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(57) ABSTRACT

A device and method which improves the accuracy of a
global positioning system (GPS)-equipped mobile device. A
time-stamped first set of GPS data 1s received via a GPS
receiver, e.g., of the base station. A second set of GPS data
describing a geoposition of the mobile device 1s received
from the mobile device by the base station. A time of

collection of the GPS data coincides. The GPS data includes
code, carrier-phase, and pseudo-range information from
cach of the GPS satellites. A predetermined GPS position
correction technique 1s used to generate a first corrected
geoposition of the mobile device using the GPS data.
Corrected, carrier-smoothed geoposition 1s generated as a
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second corrected geoposition using a carrier smoothing
operation. The second corrected geoposition 1s transmitted
to the mobile device and/or an external response system
such as a drone or first responder.

20 Claims, 5 Drawing Sheets
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1

DEVICE AND METHOD FOR IMPROVING
GEOGRAPHIC POSITION ACCURACY OF A
GLOBAL POSITIONING SYSTEM-BASED
MOBILE DEVICE

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/625,464, filed

on Feb. 2, 2018, which 1s hereby incorporated by reference
in its entirety.

STAITEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1nvention described herein was made by employees
of the United States Government, and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any royalties thereon or therefor.

BACKGROUND OF THE INVENTION

Cell phones, tablet computers, and other mobile devices
are often equipped with Global Positioming System (GPS)
chipsets and receivers, and thus use built-in GPS capabilities
for a variety of beneficial purposes. GPS 1s a worldwide
satellite-based navigation system that relies on an earth-
orbiting constellation of satellites to precisely i1dentity the
geographic position (“geoposition”) of a GPS-equipped
mobile device. Geoposition can be determined 1n either two
dimensions, 1.¢., latitude and longitude, or three dimensions
(latitude, longitude, and altitude) depending on the number
of orbiting GPS satellites 1 view of the GPS-equipped
device. Each GPS satellite continuously broadcasts GPS
data 1n the form of a navigation message. An onboard atomic
clock 1s used to time-stamp the navigation message. The
time difference between broadcast and receipt of the time-
stamped navigation message 1s then used to calculate
approximate distances between the GPS-equipped device
and the orbiting GPS satellites.

The quantity and variety of mobile applications using
onboard GPS capabilities has exploded i1n recent years.
However, positioning accuracy of the lightweight, low-cost,
and low-power GPS recervers and associated chipsets used
in modern mobile devices 1s limited. Research suggests that
available positioning accuracy for a typical handheld mobile
device 1s around 5-20 meters depending on the receiving
device. While such levels of accuracy are more than
adequate for performing general navigation and other com-
mon GPS-based applications, higher levels of accuracy may
be required 1n certain applications, for instance when con-
ducting drone-based package delivery services, gaming, or
search-and-rescue/first responder dispatch efiorts.

A typical GPS receiver uses a self-generated pseudo-
random code to determine the transit time of unique pseudo-
random codes (“pseudo-codes”) emitted by each orbiting
GPS satellite, with such data containing the above-noted
navigation message. The term “pseudo-range” refers to
uncorrected distance measurements that are based on a
correlation between the satellite-emitted pseudo-codes and a
locally-generated code of the GPS receiver or mobile device
equipped therewith. In addition to code information, some
receivers are able to accurately measure the carrier-phase
from the GPS satellites. On the ground, therefore, carrier-
phase processing techniques may be used that utilize the
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GPS satellite’s carrier frequency, typically higher than the
pseudo-random code frequency, to more accurately calculate

the geoposition of the GPS receiver. Carrier frequencies may
be 1575.42 MHz, 1.e., the “LL1” carrier frequency, or 1227.60
MHz (the “L2” carnier frequency).

GPS positional correction techniques include Diflerential
GPS and Real-Time Kinematic (RTK) GPS, as well as
techniques similar to those used 1n the Local Area Augmen-
tation System (LAAS). Such techniques help remove atmo-
spheric distortion and other errors common to coinciding
GPS data measurements of stationary base stations and the
GPS-equipped mobile device, to the extent that such errors
correlate. While carner frequency-based correction tech-
niques such as RTK and LAAS tend to be more accurate
than pure differential techniques that rely solely on the code
information/pseudo-code data and pseudo-range informa-
tion, the possible distances between the mobile device and
a proximate base station are more limited with such tech-
niques. For example, differential techniques may be used up
to about 90-100 km from a base station on certain applica-
tions, while RTK techniques and techniques used in LAAS
may be usable up to about 30 km, albeit at additional cost
and complexity relative to implementation of basic difler-
ential techniques.

Efforts have been made toward improving positioning
accuracy of a GPS-equipped mobile device of the types
noted generally above. Using communication between one
or more stationary base stations and the mobile device,
existing GPS accuracy of the mobile device 1s improved as

needed. One such approach 1s disclosed i U.S. patent
application Ser. No. 15/665,716, which published as US

2018/0120445 Al on May 3, 2018, and which 1s hereby
incorporated by reference 1n 1ts entirety. Such location
correction methods also eflectively correct for a variety of
error types, such as atmospheric error, recerver noise, and
GPS satellite clock bias. However, existing approaches may
be less than optimal when employed 1n cities or other highly
reflective environments 1n which the navigation messages
from the orbiting satellites may be retlected from interven-
ing structure before being received by the mobile device.

BRIEF SUMMARY OF THE INVENTION

A method 1s disclosed herein for improving upon avail-
able accuracy of a global positioning system (GPS)-
equipped, internet-enabled mobile device, e.g., a smart
phone or a tablet computer. The present method may be
particularly beneficial when used 1n highly-reflective envi-
ronments such as cities and urban environments. The dis-
closed approach enables enhanced multi-path mitigation. As
used herein, the term “multi-path mitigation” refers to
improvement of GPS-based position accuracy when GPS
signals take multiple paths from orbiting GPS satellites to a
receiver of the mobile device. That 1s, while line-of-sight
(LOS) 1s the shortest possible distance between satellite and
device, 1n a highly reflective environment one or more of the
LOS paths may be obstructed by intervening manmade or
natural objects such as tall buildings, bridges, or snow-
covered mountains. GPS signals transmitted i such an
environment arrive at the mobile device indirectly after one
or more instances ol signal reflection. As a result, the
reflected GPS signals must travel over longer distances than
the 1deal LOS distance, thereby producing range error.
Additionally, the small receivers used 1n lightweight hand-
held mobile devices tend to have high levels of receiver
noise. Both range error and receiver noise are reduced using
the disclosed method, and therefore the present disclosure 1s
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an 1mprovement to the functioning of a computer-based
network 1n the context of GPS positioning.

The present approach may be used when satellite carrier-
phase data 1s made available to fixed (stationary) base
stations and the GPS-equipped mobile device. The mobile
device 1s 1n remote communication with one or more fixed
base stations, with measurements from multiple earth-orbit-
ing GPS satellites being available. Each base stations, being
stationary, has a known/reference geoposition, 1.€., a sur-
veyed latitude, longitude, and altitude.

The method according to an example embodiment
includes determining a geoposition of a fixed base station as
a reference GPS position using a time-stamped first set of
GPS data. The method may include determining, over an
internet connection, a time-stamped second set of GPS data
describing the mobile device’s geoposition. A time of col-
lection of the time-stamped first and second sets of GPS data
coincide, 1.e., the times of collection are exactly the same.

The method may include generating a corrected geopo-
sition of the mobile device using a predetermined GPS
position correction techmque, and using the time-stamped
first and second sets of GPS data, and a chipset or processor
of the base station or the mobile device. As part of the
process, a carrier signal smoothing operation 1s performed
before or after mitially correcting the geoposition into a first
corrected geoposition. The carrier smoothing operation may
be performed either 1n real-time or post-processing. There-
alter, the corrected, carrier-smoothed geoposition 1s used as
a second corrected geoposition to control an action of the
mobile device and/or an external response system such as a
drone or {first responder as set forth herein.

The above-noted predetermined GPS position correction
technique may include differential GPS, Real Time Kine-
matic (RTK), or other techniques similar to those used 1n a
Local Area Augmentation System (LAAS)/Ground Based
Augmentation System (GBAS).

These and other features, advantages, and objects of the
present disclosure will be further understood and readily
apparent from the following detailed description of the
embodiments and best modes for carrying out the disclosure
by referring to the specification, claims, and appended
drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 15 a schematic illustration of a system according to
an example embodiment 1n which example differential cor-
rection or Real Time Kinematic (RTK) techniques are
employed along with a carrier signal smoothing process to
situationally improve global positioning system (GPS) accu-
racy of a GPS-equipped mobile device.

FIG. 2 1s a flow chart describing an example method for
situationally improving upon GPS positioning accuracy of a
mobile device using the system depicted in FIG. 1.

FIGS. 3A and 3B are schematic illustrations of exemplary
position solutions for uncorrected, corrected, and smoothed-
and-corrected positions for a GPS-equipped mobile device.

FIGS. 4A, 4B and 4C are code-minus-carrier (CMC)
residuals over time for three example base stations, with
CMC residuals depicted 1n meters on the vertical axis and
time 1n seconds depicted on the horizontal axis.

The present disclosure 1s susceptible to various modifi-
cations and alternative forms, and some representative
embodiments are shown by way of example in the drawings.
It should be understood that novel aspects of this disclosure
are not limited to the particular forms illustrated 1n the
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appended drawings. Rather, the disclosure 1s intended to
cover all modifications, equivalents, combinations, and

alternatives falling within the scope and spirt of the disclo-
sure as defined by the appended claims.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Disclosed herein are method and system for increasing
global positioning system (GPS)-based positional accuracy
ol internet-capable cell phones, tablet computers, and other
GPS-equipped mobile devices. The disclosed method takes
situational advantage of available GPS data and other mea-
surements, including carrier-phase information 1n particular.
Such GPS data 1s provided over an internet or other wireless
connection/radio Ifrequency communication from one or
more stationary base stations having a surveyed or otherwise
predetermined geoposition.

Referring to FIG. 1, an improved Location Corrections
through Diflerential Networks or “LOCD-IN" system 10
includes one or more stationary base stations 12 in remote
networked communication with a global positioning system
(GPS)-equipped mobile device 14, e.g., a tablet computer
14A, a cell phone 14B, or other portable electronic device.
The mobile device 14 1s equipped with a chipset or processor
(P1), memory (M1), and a GPS receiver 15. The base station
12 and the mobile device 14 are in remote communication
with an Earth-orbiting constellation of GPS satellites 11,
shown as four representative GPS satellites 11A, 11B, 11C,
and 11D.

Depending on orbital paths, times of day, and line-of-sight
(LOS) obstructions, more or fewer GPS satellites 11 may be
within LOS of the mobile device 14 at any given time. The
base stations 12 are stationary and therefore have a prede-
termined/surveyed three-dimensional reference geospatial
position or “geoposition” 1n terms of latitude, longitude, and
altitude. Each base station 12 includes an antenna or other
GPS receiver 13, along with a processor (P2) and memory
(M2). The mobile device 14, being mobile, has a time-
varying geoposition as a user of the mobile device 14 moves
relative to the fixed base station 12.

A single base station 12 and mobile device 14 are shown
in FIG. 1 solely for the purpose of illustrative simplicity.
Those of ordinary skill 1n the art will appreciate that multiple
similarly configured base stations 12 and mobile devices 14
may be used in other embodiments, with an example of such
an embodiment shown in FIG. 3 and described below.
Therefore, singular descriptions provided herein with
respect to the number of base stations 12 or mobile devices
14 are intended to apply equally to multiple base stations 12
or mobile devices 14 when used as part of the system 10.

The LOCD-IN system 10 of FIG. 1 1s configured to
situationally, 1.e., upon request, improve upon existing levels
of GPS location accuracy of the mobile device 14. As noted
above, the GPS accuracy or resolution of the mobile device
14 may be limited due to restrictions on packaging size,
weight, or power requirements of the mobile device 14.
Such restrictions tend to result 1in the use of lower cost, lower
performance receivers 15 and processors (P1) aboard the
mobile device 14. For everyday GPS applications such as
turn-by-turn navigation or social media-based location
reporting, the uncorrected GPS-based positional resolution
may be suflicient. However, situations may periodically
arise¢ 1n which the available GPS position accuracy of the
mobile device 14 1s mnadequate.

An example of such a situation 1s a scheduled aerial
delivery of a package to a specific mailing address, e.g., via
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an autonomous or remotely piloted drone 30. Another
example may be that of a first responder 40, such as a police
squad car as shown, search and rescue teams, firefighters, or
emergency medical services requiring a more precise knowl-
edge of the geoposition of the mobile device 14. When
improved accuracy 1s required, whether prompted by the
base station 12 or initiated by a user of the mobile device 14,
the user may request execution of the present method 50 for
processing on the mobile device 14 and/or via the base
station(s) 12, and/or via a server or other remote device. In
executing the method 350, an example of which 1s shown 1n
FIG. 2, a carrier signal from the GPS satellites 11 1s used by
code-smoothing logic 100 to smooth the pseudo-code sig-
nals recerved from the GPS satellites 11 to turther improve
accuracy beyond levels possible using existing location
correction techniques. Although not always necessary, such
an accuracy improvement request may be generated 1n some
embodiments by touching a touch screen-displayed activa-
tion icon 25 on the mobile device 14 or by pressing a
physical button (not shown).

Still referring to FI1G. 1, the base station 12 and the mobile
device 14 separately receive UPS data signals (arrows S,,
S,, S,, S,) from the UPS satellites 11 A, 11B, 11C, and 11D,
with such data embodying the “navigation messages™ noted
clsewhere above. The receiver 15 and processor P1 of the
mobile device 14 together identily an uncorrected geoposi-
tion of the mobile device 14 to a second level of accuracy
that, due to the lower cost and size of the receiver 15 and
processor P1, 1s less than the first level of accuracy of the
base station 12. Thus, the base station 12 serves as a
reference/surveyed geoposition and data source to situation-
ally correct for errors in the available geoposition accuracy
of the mobile device 14, doing so without requiring hard-
ware modification to the low-cost receiver 15 and associated
processor P1 of the mobile device 14.

In the depicted embodiment of FIG. 1, the mobile device
14 determines 1ts own geoposition via communication with
each GPS satellite 11, whether LLOS or via reflection from
intervening structure or topography. Thereafter, the mobile
device 14 automatically refines the GPS-based position
estimates using unprocessed measurements (arrows 20A and
20B) as transmitted by the base station 12 through an
internet connection 16, including enhancing position via the
code-smoothing logic 100 using available GPS carrier signal
data. In other embodiments, onboard processing may be
performed by the mobile device 14, such that the base
station 12 relays its own geoposition as a set of GPS
measurements and the mobile device 14 performs the nec-
essary correction techniques using the processor P1. The
code-smoothing logic 100 may reside 1n the base station(s)
12 as shown, and/or in the mobile device 14 1n different
embodiments.

When using measurements from the GPS satellites 11, the
receivers 13 and 15 establish or confirm the respective
geopositions of the base station 12 and the mobile device 14,
doing so 1n part by determining pseudo-ranges to each of the
orbiting GPS satellites 11. The base station 12 may there-
after transmit 1ts determined pseudo-ranges and/or pseudo-
code information to the mobile device 14, or vice versa, with
subsequent calculations performed by the processor of the
receiving device, for instance the processor P1 of the mobile
device 14. The base station 12 and/or the mobile device 14
may thereafter execute a suitable control action using the
corrected geoposition of the mobile device 14 after perform-
ing the specific code-smoothing logic 100 set forth below.
For example, a response system 45 may be embodied as the
drone 30 or the first responder 40, in which case the
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corrected geoposition (arrow P-) may be transmitted to the
drone 30 or first responder 40 to more accurately direct the
drone 30 or first responder 40 to the user of the mobile
device 14, or a location specified by the user of the mobile
device 14.

Alternatively, the base station 12 of FIG. 1 may use
Real-Time Kinematic (RTK) correction to improve geopo-
sition accuracy of the mobile device 14. RTK functions by
determining a number of carrier cycles between the GPS
satellites 11 and each of the mobile device 14 and base
station 12, and thereafter multiplying the number of carrier
cycles by the known carrier wavelength as reported by the
GPS satellites 11. The optional RTK embodiment of the
present system 10 thus adds carrier-phase GPS information
to the available pseudo-range and code information noted
above.

RTK techniques may be used to remove errors that are
common to both the base station 12 and the mobile device
14, such as clock errors of the GPS satellites 11 or the base
station 12 or mobile device 14, 1onosphere errors, and/or
atmospheric noise. Phase measurements may be used after
correcting for such common errors in order to determine the
geoposition of the mobile device 14 1n a Cartesian reference
frame, within a few centimeters of accuracy 1n some
instances depending on the quality of the GPS recerver 15
and the chipset (P1). In the present application, GPS accu-
racies of 1-2 m or less may be possible and suilicient without
modifying the low-cost receiver 15 and processor P1 of the
mobile device 14.

Other embodiments not shown 1n FIG. 1 but contemplated
herein include correction techniques similar to those of the
Local Area Augmentation System (LAAS) to improve GPS
accuracy relative to the differential and RTK techniques
described above. LAAS, now more commonly referred to as
the Ground Based Augmentation System (GBAS), 1s most
often used to provide corrections to aircrait in the vicinity of
an airport. A typical LAAS/GBAS facility may include
collocated GPS receivers, a processor/CPU/chipset, and a
VHF Data Broadcast (VDB) transmitter. Orbiting aircraft
include a GPS receiver, VHF antenna, and an associated
chipset. The base station 12 thus uses the available VHF link
to transmit GPS corrections to the aircratit.

For instance, the base station 12 1s able to average the
slightly different GPS position measurements from each of
the multiple GPS receivers 13 to thereby minimize common
error between the GPS receivers 13. Multiple collocated
GPS receivers 13 1n close proximity to each other, such as
within a few meters, may be used 1n such an approach to
function as a larger and more accurate base station 12
relative to the more limited configuration of FIG. 1. As with
RTK, the correction processes used by LAAS/GBAS are
more accurate but also tend to be more expensive than basic
differential correction techniques. Therefore, LAAS/GBAS
may be used when increased accuracy is required and
justified by the tradeofl in cost.

FIG. 2 1s a flow chart describing an example embodiment
of the present method 50 when used with the LOCD-IN
system 10 of FIG. 1. Beginning with step S51, method 50
commences after or shortly before establishing an internet or
other remote connection between the fixed base stations 12
and the mobile device 14. As part of step S51, the method
50 may include collecting GPS measurement data from the
GPS satellites 11 via one or more of the base stations 12,
with a geoposition of each fixed base station 12 previously
determined and recorded as a surveyed/reference GPS posi-
tion. A time-stamped {first set of GPS data 1s received from
cach GPS satellite 11 as part of this process. Step S51 may
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include receipt of the GPS signals S1, S2, S3, and S4 via the
GPS receiver 13 of the base station 12 shown 1n FIG. 1, and
multiple other base stations 12 (not shown) spaced apart
from each other, concurrently with receipt of the signals S1,
S2, S3, and S4 by the GPS receiver 15 of the mobile device
14. The method 350 then proceeds to step S52.

At step S352, the method 50 includes detecting or other-
wise determining whether an accuracy refinement request
has been made that 1s indicative of a desire for a GPS
location of the mobile device 14 with more precision that 1s
available using existing location correction techmques. Step
S52 may include having a user of the mobile device 14 touch
or swipe the 1con 235 shown 1n FIG. 1 as a user-initiated
action. In other embodiments, the request may be generated
automatically and/or remotely, e.g., by the response system
45, the base station 12, or another remote entity such as a
web site, warchouse, police dispatcher, etc. The method 30
proceeds to step S60 when refinement of the GPS accuracy
of mobile device 14 1s not desired. The method 50 continues
to step S33 in the alternative when a request for improved
accuracy of the GPS location of the mobile device 14 1is
detected.

Step S53 includes refining the GPS location estimates of
the mobile device 14 using one or more of the predetermined
GPS position correction techniques noted above, 1.e., Dii-
terential Correction, RTK, or LAAS. Such techniques are
understood by those of ordinary skill in the art and thus not
disclosed 1n detail herein. The method 50 proceeds to step
S54 after the mobile device 14 and/or the base station 12
have executed the predetermined geoposition correction
technique.

Step S34 1ncludes determining, via the mobile device 14
and/or the base stations(s) 12, whether satellite carrier signal
information or data is available to the receivers 13 and/or 135
as provided by the satellites 11. Currently, only a select
number of mobile devices 14 allow user access to raw GPS
measurements. Of these, raw GPS data support 1s generally
limited to pseudo-range with varying support of carrier
phase measurements. In an example application, a
GOOGLE NEXUS 9 tablet computer may be used as the
mobile device 14 due to its ability to measure both raw L1
pseudo-range and carrier-phase information. In such an
application, a developer-written or commercially available
application, such as the GOOGLE GNSSLogger application
tor ANDROID, may be used to capture raw GPS or other
(Global Navigation Satellite System (GINSS) measurements.
While most mobile devices 14 do not currently allow access
to raw GPS measurements, 1t 1s expected that such data waill
become more readily available 1n future mobile devices, and
thus the number of applications benefiting from the method
50 may increase over time.

The method 50 of FIG. 2 proceeds to step S55 when

carrier-phase information 1s available, and directly to step
S56 when such data 1s not available.

Step S55 entails using the code-smoothing logic 100 of
FIG. 1 to smooth or otherwise correct for errors in the

pseudo-code information using available carrier-phase infor-
mation. Step S35 may be executed via the base station(s) 12
and/or the mobile device 14 1n various embodiments,
although the code-smoothing logic 100 1s depicted as part of
the base station 12 i FIG. 1 for simplicity. As part of the
carrier smoothing operation of step S535, the base station 12
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and/or the mobile device 14 may solve the following equa-
tion:

PR, (k) —

N =L PR k= 1)+ ADGY) + — PR
N; (PRgp(k = 1) + (D+N_f (<)

where:

PR 1s the smoothed pseudo-range measurement, 1.e., the
solution being sought in step S55, N 1s the filter time
window, A® 1s the change 1n carrier-phase information, and
PR 1s the corrected pseudo-range measurement of the mobile
device 14. An example suitable for use i executing S55 1s
disclosed in R. Hatch, “The synergism of GPS code and
carrier measurements”, 1n Proceedings of the Third Inter-
national Geodetic Symposium on Satellite Doppler Position-
ing, Vol. 2 (1982), pp. 1213-1231, which 1s hereby incor-
porated by reference in 1ts entirety. The method 50 then
proceeds to step S56.

At step S56, the method 50 may include executing a
suitable control action (Control Acton #2), e.g., of the
mobile device 14, the drone 30, or the external response
system(s) 45 of FIG. 1 using the refined/corrected-and-
smoothed geoposition from step S35. For example, step S54
may include controlling an action of the drone 30 or
response system 435 of FIGS. 1 and 2 responsive to the
corrected geoposition.

Step S60 1nvolves executing a control action (Control
Action #2) using unsmoothed but corrected geoposition of
the mobile device 14. As noted above, existing position
accuracy, with or without predetermined location correction
techniques, 1s suilicient for a wide range of applications,
with the enhanced positional accuracy enabled by code-
smoothing and steps S53 and S35 further improving such
accuracy when such improvements are desired.

Thus, the method 50 involves determining if carrier-phase
information 1s available to the base stations 12 and/or mobile
device 14, and then accomplishing position enhancement to
smooth the code information using such carrier-phase data,
¢.g., Carrier Smoothed Code or CSC. The rationale behind
using a carrier measurement to smooth a pseudo-range
measurement 1s that the carrier measurement 1s less suscep-
tible to multi-path and receiver noise compared to code data,
and thus can be used to smooth/enhance the pseudo-range
measurement. The desired result 1s a position solution with
less noise and error as detailed below with reference to
FIGS. 3A-4C.

Moreover, smoothing an available code measurement
with carrier-phase measurements 1s usetful when applied to
lower size, weight, power, and cost (SWaP-C) receivers,
such as those used in small mobile devices such as the
mobile device 14, as the noise associated with their code
measurements tends to be high. Smoothing of the code
measurement using carrier measurements may be applied
alter the previously described differential, RTK, or GBAS-
like corrections have been applied to the position solution.
However, CSC techniques may be applied before such
corrections or 1n a standalone manner, and therefore the
order of the method 50 may vary from that which 1s depicted
in FIG. 2.

Example Test Scenario

In an 1llustrative example test scenario of the present
teachings, raw GPS measurements were captured via the
mobile device 14 at six different ground locations, each of
which 1s located anywhere from about 0.2 km to 4 km away
from the nearest base station 12. The six ground locations
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were chosen to provide suflicient vanation of sky visibility
and distances from three different base stations 12. In the
example embodiment described with reference to FIGS.
3A-4C, for instance, the following parameters were used:

LOCATION SKY COVERAGE APPROX. DISTANCE

1 Partial: buildings and foliage 0.102 km
2 Partial: buildings and foliage 0.022 km
3 Unobstructed 1.128 km
4 Partial: buildings 0.132 km
5 Minimal: foliage 0.165 km
6 Partial: buildings and foliage 4.0 km

The three base stations 12 were set up and configured to
continuously monitor and log raw GPS measurements. For
cach test location (1-6), the mobile device 14 was placed on
a tripod and the GNSSLogger application noted above was
used to log data for approximately 15 minutes. The GPS data
from the mobile device 14, along with the GPS data from the
base stations 12 used during the 15-minute interval, were
offloaded to a computer for post-processing. The ephemeris
data used for both base station correction generation and the
position solution for the mobile device 134 were predeter-
mined.

In order to determine the amount of error reduction
possible using the method 50, pseudo-range corrections
were generated and applied to the GPS data from the mobile
device 14, e.g., as part of step S53 described above with
retference to FIG. 2. The pseudo-range corrections ifrom the
three base stations 12 were applied to the pseudo-range
measurements of the mobile device 14, resulting in three
position solutions. The average error relative to a surveyed/
true position was then calculated for each solution, as well
as the uncorrected solution and the solution reported by the
chipset of mobile device 14.

Additionally, a Code Minus Carrier (CMC) analysis,
described below, was performed on the data from each base
station 12 during the observational period of the mobile
device 14. This analysis was used to categorize the amount
ol error on the code measurements for each base station 12
and help determine which base station 12 should be used to
generate corrections. Lastly, a solution was produced by
smoothing the code measurements of the mobile device 14
using the CSC technique described above before applying
corrections from the base station 12 showing the least
amount of error on 1ts corresponding code measurements as
determined by the CMC analysis.

Base Station Correction Generation

Pseudo-range corrections from the base stations 12 were
generated for each epoch of data during mobile device 14
observation at the noted test locations. The pseudo-range
corrections were produced by subtracting a true range to the
satellite 11, with the true range calculated using the satellite
positions and the surveyed positions of the base stations 12,
from the measured pseudo-range of the GPS receiver 13 of
base stations 12:

MZPR}HEHS_TRCHEE
where AR 1s the base station 12 correction, PR _ 1s the
measured pseudo-range of the base station 12, TR _ , . 1s the

calculated true range based surveyed location of the receiver
13 of the base station 12. After reception of the predeter-
mined corrections by the mobile device 14, which corre-
sponds to step S33 of method 50, the corrections AR were
added to the pseudo-ranges as measured by the mobile
device 14 for the observational period.
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Base Station Correction Application

Only pseudo-range measurements from the GPS satellites
11 visible for the entire observational period were used 1n
deriving the position solution to remove satellites 11 that
were not consistently tracked and/or whose data were found
to degrade the quality of the solution. Corrections from each
base station 12 at the corresponding time epochs were
applied to the pseudo-range measurements from the GPS
receiver 15 of the mobile device 14 to produce three
solutions:

PRCE}?":PR}’M E‘HS_M

where PR ___ 1s equal to the corrected pseudo-range mea-
surement, PR _1s the original pseudo-range measurement
of the tablet, and AR 1is the generated base station correction.
An example process for performing this particular step, see
Dickman et al., “Characterization and Performance of a
Prototype Wideband Airport Pseudolite Multipath Proceed-
ings of the 2003 National Technical Meeting of The Institute
of Navigation”, Anaheim, Calif., 2003, pp. 783-793.
Code-Minus-Carrier Analysis

As part of the approach of method 50, a code-minus-
carrier (CMC) function may be performed by the base
stations 12 and/or the mobile device 14 to help choose the
base station 12 from which measurements should be taken
and corrections or smoothing operations performed. In the
illustrated test example, CMC analysis was performed on
cach base station 12 during the observation period of the
mobile device 14 to assess the error characteristics of the
pseudo-range measurements at each base station 12. The
results of this analysis were used to determine which base
station 12 corrections should be used. For each observation,
the standard deviation of the CMC residuals was produced
for each GPS satellite 11. The sum of standard deviation of
the CMC residuals was then used to 1dentily the base station
12 having the lowest amount of error on its measurements.
Finally, the solution was smoothed using the smoothing
technique described above with reference to step S54.

Test Results

For the above-noted location (1), the solution with the
lowest error on the average position was obtained when
corrections from base station #3 were applied. This was also
the base station 12 having the lowest error on 1ts pseudo-
range measurements as seen by the sum of the STD CMC
residuals. When the solution was smoothed and corrected
with corrections from base station #3, a solution was pro-
duced with a slight increase to the average error and a
reduced standard deviation. The error of the smoothed and
corrected solution was larger than the position reported by
the mobile device 14 but remained an improvement when
compared to its uncorrected position. This result could
possibly be due to the effect of multi-path and scattering
from surrounding buildings and foliage at this particular
location.

For test location (2), the solution with the lowest average
error was produced using corrections obtained from base
station #3, which was the base station 12 with the lowest
sum of STD CMC residuals. A solution with a lower average
error was produced when smoothed and corrected using
corrections from base station 3 compared to the position
reported by the mobile device 12 and the uncorrected
solution. The standard deviation was improved when com-
pared to the uncorrected solution and similar when com-
pared to the reported position ol mobile device 12.

The solution with the lowest error for test location (3) was
obtained when corrections were applied from base station

#1. This base station 12 had the lowest sum of STD CMC
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residuals of the three. The average error of this solution was
less than both the uncorrected and reported device solution’s
average error. The smoothing and correcting of the position
had minimal impact on the average error of the position and
improved the standard deviation. Various position solutions
for a true location 60 are depicted in 3A, 1.¢., uncorrected 62,

corrected 64, and smoothed and corrected 66.

The CMC residuals can be seen below in FIGS. 4A-C of
the three base stations 12, used for location (3). Each line
represents the amount of additional error on the pseudo-
range measurement for each satellite 11. The amount of error
1s visibly lower on measurements from base station (1)
compared to base stations (2) and (3).

For location (4), the average error was lowest on the
uncorrected solution. Although, the solution with the next
lowest average error was obtained using corrections from
the base station 12 with the lowest sum of STD CMC
residuals. The average error of this solution was lower than
the reported solution of the mobile device 14. The standard
deviation was reduced when compared to both the uncor-
rected and device reported solutions. The lack of improve-
ment over the uncorrected solution may be due to multi-path
error obtained by the nearby building at this location.
Various position solutions for a true location 70 are depicted
in FIG. 3B, 1.e., uncorrected 72, corrected 74, and smoothed
and corrected 76.

For location (8), the lowest average error for this location
was obtained using corrections from base station #3. This
base station 12 had the lowest sum of STD CMC residuals.
The average error and standard deviation of the smoothed
and corrected solution were both reduced compared to the
uncorrected and reported solutions of the mobile device 14.

For location (6), the solution with the largest improve-
ment was obtained when corrections from base station #1
were applied. This base station 12 had the lowest sum of
STD CMC residuals. The average error and standard devia-
tion of the smoothed and corrected position were smaller
than both the uncorrected and device reported solutions.
Results Summary

Avg. Error Reduction:

Avg. Error Reduction: Smoothed Corrected vs.

LOCATION  Corrected vs. Uncorrected  Device-Reported Solution
1 5.537 m -3.384 m
2 1.668 m 2.049 m
3 1.796 m 1.325 m
4 -3.564 m -1.542 m
5 1.637 m 1.334 m
6 0.401 m 3.278 m

For all of the test locations (1)-(6), position corrections
applied from the base station 12 with the lowest sum of STD
CMC residuals over test interval produced a position with
reduced average lateral error when compared to the uncor-
rected solution for all but one tested location. Additionally,
the application of the differential corrections had a minimal
ellect on the standard deviation of the computed position for
cach test location. This result may be due to the high noise
of the pseudo-range measurements that are not common to
the pseudo-range measurements obtained from the base
stations 12. However, the smoothing of the pseudo-ranges
using the CSC technique greatly reduced the standard devia-
tion of the solution with little impact to the overall average
solution error gained through diflerential correction alone.
Thus, when the entirety of the processes disclosed herein are
taken into account, both the average error and standard
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deviation of a geoposition of mobile device 14 are reduced
and a more accurate solution made available.

The detailed description and the drawings or figures are
supportive and descriptive of the disclosure, but the mven-
tive scope 1s defined solely by the claims. While some of the
best modes and other embodiments for carrying out the
disclosure have been described in detail herein, various
alternative designs and embodiments exist within the
intended scope of this disclosure. Furthermore, the embodi-
ments shown in the drawings or the characteristics of
various embodiments mentioned in the present description
are not necessarily to be understood as embodiments 1nde-
pendent of each other. Rather, it 1s possible that each of the
characteristics described 1n one of the examples of an
embodiment can be combined with one or a plurality of
other desired characteristics from other embodiments,
resulting in other embodiments not described in words or by
reference to the drawings. Accordingly, such other embodi-
ments fall within the framework of the scope of the
appended claims.

What 1s claimed 1s:

1. A method for improving geographic position (geopo-
sition) accuracy of a global positioning system (GPS)-based,
internet-equipped mobile device, the method comprising:

in response to a user mput to the mobile device indicative

ol a request for improved GPS location accuracy of the
mobile device, wherein the mobile device 1s a cell
phone, a tablet computer, or other portable electronic
device, and wherein the mobile device 1s configured to
receive the user mput and to generate an accuracy
improvement request and transmit the accuracy
improvement request to the selected base station to
obtain a correction 1n response to the user mput to the
mobile device:

selecting a base station from a plurality of base stations

using a code-minus-carrier (CMC) function via the
mobile device;
establishing by processing on the mobile device an inter-
net connection between the mobile device and the
selected base station, transmitting the accuracy
improvement request to obtain a correction from the
selected base station, wherein the selected base station
has a reference GPS position determined using a
respective time-stamped first set of GPS data from each
of a plurality of GPS satellites; and
recerving the reference GPS position over the established
internet connection; determining a time-stamped sec-
ond set of GPS data describing a geoposition of the
mobile device, wherein a time of collection of the
time-stamped first and second sets of GPS data coin-
cide, and wherein the time-stamped first and second
sets of GPS data each includes respective code phase
information, carrier-phase information, and pseudo-
range information from each of the GPS satellites;

generating, via a chipset or a processor of the mobile
device processing, a first corrected geoposition of the
mobile device using a predetermined GPS position
correction technique and the time-stamped first and
second sets of GPS data;

in response to the time-stamped first and second sets of

GPS data including carner-phase information, selec-
tively performing a carrier-smoothing operation on the
first corrected geoposition using code-smoothing logic
of the mobile device to smooth the code phase infor-
mation using the carrier-phase mnformation and thereby
generate a second corrected geoposition of the mobile
device; and
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controlling an action of the mobile device and/or an
external response system using the second corrected
geoposition of the mobile device.

2. The method of claim 1, wherein performing the carrier-
smoothing operation includes the mobile device solving an
equation comprising;:

Nl PR = 1)+ ADO) + — PR
N, (PRgn(k — 1) + ())-I-N_f (<)

where PR, 1s a smoothed pseudo-range measurement, N
1s a filter time window, A® 1s a change 1n the carrier-
phase information, and PR 1s a corrected pseudo-range
measurement of the mobile device.

3. The method of claim 1, wherein the predetermined GPS
position correction technique 1s a diflerential correction
technique.

4. The method of claim 1, wherein the predetermined GPS
position correction technique 1s a Real-Time Kinematic
(RTK) technique using the code phase information, the
pseudo-range information, and the carrier-phase informa-
tion.

5. The method of claim 1, wherein controlling the action
includes the mobile device transmitting to the external
response system the second corrected geoposition of the
mobile device, wherein the external response system
includes an unmanned aerial vehicle or a drone.

6. The method of claim 1, wherein controlling the action
includes the mobile device transmitting to the external
response system the second corrected geoposition of the
mobile device, wherein the external response system
includes a first responder system.

7. The method of claim 1, wherein the predetermined GPS
position correction technique 1s a Real-Time Kinematic

(RTK) technique that includes:

determining a number of carrier cycles between the GPS
satellites and each of the mobile device and base
station; and

multiplying the number of carrier cycles by a carrier
wavelength as reported by the GPS satellites.

8. The method of claim 1, wherein receiving the reference
geoposition includes the portable mobile device receiving
the time-stamped first sets of GPS data from the base station
as unprocessed measurements, the method further compris-
ing the portable mobile device processing the received
time-stamped first sets of GPS data.

9. The method of claim 1, wherein the external response
system includes a drone and/or a first responder, and wherein
the controlled action 1ncludes directing the drone and/or the
first responder to the portable mobile device.

10. The method of claim 1, wherein selecting the base
station from the plurality of base stations includes:

applying the CMC function to the base stations to deter-
mine a respective error characteristic of a respective
pseudo-range measurement at each of the base stations;

for each of the respective error characteristics, determine
a standard deviation of a CMC residual for each of the
GPS satellites; and

identiy which of the plurality of base stations has a
lowest amount of error in the respective pseudo-range
measurement.
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11. The method of claim 1, wherein determining the

time-stamped second set of GPS data includes:

recerving, via the portable mobile device, respective time-
stamped second sets of GPS data from the GPS satel-
lites, and

calculating, via the portable mobile device, the geoposi-
tion of the portable mobile device based on the recerved
time-stamped second sets of GPS data to a second level
of accuracy less than a first level of accuracy of the
reference GPS position of the selected base station.

12. A stationary base station having a reference geoposi-

tion, the stationary base station comprising:

a global positioning system (GPS) receiver configured to
receive a respective time-stamped {first set of GPS data
from each of a plurality of Earth-orbiting GPS satel-
lites;

a chipset or a processor 1n communication with the GPS
receiver; and

memory on which 1s recorded imstructions that, when
executed by the processor, cause the stationary base
station, 1n response to receipt of an accuracy improve-
ment request signal from a GPS-equipped and internet-
equipped mobile device, the mobile device being con-
figured to generate the accuracy improvement request
and transmit the accuracy improvement request to the
selected base station to obtain a correction in response
to a received user 1mput, the memory to:
establish an internet connection with the mobile device
in response to the stationary base station being selected

by the mobile device from a plurality of base stations

using a code-minus-carrier (CMC) function;
receive the accuracy improvement request and a second
set of GPS data from the mobile device over the
established internet connection, the second set of
GPS data describing a geoposition of the mobile
device and having a time of collection that coincides
with a time of collection of the time-stamped first
sets of GPS data, wherein the first and second sets of
GPS data each mcludes respective code phase infor-
mation, carrier-phase information, and pseudo-range
information from each of the GPS satellites:
generate, via a predetermined GPS position correction
technique, a first corrected geoposition of the mobile
device using the processor and the first and second
sets of GPS data:
perform a carrier-smoothing operation on the first cor-
rected geoposition using code-smoothing logic 1n
which the carner-phase information 1s used to
smooth the code phase information and thereby
generate a second corrected geoposition; and
transmit the second corrected geoposition over the
established internet connection to the mobile device
and/or an external response system.
13. The stationary base station of claim 12, wherein the
base station 1s configured to conduct the carrier-smoothing
operation by solving an equation comprising:

PR, (k) —

N =l PRtk — 1)+ ADO) + —— PRk
N (PRgp(k — 1) + ())-I-N_f ()

where PR, 1s a smoothed pseudo-range measurement, N,
1s a {ilter time window, a®d 1s a change in the carrier-
phase information, and PR 1s a corrected pseudo-range
measurement of the mobile device.
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14. The stationary base station of claim 12, wherein the
predetermined GPS position correction technique 1s a dif-
ferential correction technique.

15. The stationary base station of claim 14, wherein the
predetermined GPS position correction technique 1s a Real-
Time Kinematic (RTK) technique using the code phase
information, the pseudo-range information, and the carrier
phase mformation.

16. A mobile device comprising:

a global positioning system (GPS) receiver configured to
receive a time-stamped set of GPS data from each of a
plurality of Earth-orbiting GPS satellites;

a chipset or a processor 1n communication with the GPS
recelver; and

memory on which 1s recorded instructions that, when
executed by the processor, causes the mobile device to
process the recorded instructions to:

receive a user mput indicative of a request for improved
GPS location accuracy of the portable mobile device
wherein the mobile device 1s further configured to
generate an accuracy improvement request and trans-
mit the accuracy improvement request to obtain a
correction from the selected base station 1n response to
a recerved user put;

responsive to receipt of the user input, select a base station
from a plurality of base stations using a code-minus-
carrier (CMC) function;

establish an internet connection between the mobile
device and the selected base station and transmit the
accuracy improvement request to the selected base
station 1n response to the user input to the mobile
device, wherein the mobile device 1s a cell phone, a
tablet computer, or other portable electronic device;

receive another time-stamped set of GPS data from the
stationary base station over the established internet
connection describing a reference geoposition of the
stationary base station, wherein respective times of
collection of the time-stamped sets of GPS data from
the mobile device and the stationary base station coin-
cide, the time-stamped sets of GPS data each including
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respective code phase information, carrier-phase infor-
mation, and pseudo-range information from each of the
GPS satellites;
generate, via a predetermined GPS position correction
technique, a first corrected geoposition of the mobile
device using the processor and the first and second sets
of GPS data;
perform a carner-smoothing operation on the first cor-
rected geoposition to thereby generate a second cor-
rected geoposition, ncluding using code-smoothing
logic 1n which the carrier-phase information 1s used to
smooth the code phase information; and
execute a control action of the mobile device and/or an
external response system using the second corrected
geoposition.
17. The mobile device of claim 16, wherein the mobile
device 1s configured to perform the carrier-smoothing opera-
tion by solving an equation comprising:

(PR, (k — 1) + AD(k)) + ilr:nﬁf(k)
f Ny

where PR, 1s a smoothed pseudo-range measurement, N,
1s a {ilter time window, a®d 1s a change 1n the carrier-
phase information, and PR 1s a corrected pseudo-range
measurement of the mobile device.

18. The mobile device of claim 16, wherein the predeter-
mined GPS position correction technique 1s a differential
correction technique.

19. The mobile device of claim 16, wherein the predeter-
mined GPS position correction technique 1s a Real-Time
Kinematic (RTK) technique using the code phase informa-
tion, pseudo-range imnformation, and carrier-phase mforma-
tion.

20. The mobile device of claim 16, wherein the mobile
device 1s further configured to generate an accuracy
improvement request and transmit the accuracy improve-
ment request to the selected base station 1n response to a
touch mput to a display screen of the mobile device, and
wherein the touch input 1s the recerved user input.
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