of the receiving location based on the number
of wavelengths and the carrier phase of cach of the medium wave radio carrier signals, and a

focation of each of the medium wave radic transmitters using the processor.
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10, The method of claim 9, further comprising:

receiving a fransmitter carrier phase timing for each of the medium wave radio signals;

measuring a received carrier phase at the at least one medium wave radio receiver for
cach of the medivro wave radio sigoals; and

determining the carrier phase of cach the medivm wave radio signals based on the
transvatiter carrier phase tuming and the received carrier phase for each of the mediura wave

radio signals.

11, The methed of claim 10, further comprising receiving the transmitter carrier phase timing

for cach of the medium wave radio signals via a ccllular network.

12, The method of claim 10, further comprising receiving the location of cach of the medium

wave radio transmitters via a cellular network.

13, The method of claim 10, wherein the transmitter carrier phase timing for each of the

medium wave radio signals 18 embedded in each of the medium wave radio signals.

14, The method of claim 10, further comprising accessing the location of cach of the medium

wave radio transmitters from a database.

15, The method of claim 9, wherein the at least one satellite signal comprises: a Low Earth
Orbiting (LEQ) satellite signal, an Iridium satellite-based signal, a GNSS signal, or a

combination thereof,

16, The method of claim 15, wherein the GNSS signal 18 transroitted from at least one
member selected from the group consisting off an LEO satellite, an MEQ satellite, a GEO
sateilite, a Global Navigation Satellite System (GNSS) satellite, a Global Positioning System

o IM

(GPS™ satellite, a Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS™) satellite,

a BeiDou Navigation System (COMPASS ™) satellite, and a Galileo'™ satellite.
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7. A non-transttory compuier readable storage mediura comprising cornputer-cxecutable
instructions for resolving integer cycle ambiguities in medium wave radio signals, the computer-
exccutable instructions comprising:

receiving at feast one satellite signal at a satellite recetver at a receiving location;

measuring a measured code phase of the at least one satellite signal at the satellite

computing a sateliite location estimate of the receiving location based on the measured
code phase using a processor module;

receiving a plurality of medium wave radio carrier signals from a plurality of medium
wave radio transmitters with at least one medium wave radio receiver at the recetving location;

determining a number of wavelengths of the medium wave radio carrier signals from the
satellite location estimate to cach of the medium wave radio transmitiers respectively using the
processor module;

measuring a carrier phase of cach the medium wave radio carrier signals with the at lcast
one mediurg wave radio receiver; and

computing an improved position estimate of the receiving location based on the number
of wavelengths and the carrier phase of cach of the medium wave radio carrier signals, and a

transmitter location of cach of the medium wave radio transmitters using the processor module.

18 The non-transitory computer readable storage medium of claim 17, further comprising
computer-executable instructions for;

recetving a tfransmitter carrier phase timing for each of the medium wave radio carrier
signals;

rocasuring a received carvier phase at the at least one medium wave radio receiver for
cach of the medium wave radio carrier signals; and

deterroining the carrier phase of each the medivm wave radio carrier signals based on the
transmitter carricr phase timing and the received carrier phase for cach of the medium wave

radio carrier signals.

19, The non-transttory computer readable storage mediurn of claim 18, further coraprising
computer-executable instructions for receiving the transmitter carrier phase timing for cach of

the roedium wave radio carrier signals via a cellular network.
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20.  The non-transitory compuler rcadable storage medium of claim 19, further comprising
computer-executable instructions for receiving the at least one satellite signal from: an Inidium

satellite, a GNSS satellite, or a combination thereof,
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