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METHODS AND SYSTEMS FOR IMPROVING 
THE ACCURACY OF EXPECTED ERROR 
ESTIMATION IN A HYBRID POSITIONING 

SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t under 35 U.S.C. 
§119(e) of US. Provisional Application No. 61/059,580, 
?led on Jun. 6, 2008, entitled Integrated WLAN-based and 
Satellite-based Positioning System, Which is herein incorpo 
rated by reference in its entirety. 
[0002] This application is related to the following refer 
ences: 

[0003] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “Method and System for 
Determining Location Using a Hybrid Satellite and WLAN 
Positioning System by Selecting the Best WLAN-PS Solu 
tion,” 
[0004] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “Systems and methods for 
Using Environmental Information in a Hybrid Positioning 
System,” 
[0005] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “Systems and Methods for 
Maintaining Clock Bias Accuracy in a Hybrid Positioning 
System,” 
[0006] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “System and Method for 
Re?ning a WLAN-PS Estimated Location Using Satellite 
Measurements in a Hybrid Positioning System,” 
[0007] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “Method and System for 
Determining Position Using a WLAN-PS Estimated Position 
as an Initial Position in a Hybrid Positioning System,” 
[0008] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “Methods and Systems for 
Stationary User Detection in a Hybrid Positioning System,” 
and 
[0009] US. patent application Ser. No. (TBA), ?led con 
currently hereWith and entitled “System and Methodfor 
Using a Satellite Positioning System to Filter WLAN Access 
Points in a Hybrid Positioning System.” 

BACKGROUND 

[0010] 1. Field 
[0011] The disclosure generally relates to hybrid position 
ing systems and, more speci?cally, to methods of integrating 
Wireless local area netWork (WLAN)-based positioning sys 
tem (WLAN-PS) and satellite-based positioning system 
(SPS) to improve accuracy of location estimates, increase 
availability of the positioning service to more users, reduce 
poWer consumption, and also to improve estimation of the 
expected error in a user’s position estimate. 
[0012] 2. Description of RelatedArt 
[0013] In recent years the number of mobile computing 
devices has increased dramatically, creating the need for 
more advanced mobile and Wireless services. Mobile email, 
Walkie-talkie services, multi-player gaming, and call-folloW 
ing are examples of hoW neW applications are emerging for 
mobile devices. In addition, users are beginning to demand/ 
seek applications that not only utiliZe their current location 
but also share that location information With others. Parents 
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Wish to keep track of their children, supervisors need to track 
the locations of the company’s delivery vehicles, and a busi 
ness traveler looks to ?nd the nearest pharmacy to pick up a 
prescription. All of these examples require an individual to 
knoW his oWn current location or the location of someone 

else. To date, We all rely on asking for directions, calling 
someone to ask their Whereabouts or having Workers check-in 
from time to time to report their positions. 

[0014] Location-based services are an emerging area of 
mobile applications that leverage the ability of neW devices to 
calculate their current geographic positions and report them 
to a user or to a service. Examples of these services range 
from obtaining local Weather, tra?ic updates, and driving 
directions to child trackers, buddy ?nders, and urban con 
cierge services. These neW location-sensitive devices rely on 
a variety of technolo gies that all use the same general concept. 
By measuring radio signals originating from knoWn reference 
points, these devices can mathematically calculate the user’s 
position relative to these reference points. Each of these 
approaches has its strengths and Weaknesses, depending upon 
the nature of the signals and measurements, and the position 
ing algorithms employed. 
[0015] The Navstar Global Positioning System (GPS) 
operated by the US Government leverages about tWo-doZen 
orbiting satellites in medium-earth orbits as reference points. 
A user equipped With a GPS receiver can estimate his three 
dimensional position (latitude, longitude, and altitude) any 
Where at any time Within several meters of the true location, as 
long as the receiver can see enough of the sky to have four or 
more satellites “in vieW.” Cellular carriers have used signals 
originating from and received at cell toWers to determine a 
user’s or a mobile device’s location. Assisted GPS (AGPS) is 
another model that combines both GPS and cellular toWer 
techniques to estimate the locations of mobile users Who may 
be indoors and must cope With attenuation of GPS signals on 
account of sky blockage. In this model, the cellular netWork 
attempts to help a GPS receiver improve its signal reception 
by transmitting information about the satellite positions, their 
clock offsets, a precise estimate of the current time, and a 
rough location of the userbased on the location of cell toWers. 
No distinction is made in What folloWs betWeen GPS and 
AGPS. 

[0016] All positioning systems using satellites as reference 
points are referred to herein as Satellite-based Positioning 
System (SPS). While GPS is the only operational SPS at this 
Writing, other systems are under development or in planning. 
A Russian system called GLONASS and a European system 
called Galileo may become operational in the next feW years. 
All such systems are referred to herein as SPS. GPS, GLO 
NASS and Galileo are all based on the same basic idea of 
trilateration, i.e., estimating a position on the basis of mea 
surements of ranges to the satellites Whose positions are 
knoWn. In each case, the satellites transmit the values of 
certain parameters Which alloW the receiver to compute the 
satellite position at a speci?c instant. The ranges to satellites 
from a receiver are measured in terms of the transit times of 
the signals. These range measurements can contain a com 
mon bias due to the lack of synchronization betWeen the 
satellite and receiver (user device) clocks, and are referred to 
as pseudoranges. The lack of synchronization betWeen the 
satellite clock and the receiver (user device) clock results in a 
difference betWeen the receiver clock and the satellite clock, 
Which is referred to as internal SPS receiver clock bias or 
receiver clock bias, here. In order to estimate a three dimen 
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sional position there is a need for four satellites to estimate 
receiver clock bias along With three dimensional measure 
ments. Additional measurements from each satellite corre 
spond to pseudorange rates in the form of Doppler frequency. 
References beloW to raW SPS measurements are intended 
generally to mean pseudoranges and Doppler frequency mea 
surements. References to SPS data are intended generally to 
mean data broadcast by the satellites. References to an SPS 
equation are intended to mean a mathematical equation relat 
ing the measurements and data from a satellite to the position 
and velocity of an SPS receiver. 

[0017] WLAN-based positioning is a technology Which 
uses WLAN access points to determine the location of mobile 
users. Metro-Wide WLAN-based positioning systems have 
been explored by a several research labs. The most important 
research efforts in this area have been conducted by the 
PlaceLab (WWW.placelab.com, a project sponsored by 
Microsoft and Intel); the University of California, San Diego 
ActiveCampus project (ActiveCampusiSustaining Educa 
tional Communities through Mobile Technology, technical 
report #CS2002-0714); and the MIT campus-Wide location 
system. There is only one commercial metropolitan WLAN 
based positioning system in the market at the time of this 
Writing, and it is referred to herein as the WPS (WiFi posi 
tioning system) product of Skyhook Wireless, Inc. (WWW. 
skyhookWireless.com). 
[0018] FIG. 1 depicts a conventional WLAN-based posi 
tioning system based on WiFi signals. The positioning system 
includes positioning softWare 103 that resides on a mobile or 
user device 101. Throughout a particular target geographical 
area, there are a plurality of ?xed Wireless access points 102 
that transmit information using control/common channel sig 
nals. The device 101 monitors these transmissions. Each 
access point contains a unique hardWare identi?er knoWn as a 
MAC address. The client positioning softWare 103 receives 
transmissions from the 802.11 access points in its range and 
calculates the geographic location of the computing device 
using the characteristics of the radio signals. Those charac 
teristics include the MAC addresses, the unique identi?ers of 
the 802.11 access points, the Time of Arrival (TOA) of the 
signals, and the signal strength at the client device 101. The 
client softWare 103 compares the observed 802.11 access 
points With those in its reference database 104 of access 
points. This reference database 104 may or may not reside in 
the device 101. The reference database 104 contains the cal 
culated geographic locations and poWer pro?les of all access 
points the system has collected. A poWer pro?le may be 
generated from a collection of measurements of the signal 
poWer or signal TOA at various locations. Using these knoWn 
locations or poWer pro?les, the client softWare 103 calculates 
the position of the user device 101 relative to the knoWn 
positions of the access points 102 and determines the device’s 
101 absolute geographic coordinates in the form of latitude 
and longitude or latitude, longitude, and altitude. These read 
ings then can be fed to location-based applications such as 
friend ?nders, local search Web sites, ?eet management sys 
tems, and an E911 service. 

[0019] In the discussion herein, raW WLAN measurements 
from an access point are generally intended to mean received 
signal strength (RSS) and/or times of arrival (TOAs) and/or 
time differences of arrival (TDOAs). References to data are 
generally intended to mean the MAC address, one or more 
record(s) of it, one or more poWer pro?le(s), and other 
attributes based on previous measurements of that access 
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point. References to a WLAN-PS equation are intended to 
mean a mathematical equation relating the WLAN-PS mea 
surements and data to the location of the mobile device. 
[0020] A WLAN-based positioning systems can be used 
indoor or outdoor. The only requirement is presence of 
WLAN access points in the vicinity of the user. The WLAN 
based position systems can be leveraged using existing off 
the-shelfWLAN cards Without any modi?cation other than to 
employ logic to estimate position. 
[0021] FIG. 2 illustrates a conventional Way of integrating 
WLAN-PS and SPS, Which consists of a WLAN-PS 201 and 
a SPS 206, and a location combining logic 210. 
[0022] WLAN-PS 201 and SPS 206 are stand-alone sys 
tems and each can operate independently of the other system. 
Thus the result of each system can be calculated independent 
of the other system. The estimated location along With the 
expected error estimation of each system can be fed to the 
location combining logic 210. The expected error estimation 
is also referred to as HPE (horizontal positioning error) 
herein. The nominal rate of location update of SPS 206 and 
WLAN-PS 201 is once a second. The location combining 
logic 210 combines location estimates calculated in the same 
second by both systems. 
[0023] WLAN-PS 201 is a conventional system Which esti 
mates the location of a mobile device by using WLAN access 
points. WLAN-PS 201 can include a scanner of WLAN APs 
202, a device to select WLANAPs 203, a trilateration module 
204, and HPE estimation device 205. 
[0024] WLAN Scanner 202 detects WLAN APs surround 
ing the mobile device by detecting the received poWer (RSS, 
received signal strength) and/or time of arrival (TOA) of the 
signal. Different methods can be used to detect WLAN APs 
including active scanning, passive scanning, or combination 
of passive and active scanning. 
[0025] The select WLAN APs device 203 selects the best 
set of WLAN APs to estimate location of the mobile device. 
For example, if ten WLAN APs are detected and one AP is 
located in Chicago and the others are located in Boston, 
Without any other information, the Boston APs are selected. 
This is an indication that Chicago AP has been moved to 
Boston. In the conventional system the best set of WLAN APs 
is selected based on geographical distribution of WLAN APs 
in addition to corresponding parameters of WLAN APs, 
including received signal strength, signal to noise ration, and 
the probability of being moved. 
[0026] Trilateration module 204 uses WLAN APs and cor 
responding measurements and characteristics to estimate 
location of the mobile device. Received signal strength or 
TOA measurements from WLAN AP are used to estimate 
distance of the mobile device to the WLAN AP. The aggre 
gation of distance estimates from different WLAN APs With 
knoWn location is used to calculate location of the mobile 
device. Trilateration 204 also can use a method Which is 
called nearest neighbor, in Which a location With a poWer 
pro?le similar or closest to the poWer reading of the mobile 
device is reported as the ?nal location of the mobile device. 
The poWer pro?le of each WLAN AP or entire coverage area 
can be found in the calibration phase of the system by detailed 
survey of the coverage area. 
[0027] HPE estimation device 205 is the module Which 
estimates the expected error of the position estimate of the 
mobile device. The HPE, or Horizontal Positioning Error is 
calculated based on previously scanned APs and their char 
acteristics and also characteristics of the received signal, as it 
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Was explained in co-pending Skyhook Wireless application 
Ser. No. 11/625,450 entitled “System and Method for Esti 
mating Positioning Error Within a WLAN Based Positioning 
System,” the entire disclosure of Which is hereby incorpo 
rated by reference. 
[0028] SPS system 206 consists of a satellite signal receiver 
and measurement device 207, trilateration device 208, and the 
SPS HPE estimation module 209. 
[0029] The satellite signal receiver and measurement 
device 207 receives signals from the satellites in vieW of the 
device, decodes the received signal, and measures the satellite 
parameters from each satellite. The measurements can 
include pseudorange, carrier frequency, and Doppler fre 
quency. 
[0030] The trilateration device 208 uses measurements 
from at least four satellites and location of the satellites in 
vieW to estimate location of the user device, velocity, and 
direction of travel of the mobile device. 
[0031] HPE estimation device 209 estimates the expected 
error of the estimated location. The HPE estimation device 
209 is conventional and calculates expected error based on 
geometry of the satellites and signal quality of the received 
signal from satellites, for example, DOP (dilution of preci 
sion), and C/N (carrier to noise ratio). 
[0032] Location combining logic 210 receives location and 
HPE estimates calculated for almost the same second from 
WLAN-PS 201 and SPS 206. In other Words, measurements 
and estimations Which are made at the same time are com 

pared and combined. Practically, measurements and estima 
tions Within one second can be considered the same time. The 
location combining logic 210 of the user device reports one 
estimated location by selecting one of them or linearly com 
bining them. For example, location combining logic might 
select one of the estimated locations provided by WLAN-PS 
201 or SPS 206 based on reported expected error or HPE, or 
it might report Weighted average of estimated locations by 
both systems according to the HPE. 

SUMMARY 

[0033] This disclosure describes methods and systems for 
improving the accuracy of expected error estimation in a 
hybrid positioning system. In some embodiments, the method 
of determining an expected error in a location determination 
of a WLAN and satellite enabled device can include deter 
mining a WLAN location estimate and an expected error 
estimate for the WLAN location estimate, obtaining measure 
ments from at least tWo satellites, and determining the 
expected error of the location determination by evaluating the 
consistency of the satellite positioning system measurements 
to the WLAN positioning system location estimation. 
[0034] In some embodiments, consistent measurements 
betWeen the WLAN location estimate and the satellite posi 
tioning system measurements can result in a loWer expected 
error in the location determination. 

[0035] In some embodiments, inconsistent measurements 
betWeen the WLAN location estimate and the satellite posi 
tioning system measurements can result in a higher expected 
error in the location determination. 

[0036] In some embodiments, consistency of the measure 
ments can include the distance betWeen the WLAN position 
ing system location estimation and a region of possible solu 
tions provided by the satellite positioning system 
measurements. 
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[0037] In some embodiments, the consistency of the inter 
nal SPS receiver clock for the WLAN based position estimate 
can be used as an indication of consistency betWeen the 
WLAN based position estimate and the satellite measure 
ments. 

[0038] In some embodiments, the method can include 
determining a WLAN based location estimate and an 
expected error estimate for the WLAN location estimate, 
determining a satellite based location estimate and an 
expected error estimate for the satellite based location esti 
mate, determining the expected error of the location determi 
nation by evaluating the consistency of the satellite position 
ing system location estimate to the WLAN positioning 
system location estimation. 

[0039] In some embodiments, the position estimate With 
the loWer expected error can be selected as the location of the 
WLAN and satellite enabled device. 

[0040] In some embodiments, the method can include 
determining the expected error of the location determination 
by comparing the WLAN location estimate and the satellite 
positioning system location estimate. 
[0041] In some embodiments, consistent measurements 
betWeen the WLAN location estimate and the satellite posi 
tioning system location estimate can result in a loWer 
expected error in the location determination. 

[0042] In some embodiments, inconsistent measurements 
betWeen the WLAN location estimate and the satellite posi 
tioning system location estimate can result in a higher 
expected error in the location determination. 

[0043] In some embodiments, the consistency of the esti 
mates can include the distance betWeen the satellite position 
ing system location estimate and the WLAN positioning sys 
tem location estimation. 

[0044] In some embodiments, the method can include the 
internal SPS receiver clock for the WLAN based position 
estimate is used as an indication of consistency betWeen the 
WLAN based position estimate and the satellite positioning 
system location. 
[0045] Some embodiments relate to a system for increasing 
the accuracy of a WLAN based position estimate using sat 
ellite positioning information. The system can include a posi 
tioning module including a WLAN module for receiving 
information from one or more WLAN access points to calcu 

late a WLAN location estimate, a satellite positioning module 
for obtaining satellite information from at least tWo different 
satellites, and logic located in the positioning module for 
determining the expected error of the location determination 
by evaluating the consistency of the satellite positioning sys 
tem measurements to the WLAN positioning system location 
estimation. 

[0046] Some embodiments relate to a system for increasing 
the accuracy of a WLAN based position estimate using sat 
ellite positioning information. The system can include a posi 
tioning module including a WLAN module for receiving 
information from one or more WLAN access points and to 

calculate a WLAN position estimate, a satellite positioning 
module for obtaining satellite information from at least four 
different satellites to calculate a satellite position estimate, 
and logic located in the positioning module for determining 
the expected error of the location determination by evaluating 
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the consistency of the satellite positioning system location 
estimate to the WLAN positioning system location estima 
tion. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0047] For a more complete understanding of various 
embodiments of the present invention, reference is noW made 
to the folloWing descriptions taken in connection With the 
accompanying draWings in Which: 
[0048] FIG. 1 illustrates a high-level architecture of a 
WLAN positing system; 
[0049] FIG. 2 illustrates a system for a conventional Way of 
integrating WLAN-PS and SPS; 
[0050] FIG. 3 illustrates a system for providing a WLAN 
PS and SPS integrated solution according to some embodi 
ments of the disclosed subject matter; 
[0051] FIG. 4 illustrates an example of selecting a solution 
betWeen possible WLAN-PS solutions using raW SPS mea 
surements from tWo satellites according to some embodi 
ments of the disclosed subject matter; 
[0052] FIG. 5 illustrates a system for integrating WLAN 
PS and SPS in Which raW SPS measurements are provided to 
WLAN-PS to select the best solution according to some 
embodiments of the disclosed subject matter; 
[0053] FIG. 6 illustrates an example of selecting a solution 
betWeen possible WLAN-PS solutions based on SPS possible 
solutions according to some embodiments of the disclosed 
subject matter; 
[0054] FIG. 7 illustrates an example of selecting the best set 
of WLAN APs based on raW SPS measurements according to 
some embodiments of the disclosed subject matter; 
[0055] FIG. 8 illustrates a system for integrating WLAN 
PS and SPS and using raW SPS measurements from tWo or 
more satellites to select a set of WLAN APs in WLAN-PS 
according to some embodiments of the disclosed subject mat 
ter; 
[0056] FIG. 9 illustrates a system for examining the loca 
tion estimate and uncertainty provided by WLAN-PS against 
SPS in order to ?nd the best estimate of the location of a 
mobile device according to some embodiments of the dis 
closed subject matter; 
[0057] FIG. 10 illustrates a system for examining the loca 
tion estimate and uncertainty provided by WLAN-PS against 
SPS in order to ?nd the best estimate of the location of a 
mobile device by using the grid method according to some 
embodiments of the disclosed subject matter; 
[0058] FIG. 11 illustrates a system for integrating WLAN 
PS and SPS, in Which raW SPS measurements are used to 
re?ne WLAN-PS location estimate according to some 
embodiments of the disclosed subject matter; 
[0059] FIG. 12 illustrates a system for integrating WLAN 
PS and SPS, in Which as WLAN-PS location estimate is 
provided as initial location estimate according to some 
embodiments of the disclosed subject matter; 
[0060] FIG. 13 illustrates an example for increasing accu 
racy of the estimation of expected error by using SPS and 
WLAN-PS information according to some embodiments of 
the disclosed subject matter; 
[0061] FIG. 14 illustrates a system for increasing accuracy 
of the estimation of expected error by using SPS and WLAN 
PS information according to some embodiments of the dis 
closed subject matter; 
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[0062] FIG. 15 illustrates a system for stationary user 
detection based on tWo or more satellites according to some 

embodiments of the disclosed subject matter. 

DETAILED DESCRIPTION 

[0063] Embodiments of the disclosed subject matter pro 
vide a method of integrating a WLAN-based positioning sys 
tem (WLAN-PS) and a satellite-based positioning system 
(SPS) to create a hybrid positioning system. An integrated or 
hybrid system refers to a system Which combines the mea 
surements from one or more systems to improve the accuracy 
of the positioning and velocity and bearing estimates and the 
accuracy of expected error estimate, and to reduce consumed 
poWer as compared to each individual system Working inde 
pendently. The method of integrating a WLAN-PS and SPS to 
create a hybrid positioning system can add raW SPS measure 
ments as another input to WLAN-PS and WLAN-PS ?nal 
estimations as another input to SPS. RaW SPS measurements 
from tWo or more satellites can assist the WLAN-PS to 

increase the accuracy of position estimate, HPE, and station 
ary user detection. WLAN-PS initial position estimate and 
other estimations also can help SPS to reduce time to ?rst ?x 
(TTFF) and poWer consumption. A hybrid positioning system 
also can reduce poWer consumption compared to WLAN-PS 
and SPS Working independently by deactivating WLAN-PS 
or SPS When they are not adding value in terms of increasing 
accuracy or other estimations. 

[0064] FIG. 3 illustrates a block diagram of the hybrid 
system ofa WLAN-PS 301 and a SPS 306. 

[0065] SPS 306 is an off-the-shelf, conventional satellite 
positioning device Which consists of the same devices as SPS 
206 in FIG. 2, With addition of an output 311 and an input 312 
from the WLAN-PS (discussed in more detail herein). Satel 
lite receiver and measurement device 207 is part of every 
conventional SPS receiver 306, and raW SPS measurements 
are an essential part of the SPS measurement. HoWever, here 
the raW SPS measurements are used outside the SPS 306, as 
is shoWn by output 311. Not all the commercial SPS receivers 
expose the raW SPS measurements to devices outside SPS 
306. For example, Star III GPS manufactured by SiRF Tech 
nology, Inc. (San Jose, Calif.) provides raW SPS measure 
ments as part of its standard interface. HoWever there are 
some other GPS receivers that do not provide such measure 
ments. For the SPS receivers that do not expose raW SPS 
measurements as part of their standard interface, the SPS 
receiver 306 is modi?ed to permit access to the raW SPS 
measurements. 

[0066] The WLAN-PS 301 functions in a similar manner as 
the WLAN-PS 201 shoWn in FIG. 2 except that it is con?g 
ured to receive raW SPS measurements 311. The integration 
of the raW SPS measurement With WLAN-PS 301 changes 
the design of WLAN APs selection device 303, trilateration 
device 304, and HPE estimation device 305. The WLAN-PS 
301 can take advantage of the raW SPS measurements When at 
least tWo satellites are acquired, even Without any ?x or 
solution from the SPS 306. 

[0067] This design change of WLAN-PS 301 after receiv 
ing raW SPS measurements is discussed in more detail herein. 

[0068] Under one embodiment, the disclosed method inte 
grates a WLAN-based positioning system (WLAN-PS) and a 
satellite-based positioning system (SPS) in Which the 
WLAN-PS provides a set of possible locations of a mobile 
















