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Methods and apparatus for calibrating a WireleSS Location 
System to enable the system to make highly accurate TDOA 
and FDOA measurements are disclosed. An external cali 
bration method in accordance with the present invention 
comprises the Steps of transmitting a first reference Signal 
from a reference transmitter; receiving the first reference 
Signal at first and Second receiver Systems, determining a 
first error value by comparing a measured TDOA (or FDOA) 
value with a theoretical TDOA (or FDOA) value associated 
with the known locations of the receiver Systems and the 
known location of the reference transmitter; and utilizing the 
first error value to correct subsequent TDOA measurements 
asSociated with a mobile transmitter to be located. An 
internal calibration method in accordance with the present 
invention comprises the Steps of injecting a comb signal into 
the first receiver System; utilizing the comb Signal to obtain 
an estimate of the manner in which the transfer function 
varies across the bandwidth of the first receiver system; and 
utilizing the estimate to mitigate the effects of the variation 
of the first transfer function on the time measurements made 
by the first receiver system. 
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CALIBRATION FOR WIRELESS LOCATION 
SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 09/635,703, filed Aug. 10, 2000, now U.S. Pat. 
No. 6,392,597 B1, which is a divisional of U.S. patent 
application Ser. No. 09/227,764, filed Jan. 8, 1999, now U.S. 
application Ser. No. 6,184,829 B1. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to methods 
and apparatus for locating wireleSS transmitters, Such as 
those used in analog or digital cellular Systems, perSonnel 
communications Systems (PCS), enhanced specialized 
mobile radios (ESMRs), and other types of wireless com 
munications Systems. This field is now generally known as 
wireless location, and has application for Wireless E9-1-1, 
fleet management, RF optimization, and other valuable 
applications. 

BACKGROUND OF THE INVENTION 

0003. Early work relating to the present invention has 
been described in U.S. Pat. No. 5,327,144, Jul. 5, 1994, 
“Cellular Telephone Location System,” which discloses a 
System for locating cellular telephones using novel time 
difference of arrival (TDOA) techniques. Further enhance 
ments of the System disclosed in the 144 patent are dis 
closed in U.S. Pat. No. 5,608,410, Mar. 4, 1997, “System for 
Locating a Source of Bursty Transmissions.” Both patents 
are owned by the assignee of the current invention, and both 
are incorporated herein by reference. The present inventors 
have continued to develop significant enhancements to the 
original inventive concepts and have developed techniques 
to further improve the accuracy of Wireless Location Sys 
tems while Significantly reducing the cost of these Systems. 
0004 Over the past few years, the cellular industry has 
increased the number of air interface protocols available for 
use by wireleSS telephones, increased the number of fre 
quency bands in which wireleSS or mobile telephones may 
operate, and expanded the number of terms that refer or 
relate to mobile telephones to include “personal communi 
cations terms that refer or relate to mobile telephones to 
include “personal communications Services”, “wireless', 
and others. The air interface protocols now include AMPS, 
N-AMPS, TDMA, CDMA, GSM,TACS, ESMR, and others. 
The changes in terminology and increases in the number of 
air interfaces do not change the basic principles and inven 
tions discovered and enhanced by the inventors. However, in 
keeping with the current terminology of the industry, the 
inventors now call the system described herein a Wireless 
Location System. 
0005 The inventors have conducted extensive experi 
ments with the Wireless Location System technology dis 
closed herein to demonstrate both the viability and value of 
the technology. For example, Several experiments were 
conducted during several months of 1995 and 1996 in the 
cities of Philadelphia and Baltimore to verify the system's 
ability to mitigate multipath in large urban environments. 
Then, in 1996 the inventors constructed a system in Houston 
that was used to test the technology's effectiveness in that 
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area and its ability to interface directly with E9-1-1 systems. 
Then, in 1997, the system was tested in a 350 square mile 
area in New Jersey and was used to locate real 9-1-1 calls 
from real people in trouble. Since that time, the System test 
has been expanded to include 125 cell Sites covering an area 
of over 2,000 square miles. During all of these tests, 
techniques discussed and disclosed herein were tested for 
effectiveness and further developed, and the System has been 
demonstrated to overcome the limitations of other 
approaches that have been proposed for locating wireleSS 
telephones. Indeed, as of December, 1998, no other wireless 
location System has been installed anywhere else in the 
world that is capable of locating live 9-1-1 callers. The 
innovation of the Wireless Location System disclosed herein 
has been acknowledged in the wireleSS industry by the 
extensive amount of media coverage given to the System's 
capabilities, as well as by awards. For example, the presti 
gious WireleSS Appy Award was granted to the System by the 
Cellular Telephone Industry Association in October, 1997, 
and the Christopher Columbus Fellowship Foundation and 
Discover Magazine found the Wireless Location System to 
be one of the top 4 innovations of 1998 out of 4,000 
nominations Submitted. 

0006 The value and importance of the Wireless Location 
System has been acknowledged by the wireleSS communi 
cations industry. In June 1996, the Federal Communications 
Commission issued requirements for the wireleSS commu 
nications industry to deploy location Systems for use in 
locating wireless 9-1-1 callers, with a deadline of October 
2001. The location of wireless E9-1-1 callers will Save 
response time, Save lives, and Save enormous costs because 
of reduced use of emergency responseS resources. In addi 
tion, numerous Surveys and Studies have concluded that 
various wireleSS applications, Such as location Sensitive 
billing, fleet management, and others, will have great com 
mercial values in the coming years. 

Background on Wireless Communications Systems 

0007. There are many different types of air interface 
protocols used for wireleSS communications Systems. These 
protocols are used in different frequency bands, both in the 
U.S. and internationally. The frequency band does not 
impact the Wireless Location System's effectiveness at 
locating wireleSS telephones. 

0008 All air interface protocols use two types of “chan 
nels'. The first type includes control channels that are used 
for conveying information about the wireleSS telephone or 
transmitter, for initiating or terminating calls, or for trans 
ferring bursty data. For example, Some types of short 
messaging Services transfer data over the control channel. In 
different air interfaces, control channels are known by 
different terminology, but the use of the control channels in 
each air interface is similar. Control channels generally have 
identifying information about the wireleSS telephone or 
transmitter contained in the transmission. 

0009. The second type includes voice channels that are 
typically used for conveying voice communications over the 
air interface. These channels are only used after a call has 
been set up using the control channels. Voice channels will 
typically use dedicated resources within the wireleSS com 
munications System whereas control channels will use 
shared resources. This distinction will generally make the 
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use of control channels for wireleSS location purposes more 
cost effective than the use of Voice channels, although there 
are Some applications for which regular location on the 
Voice channel is desired. Voice channels generally do not 
have identifying information about the wireleSS telephone or 
transmitter in the transmission. Some of the differences in 
the air interface protocols are discussed below: 

0010 AMPS This is the original air interface pro 
tocol used for cellular communications in the U.S. In 
the AMPS system, separate dedicated channels are 
assigned for use by control channels (RCC). Accord 
ing to the TLA/EIA Standard IS-553A, every control 
channel block must begin at cellular channel 333 or 
334, but the block may be of variable length. In the 
U.S., by convention, the AMPS control channel 
block is 21 channels wide, but the use of a 26-chan 
nel block is also known. A reverse voice channel 
(RVC) may occupy any channel that is not assigned 
to a control channel. The control channel modulation 
is FSK (frequency shift keying), while the voice 
channels are modulated using FM (frequency modul 
lation). 

0011 N-AMPS This air interface is an expansion 
of the AMPS air interface protocol, and is defined in 
EIA/TIA standard IS-88. The control channels are 
substantially the same as for AMPS, however, the 
Voice channels are different. The Voice channels 
occupy less than 10 KHZ of bandwidth, versus the 30 
KHZ used for AMPS, and the modulation is FM. 

0012 TDMA This interface is also known 
D-AMPS, and is defined in EIA/TIA standard 
IS-136. This air interface is characterized by the use 
of both frequency and time Separation. Control chan 
nels are known as Digital Control Channels (DCCH) 
and are transmitted in bursts in timeslots assigned for 
use by DCCH. Unlike AMPS, DCCH may be 
assigned anywhere in the frequency band, although 
there are generally Some frequency assignments that 
are more attractive than others based upon the use of 
probability blocks. Voice channels are known as 
Digital Traffic Channels (DTC). DCCH and DTC 
may occupy the same frequency assignments, but not 
the Same timeslot assignment in a given frequency 
assignment. DCCH and DTC use the same modula 
tion scheme, known as L/4 DQPSK (differential 
quadrature phase shift keying). In the cellular band, 
a carrier may use both the AMPS and TDMA pro 
tocols, as long as the frequency assignments for each 
protocol are kept Separated. 

0013 CDMA This air interface is defined by ELI/ 
TIA standard IS-95A. This air interface is character 
ized by the use of both frequency and code Separa 
tion. However, because adjacent cell Sites may use 
the same frequency Sets, CDMA is also characterized 
by very careful power control. This careful power 
control leads to a situation known to those skilled in 
the art as the near-far problem, which makes wireleSS 
location difficult for most approaches to function 
properly. Control channels are known as Access 
Channels, and Voice channels are known as Traffic 
Channels. AcceSS and Traffic Channels may share the 
Same frequency band, but are Separated by code. 
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Access and Traffic Channels use the same modula 
tion Scheme, known as OOPSK. 

0014 GSM-This air interface is defined by the 
international standard Global System for Mobile 
Communications. Like TDMA, GSM is character 
ized by the use of both frequency and time Separa 
tion. The channel bandwidth is 200 KHZ, which is 
wider than the 30 KHZ used for TDMA. Control 
channels are known as Standalone Dedicated Con 
trol Channels (SDCCH), and are transmitted in 
bursts in timeslots assigned for use by SDCCH. 
SDCCH may be assigned anywhere in the frequency 
band. Voice channels are known as Traffic Channels 
(TCH). SDCCH and TCH may occupy the same 
frequency assignments, but not the same timeslot 
assignment in a given frequency assignment. 
SDCCH and TCHuse the same modulation scheme, 
known as GMSK. 

0015 Within this specification the reference to any one of 
the air interfaces shall automatically refer to all of the air 
interfaces, unless Specified otherwise. Additionally, a refer 
ence to control channels or voice channels shall refer to all 
types of control or voice channels, whatever the preferred 
terminology for a particular air interface. Finally, there are 
many more types of air interfaces used throughout the World, 
and there is no intent to exclude any air interface from the 
inventive concepts described within this specification. 
Indeed, those skilled in the art will recognize other interfaces 
used elsewhere are derivatives of or Similar in class to those 
described above. 

0016. The preferred embodiments of the inventions dis 
closed herein have many advantages over other techniques 
for locating wireleSS telephones. For example, Some of these 
other techniques involve adding GPS functionality to tele 
phones, which requires that Significant changes be made to 
the telephones. The preferred embodiments disclosed herein 
do not require any changes to wireleSS telephones, and So 
they can be used in connection with the current installed 
base of over 65 million wireless telephones in the U.S. and 
250 million wireless telephones worldwide. 

SUMMARY OF THE INVENTION 

0017 Accordingly, a primary object of the present inven 
tion is to provide methods and apparatus for calibrating a 
wireless location system (WLS) to enable the system to 
make highly accurate time difference of arrival (TDOA) and 
frequency difference of arrival (FDOA) measurements. In a 
presently preferred embodiment of the invention, the instru 
mentation error is reduced by a calibration process whereby 
multiple wireleSS transmitters, Such as cellular telephones, 
are placed at known locations throughout the coverage 
territory of the wireleSS location System. These phones make 
transmissions, Such as periodic registrations or page 
responses, in a manner Similar to any other phone. However, 
because their location and the theoretical TDOA values for 
any pair of SCS’s are known a priori, the TLP 12 can 
determine the exact error in the TDOA measurements made 
in connection with a particular pair of SCS’s. In addition, 
because the phones are in fixed locations and there is no 
Doppler shift, the theoretical FDOA value is zero. Any 
measured error will be due to drifts in the oscillators at each 
of the SCS’s, changes in the characteristics of analog 
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components (e.g., the antennas, cabling, and filters), and 
environmental factorS Such as multipath. Rather than 
attempting to dynamically alter these individual error 
Sources, which would introduce additional phase noise into 
the System, the external calibration method of the present 
invention corrects the computed TDOA and FDOA values in 
the digital Signal processing Stages of the SCS’s and TLP's, 
which does not introduce Such phase noise. 
0.018. An external calibration method in accordance with 
the present invention comprises the Steps of transmitting a 
first reference Signal from a reference transmitter; receiving 
the first reference Signal at first and Second receiver Systems, 
determining a first error value by comparing a measured 
TDOA (and/or FDOA) value with a theoretical TDOA (or 
FDOA) value associated with the known locations of the 
receiver Systems and the known location of the reference 
transmitter; and utilizing the first error value to correct 
Subsequent TDOA (or FDOA) measurements associated 
with a mobile transmitter to be located. A preferred imple 
mentation of this method further includes transmitting a 
Second reference Signal from a Second reference transmitter; 
receiving the Second reference Signal at the first and Second 
receiver Systems, determining a Second error value by 
comparing a second measured TDOA (or FDOA) value with 
a second theoretical TDOA (or FDOA) value associated 
with the known locations of the receiver Systems and the 
known location of the Second reference transmitter, and 
utilizing the Second error value in combination with the first 
error value to correct subsequent TDOA (or FDOA) mea 
Surements associated with the mobile transmitter to be 
located. The first and Second error values are preferably 
combined in a weighted average. 
0019. In presently preferred embodiments of the external 
calibration aspect of the invention, the error values are 
stored in tabular form for each baseline in the location 
System; the error values are combined in a time Series 
weighted averaging method prior to being used to correct 
Subsequent TDOA measurements, and the time Series 
weighted averaging method is based on a Kalman filter. 
Preferably, the error values are weighted by a quality factor 
prior to being used to correct Subsequent TDOA measure 
ments, wherein the quality factor is based upon the output of 
a cross-correlation function of a reference Signal received by 
the first and Second receivers, and the error values are used 
by the location System only if the quality factor exceeds a 
prescribed threshold value. In addition, in preferred embodi 
ments the location System monitors the rate of change of the 
error values and changes the rate of calibration, or time 
interval between calibrations, to ensure that the calibration 
rate exceeds the rate of change of the error values. The rate 
of calibration may be controlled, e.g., by automatically 
paging the reference transmitters. 
0020. An internal calibration method in accordance with 
the present invention is utilized to calibrate a first receiver 
system within an SCS, wherein the first receiver system is 
characterized by a time- and frequency-Varying transfer 
function. The transfer function defines how the amplitude 
and phase of a received signal will be altered by the first 
receiver System, and the accuracy of a location estimate is 
dependent, in part, upon the accuracy of time measurements 
made by the receiver systems. The inventive method com 
prises the Steps of injecting an internally generated wide 
band Signal with known and Stable Signal characteristics into 
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the first receiver System; utilizing the generated wideband 
Signal to obtain an estimate of the manner in which the 
transfer function varies across the bandwidth of the first 
receiver System; and utilizing the estimate to mitigate the 
effects of the variation of the first transfer function on the 
time and frequency measurements made by the first receiver 
System. One Such example of a stable wideband Signal used 
for internal calibration is known as a comb Signal, which is 
comprised of multiple individual frequency elements of 
equal amplitude and at a known spacing, Such as 5 KHZ. 
0021. In presently preferred embodiments of the internal 
calibration aspect of the invention, the estimate of the 
manner in which the transfer function varies acroSS the 
bandwidth of the first receiver system is weighted by a 
quality factor prior to being used to mitigate the effects of 
the transfer function. The quality factor may be based upon 
the output of a cross-correlation function of the internally 
generated calibration signal and the same Signal after it has 
passed through the transfer function. In addition, the antenna 
is first isolated from the receiver System prior to the injection 
of the internally generated calibration Signal. An electroni 
cally controlled RF relay is preferably used to automatically 
isolate the antenna from the receiver System. 
0022. Other features and advantages of the invention are 
disclosed below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 FIGS. 1 and 1A schematically depict a Wireless 
Location System in accordance with the present invention. 
0024 FIG. 2 schematically depicts a Signal Collection 
System (SCS) 10 in accordance with the present invention. 
0025 FIG. 2A schematically depicts a receiver module 
10-2 employed by the Signal Collection System. 
0026 FIGS. 2B and 2C schematically depict alternative 
ways of coupling the receiver module(s) 10-2 to the anten 
nas 10-1. 

0027 FIG. 2C-1 is a flowchart of a process employed by 
the Wireless Location System when using narrowband 
receiver modules. 

0028 FIG. 2D schematically depicts a DSP module 10-3 
employed in the Signal Collection System in accordance 
with the present invention. 
0029 FIG. 2E is a flowchart of the operation of the DSP 
module(s) 10-3, and FIG. 2E-1 is a flowchart of the process 
employed by the DSP modules for detecting active channels. 
0030 FIG.2Fschematically depicts a Control and Com 
munications Module 10-5 in accordance with the present 
invention. 

0031 FIGS. 2G-2J depict aspects of the presently pre 
ferred SCS calibration methods. FIG. 2G is a schematic 
illustration of baselines and error values used to explain an 
external calibration method in accordance with the present 
invention. FIG. 2H is a flowchart of an internal calibration 
method. FIG. 21 is an exemplary transfer function of an 
AMPS control channel and FIG. 2J depicts an exemplary 
comb Signal. 
0032 FIGS. 2K and 2L are flowcharts of two methods 
for monitoring performance of a WireleSS Location System 
in accordance with the present invention. 
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0033 FIG. 3 schematically depicts a TDOA Location 
Processor 12 in accordance with the present invention. 
0034 FIG. 3A depicts the structure of an exemplary 
network map maintained by the TLP controllers in accor 
dance with the present invention. 
0035 FIGS. 4 and 4A schematically depict different 
aspects of an Applications Processor 14 in accordance with 
the present invention. 
0036 FIG. 5 is a flowchart of a central station-based 
location processing method in accordance with the present 
invention. 

0037 FIG. 6 is a flowchart of a station-based location 
processing method in accordance with the present invention. 
0038 FIG. 7 is a flowchart of a method for determining, 
for each transmission for which a location is desired, 
whether to employ central or Station-based processing. 
0039 FIG. 8 is a flowchart of a dynamic process used to 
Select cooperating antennas and SCS’s 10 used in location 
processing. 

0040 FIG. 9 is diagram that is referred to below in 
explaining a method for Selecting a candidate list of SCS’s 
and antennas using a predetermined Set of criteria. 
0041 FIGS. 10A and 10B are flowcharts of alternative 
methods for increasing the bandwidth of a transmitted Signal 
to improve location accuracy. 
0.042 FIGS. 11A-11C are signal flow diagrams and FIG. 
11D is a flowchart, and they are used to explain an inventive 
method for combining multiple Statistically independent 
location estimates to provide an estimate with improved 
accuracy. 

0043 FIGS. 12A and 12B are a block diagram and a 
graph, respectively, for explaining a bandwidth Synthesis 
method. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0044) The Wireless Location System (Wireless Location 
System) operates as a passive overlay to a wireless com 
munications system, such as a cellular, PCS, or ESMR 
System, although the concepts are not limited to just those 
types of communications Systems. WireleSS communica 
tions Systems are generally not Suitable for locating wireleSS 
devices because the designs of the wireleSS transmitters and 
cell Sites do not include the necessary functionality to 
achieve accurate location. Accurate location in this applica 
tion is defined as accuracy of 100 to 400 feet RMS (root 
mean Square). This is distinguished from the location accu 
racy that can be achieved by existing cell sites, which is 
generally limited to the radius of the cell Site. In general, cell 
Sites are not designed or programmed to cooperate between 
and among themselves to determine wireleSS transmitter 
location. Additionally, wireleSS transmitterS Such as cellular 
and PCS telephones are designed to be low cost and there 
fore generally do not have locating capability built-in. The 
Wireless Location System is designed to be a low cost 
addition to a wireleSS communications System that involves 
minimal changes to cell Sites and no changes at all to 
standard wireless transmitters. The Wireless Location Sys 
tem is passive because the it does not contain transmitters, 
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and therefore cannot cause interference of any kind to the 
wireleSS communications System. The WireleSS Location 
System uses only its own Specialized receivers at cell Sites 
or other receiving locations. 

Overview of Wireless Location System (Wireless 
Location System) 

0045. As shown in FIG. 1, the Wireless Location System 
has four major kinds of Subsystems: the Signal Collection 
Systems (SCS’s) 10, the TDOA Location Processors 
(TLP's) 12, the Application Processors (APs) 14, and the 
Network Operations Console (NOC) 16. Each SCS is 
responsible for receiving the RF signals transmitted by the 
wireleSS transmitters on both control channels and Voice 
channels. In general, each SCS is preferably installed at a 
wireleSS carrier's cell Site, and therefore operates in parallel 
to a base Station. Each TLP12 is responsible for managing 
a network of SCS’s 10 and for providing a centralized pool 
of digital signal processing (DSP) resources that can be used 
in the location calculations. The SCS’s 10 and the TLPS 12 
operate together to determine the location of the wireleSS 
transmitters, as will be discussed more fully below. Digital 
Signal processing is the preferable manner in which to 
process radio Signals because DSP's are relatively low cost, 
provide consistent performance, and are easily re-program 
mable to handle many different tasks. Both the SCS’s 10 and 
TLP's 12 contain a significant amount of DSP resources, and 
the Software in these Systems can operate dynamically to 
determine where to perform a particular processing function 
based upon tradeoffs in processing time, communications 
time, queuing time, and cost. Each TLP12 exists centrally 
primarily to reduce the Overall cost of implementing the 
WireleSS Location System, although the techniques dis 
cussed herein are not limited to the preferred architecture 
shown. That is, DSP resources can be relocated within the 
WireleSS Location System without changing the basic con 
cepts and functionality disclosed. 
0046) The AP's 14 are responsible for managing all of the 
resources in the WireleSS Location System, including all of 
the SCS’s 10 and TLP's 12. Each AP 14 also contains a 
Specialized database that contains "triggers' for the WireleSS 
Location System. In order to conserve resources, the Wire 
leSS Location System can be programmed to locate only 
certain pre-determined types of transmissions. When a trans 
mission of a pre-determined type occurs, then the WireleSS 
Location System is triggered to begin location processing. 
Otherwise, the Wireless Location System may be pro 
grammed to ignore the transmission. Each AP 14 also 
contains applications interfaces that permit a variety of 
applications to Securely access the WireleSS Location Sys 
tem. These applications may, for example, access location 
records in real time or non-real time, create or delete certain 
type of triggers, or cause the WireleSS Location System to 
take other actions. Each AP 14 is also capable of certain 
post-processing functions that allow the AP 14 to combine 
a number of location records to generate extended reports or 
analyses useful for applications Such as traffic monitoring or 
RF optimization. 
0047 The NOC 16 is a network management system that 
provides operators of the Wireless Location System easy 
access to the programming parameters of the WireleSS 
Location System. For example, in Some cities, the WireleSS 
Location System may contain many hundreds or even thou 
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sands of SCS’s 10. The NOC is the most effective way to 
manage a large WireleSS Location System, using graphical 
user interface capabilities. The NOC will also receive real 
time alerts if certain functions within the Wireless Location 
System are not operating properly. These real time alerts can 
be used by the operator to take corrective action quickly and 
prevent a degradation of location Service. Experience with 
trials of the Wireless Location System show that the ability 
of the System to maintain good location accuracy over time 
is directly related to the operator's ability to keep the System 
operating within its predetermined parameters. 

0048 Readers of U.S. Pat. Nos. 5,327,144 and 5,608,410 
and this specification will note Similarities between the 
respective Systems. Indeed, the System disclosed herein is 
Significantly based upon and also significantly enhanced 
from the System described in those previous patents. For 
example, the SCS 10 has been expanded and enhanced from 
the Antenna Site System described in U.S. Pat. No. 5,608, 
410. The SCS 10 now has the capability to support many 
more antennas at a single cell Site, and further can Support 
the use of extended antennas as described below. This 
enables the SCS 10 to operate with the sectored cell sites 
now commonly used. The SCS 10 can also transfer data 
from multiple antennas at a cell site to the TLP12 instead of 
always combining data from multiple antennas before trans 
fer. Additionally, the SCS 10 can support multiple air 
interface protocols thereby allowing the SCS 10 to function 
even as a wireleSS carrier continually changes the configu 
ration of its System. 

0049. The TLP12 is similar to the Central Site System 
disclosed in U.S. Pat. No. 5,608,410, but has also been 
expanded and enhanced. For example, the TLP12 has been 
made scaleable so that the amount of DSP resources required 
by each TLP12 can be appropriately scaled to match the 
number of locations per Second required by customers of the 
WireleSS Location System. In order to Support Scaling for 
different WireleSS Location System capacities, a networking 
scheme has been added to the TLP12 so that multiple TLP's 
12 can cooperate to share RF data acroSS wireleSS commu 
nication system network boundaries. Additionally, the TLP 
12 has been given control means to determine the SCS’s 10, 
and more importantly the antennas at each of the SCS’s 10, 
from which the TLP12 is to receive data in order to process 
a specific location. Previously, the Antenna Site Systems 
automatically forwarded data to the Central Site System, 
whether requested or not by the Central Site System. Fur 
thermore, the SCS 10 and TLP 12 combined have been 
designed with additional means for removing multipath 
from the received transmissions. 

0050. The Database Subsystem of the Central Site Sys 
tem has been expanded and developed into the AP14. The 
AP 14 can Support a greater variety of applications than 
previously disclosed in U.S. Pat. No. 5,608,410, including 
the ability to post-process large Volumes of location records 
from multiple wireleSS transmitters. This post-processed 
data can yield, for example, very effective maps for use by 
wireleSS carriers to improve and optimize the RF design of 
the communications Systems. This can be achieved, for 
example, by plotting the locations of all of the callers in an 
area and the received Signal Strengths at a number of cell 
Sites. The carrier can then determine whether each cell Site 
is, in fact, Serving the exact coverage area desired by the 
carrier. The AP 14 can also now store location records 
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anonymously, that is, with the MIN and/or other identity 
information removed from the location record, So that the 
location record can be used for RF optimization or traffic 
monitoring without causing concerns about an individual 
user's privacy. 
0051. As shown in FIG. 1A, a presently preferred imple 
mentation of the Wireless Location System includes a plu 
rality of SCS regions each of which comprises multiple 
SCS’s 10. For example, “SCS Region 1” includes SCS’s 
10A and 10B (and preferably others, not shown) that are 
located at respective cell Sites and share antennas with the 
base Stations at those cell Sites. Drop and insert units 11A 
and 11B are used to interface fractional T1/E1 lines to full 
T1/E1 lines, which in turn are coupled to a digital access and 
control system (DACS) 13A. The DACS 13A and another 
DACS 13B are used in the manner described more fully 
below for communications between the SCS’s 10A, 10B, 
etc., and multiple TLP's 12A, 12B, etc. As shown, the TLP's 
are typically collocated and interconnected via an Ethernet 
network (backbone) and a second, redundant Ethernet net 
work. Also coupled to the Ethernet networks are multiple 
AP's 14A and 14B, multiple NOC's 16A and 16B, and a 
terminal server 15. Routers 19A and 19B are used to couple 
one Wireless Location System to one or more other Wireless 
Location System(s). 

Signal Collection System 10 
0052 Generally, cell sites will have one of the following 
antenna configurations: (i) an omnidirectional Site with 1 or 
2 receive antennas or (ii) a sectored site with 1, 2, or 3 
Sectors, and with 1 or 2 receive antennas used in each Sector. 
As the number of cell sites has increased in the U.S. and 
internationally, Sectored cell Sites have become the predomi 
nant configuration. However, there are also a growing num 
ber of micro-cells and pico-cells, which can be omnidirec 
tional. Therefore, the SCS 10 has been designed to be 
configurable for any of these typical cell Sites and has been 
provided with mechanisms to employ any number of anten 
nas at a cell Site. 

0053) The basic architectural elements of the SCS 10 
remain the same as for the Antenna Site System described in 
U.S. Pat. No. 5,608,410, but several enhancements have 
been made to increase the flexibility of the SCS 10 and to 
reduce the commercial deployment cost of the System. The 
most presently preferred embodiment of the SCS 10 is 
described herein. The SCS 10, an overview of which is 
shown in FIG. 2, includes digital receiver modules 10-2A 
through 10-2C; DSP modules 10-3A through 10-3C; a serial 
bus 10-4, a control and communications module 10-5, a GPS 
module 10-6; and a clock distribution module 10-7. The SCS 
10 has the following external connections: power, fractional 
T1/E1 communications, RF connections to antennas, and a 
GPS antenna connection for the timing generation (or clock 
distribution) module 10-7. The architecture and packaging 
of the SCS 10 permit it to be physically collocated with cell 
Sites (which is the most common installation place), located 
at other types of towers (such as FM, AM, two-way emer 
gency communications, television, etc.), or located at other 
building structures (Such as rooftops, silos, etc.). 

Timing Generation 
0054 The Wireless Location System depends upon the 
accurate determination of time at all SCS’s 10 contained 
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within a network. Several different timing generation SyS 
tems have been described in previous disclosures, however 
the most presently preferred embodiment is based upon an 
enhanced GPS receiver 10-6. The enhanced GPS receiver 
differs from most traditional GPS receivers in that the 
receiver contains algorithms that remove Some of the timing 
instability of the GPS Signals, and guarantees that any two 
SCS’s 10 contained within a network can receive timing 
pulses that are within approximately ten nanoSeconds of 
each other. These enhanced GPS receivers are now com 
mercially available, and further reduce Some of the time 
reference related errors that were observed in previous 
implementations of wireless location systems. While this 
enhanced GPS receiver can produce a very accurate time 
reference, the output of the receiver may still have an 
unacceptable phase noise. Therefore, the output of the 
receiver is input to a low phase noise, crystal oscillator 
driven phase locked loop circuit that can now produce 10 
MHz and one pulse per second (PPS) reference signals with 
less than 0.01 degrees RMS of phase noise, and with the 
pulse output at any SCS 10 in a Wireless Location System 
network within ten nanoSeconds of any other pulse at 
another SCS 10. This combination of enhanced GPS 
receiver, crystal oscillator, and phase locked loop is now the 
most preferred method to produce Stable time and frequency 
reference Signals with low phase noise. 
0055. The SCS 10 has been designed to support multiple 
frequency bands and multiple carriers with equipment 
located at the same cell Site. This can take place by using 
multiple receivers internal to a single SCS chassis, or by 
using multiple chassis each with Separate receivers. In the 
event that multiple SCS chassis are placed at the same cell 
Site, the SCS’s 10 can Share a single timing generation/clock 
distribution circuit 10-7 and thereby reduce overall system 
cost. The 10 MHz and one PPS output signals from the 
timing generation circuit are amplified and buffered internal 
to the SCS 10, and then made available via external con 
nectors. Therefore a Second SCS can receive its timing from 
a first SCS using the buffered output and the external 
connectors. These Signals can also be made available to base 
Station equipment collocated at the cell Site. This might be 
useful to the base Station, for example, in improving the 
frequency re-use pattern of a wireleSS communications SyS 
tem. 

Receiver Module 10-2 (Wideband Embodiment) 
0056. When a wireless transmitter makes a transmission, 
the Wireless Location System must receive the transmission 
at multiple SCS is 10 located at multiple geographically 
dispersed cell sites. Therefore, each SCS 10 has the ability 
to receive a transmission on any RF channel on which the 
transmission may originate. Additionally, since the SCS 10 
is capable of Supporting multiple air interface protocols, the 
SCS 10 also supports multiple types of RF channels. This is 
in contrast to most current base Station receivers, which 
typically receive only one type of channel and are usually 
capable of receiving only on Select RF channels at each cell 
site. For example, a typical TDMA base station receiver will 
only support 30 KHZ wide channels, and each receiver is 
programmed to receive Signals on only a single channel 
whose frequency does not change often (i.e. there is a 
relatively fixed frequency plan). Therefore, very few TDMA 
base Station receivers would receive a transmission on any 
given frequency. AS another example, even though Some 
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GSM base Station receivers are capable of frequency hop 
ping, the receivers at multiple base Stations are generally not 
capable of Simultaneously tuning to a single frequency for 
the purpose of performing location processing. In fact, the 
receivers at GSM base Stations are programmed to fre 
quency hop to avoid using an RF channel that is being used 
by another transmitter So as to minimize interference. 
0057 The SCS receiver module 10-2 is preferably a dual 
wideband digital receiver that can receive the entire fre 
quency band and all of the RF channels of an air interface. 
For cellular systems in the U.S., this receiver module is 
either 15 MHz wide or 25 MHz wide So that all of the 
channels of a Single carrier or all of the channels of both 
carriers can be received. This receiver module has many of 
the characteristics of the receiver previously described in 
U.S. Pat. No. 5,608,410, and FIG. 2A is a block diagram of 
the currently preferred embodiment. Each receiver module 
contains an RF tuner Section 10-2-1, a data interface and 
control Section 10-2-2 and an analog to digital conversion 
Section 10-2-3. The RF tuner section 10-2-1 includes two 
full independent digital receivers (including Tuner #1 and 
Tuner #2) that convert the analog RF input from an external 
connector into a digitized data Stream. Unlike most base 
station receivers, the SCS receiver module does not perform 
diversity combining or Switching. Rather, the digitized Sig 
nal from each independent receiver is made available to the 
location processing. The present inventors have determined 
that there is an advantage to the location processing, and 
especially the multipath mitigation processing, to indepen 
dently process the signals from each antenna rather than 
perform combining on the receiver module. 

0058. The receiver module 10-2 performs, or is coupled 
to elements that perform, the following functions: automatic 
gain control (to Support both nearby Strong Signals and far 
away weak signals), bandpass filtering to remove potentially 
interfering signals from outside of the RF band of interest, 
synthesis of frequencies needed for mixing with the RF 
Signals to create an IF signal that can be sampled, mixing, 
and analog to digital conversion (ADC) for Sampling the RF 
Signals and outputting a digitized data Stream having an 
appropriate bandwidth and bit resolution. The frequency 
synthesizer locks the synthesized frequencies to the 10 MHz 
reference Signal from the clock distribution/timing genera 
tion module 10-7 (FIG. 2). All of the circuits used in the 
receiver module maintain the low phase noise characteristics 
of the timing reference Signal. The receiver module prefer 
ably has a spurious free dynamic range of at least 80 dB. 

0059. The receiver module 10-2 also contains circuits to 
generate test frequencies and calibration signals, as well as 
test ports where measurements can be made by technicians 
during installation or troubleShooting. Various calibration 
processes are described in further detail below. The inter 
nally generated test frequencies and test ports provide an 
easy method for engineers and technicians to rapidly test the 
receiver module and diagnose any Suspected problems. This 
is also especially useful during the manufacturing process. 

0060 One of the advantages of the Wireless Location 
System described herein is that no new antennas are required 
at cell sites. The Wireless Location System can use the 
existing antennas already installed at most cell Sites, includ 
ing both omni-directional and Sectored antennas. This fea 
ture can result in Significant Savings in the installation and 



US 2002/0172223 A1 

maintenance costs of the WireleSS Location System verSuS 
other approaches that have been described in the prior art. 
The SCS’s digital receivers 10-2 can be connected to the 
existing antennas in two ways, as shown in FIGS. 2B and 
2C, respectively. In FIG. 2B, the SCS receivers 10-2 are 
connected to the existing cell Site multi-coupler or RF 
splitter. In this manner, the SCS 10 uses the cell site's 
existing low noise pre-amplifier, band pass filter, and multi 
coupler or RF splitter. This type of connection usually limits 
the SCS 10 to supporting the frequency band of a single 
carrier. For example, an A-Side cellular carrier will typically 
use the band pass filter to block signals from customers of 
the B-Side carrier, and Vice versa. 

0061. In FIG. 2C, the existing RF path at the cell site has 
been interrupted, and a new pre-amplifier, band pass filter, 
and RF splitter has been added as part of the Wireless 
Location System. The new band pass filter will pass multiple 
contiguous frequency bands, Such as both the A-side and 
B-side cellular carriers, thereby allowing the Wireless Loca 
tion System to locate wireleSS transmitters using both cel 
lular Systems but using the antennas from a single cell site. 
In this configuration, the WireleSS Location System uses 
matched RF components at each cell Site, So that the phase 
Versus frequency responses are identical. This is in contrast 
to existing RF components, which may be from different 
manufacturers or using different model numbers at various 
cell Sites. Matching the response characteristics of RF com 
ponents reduces a possible Source of error for the location 
processing, although the WireleSS Location System has the 
capability to compensate for these sources of error. Finally, 
the new pre-amplifier installed with the Wireless Location 
System will have a very low noise figure to improve the 
sensitivity of the SCS 10 at a cell site. The overall noise 
figure of the SCS digital receivers 10-2 is dominated by the 
noise figure of the low noise amplifiers. Because the Wire 
leSS Location System can use weak signals in location 
processing, whereas the base Station typically cannot pro 
ceSS weak Signals, the WireleSS Location System can Sig 
nificantly benefit from a high quality, Very low noise ampli 
fier. 

0062). In order to improve the ability of the Wireless 
Location System to accurately determine TDOA for a wire 
less transmission, the phase versus frequency response of 
the cell site's RF components are determined at the time of 
installation and updated at other certain times and then 
stored in a table in the Wireless Location System. This can 
be important because, for example, the band pass filters 
and/or multi-couplers made by Some manufacturers have a 
Steep and non-linear phase verSuS frequency response near 
the edge of the pass band. If the edge of the pass band is very 
near to or coincident with the reverse control or voice 
channels, then the Wireless Location System would make 
incorrect measurements of the transmitted Signal's phase 
characteristics if the Wireless Location System did not 
correct the measurements using the Stored characteristics. 
This becomes even more important if a carrier has installed 
multi-couplers and/or band pass filters from more than one 
manufacturer, because the characteristics at each site may be 
different. In addition to measuring the phase verSuS fre 
quency response, other environmental factors may cause 
changes to the RF path prior to the ADC. These factors 
require occasional and Sometimes periodic calibration in the 
SCS 10. 
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Alternative Narrowband Embodiment of Receiver 
Module 10-2 

0063. In addition or as an alternative to the wideband 
receiver module, the SCS 10 also supports a narrowband 
embodiment of the receiver module 10-2. In contrast to the 
wideband receiver module that can Simultaneously receive 
all of the RF channels in use by a wireleSS communications 
System, the narrowband receiver can only receive one or a 
few RF channels at a time. For example, the SCS 10 
supports a 60 KHZ narrowband receiver for use in AMPS/ 
TDMA systems, covering two contiguous 30 KHZ channels. 
This receiver is still a digital receiver as described for the 
wideband module, however the frequency Synthesizing and 
mixing circuits are used to dynamically tune the receiver 
module to various RF channels on command. This dynamic 
tuning can typically occur in one millisecond or less, and the 
receiver can dwell on a Specific RF channel for as long as 
required to receive and digitize RF data for location pro 
cessing. 

0064. The purpose of the narrowband receiver is to 
reduce the implementation cost of a WireleSS Location 
System from the cost that is incurred with wideband receiv 
erS. Of course, there is Some loSS of performance, but the 
availability of these multiple receivers permits wireleSS 
carriers to have more cost/performance options. Additional 
inventive functions and enhancements have been added to 
the Wireless Location System to support this new type of 
narrowband receiver. When the wideband receiver is being 
used, all RF channels are received continuously at all SCS’s 
10, and Subsequent to the transmission, the Wireless Loca 
tion System can use the DSP's 10-3 (FIG. 2) to dynamically 
select any RF channel from the digital memory. With the 
narrowband receiver, the Wireless Location System must 
ensure a priori that the narrowband receivers at multiple cell 
Sites are Simultaneously tuned to the same RF channel So 
that all receivers can Simultaneously receive, digitize and 
Store the same wireless transmission. For this reason, the 
narrowband receiver is generally used only for locating 
Voice channel transmissions, which can be known a priori to 
be making a transmission. Since control channel transmis 
Sions can occur asynchronously at any time, the narrowband 
receiver may not be tuned to the correct channel to receive 
the transmission. 

0065. When the narrowband receivers are used for locat 
ing AMPS voice channel transmissions, the Wireless Loca 
tion System has the ability to temporarily change the modu 
lation characteristics of the AMPS wireless transmitter to aid 
location processing. This may be necessary because AMPS 
voice channels are only FM modulated with the addition of 
a low level Supervisory tone known as SAT. AS is known in 
the art, the Cramer-Rao lower bound of AMPS FM modul 
lation is significantly worse than the Manchester encoded 
FSK modulation used for AMPS reverse channels and 
“blank and burst' transmissions on the voice channel. Fur 
ther, AMPS wireless transmitters may be transmitting with 
Significantly reduced energy if there is no modulating input 
Signal (i.e., no one is speaking). To improve the location 
estimate by improving the modulation characteristics with 
out depending on the existence or amplitude of an input 
modulating Signal, the WireleSS Location System can cause 
an AMPS wireless transmitter to transmit a “blank and 
burst' message at a point in time when the narrowband 



US 2002/0172223 A1 

receivers at multiple SCS’s 10 are tuned to the RF channel 
on which the message will be sent. This is further described 
later. 

0.066 The Wireless Location System performs the fol 
lowing Steps when using the narrowband receiver module 
(see the flowchart of FIG. 2C-1): 

0067 a first wireless transmitter is a priori engaged 
in transmitting on a particular RF channel; 

0068 the Wireless Location System triggers to 
make a location estimate of the first wireleSS trans 
mitter (the trigger may occur either internally or 
externally via a command/response interface); 

0069 the Wireless Location System determines the 
cell Site, Sector, RF channel, timeslot, long code 
mask, and encryption key (all information elements 
may not be necessary for all air interface protocols) 
currently in use by the first wireleSS transmitter; 

0070 the Wireless Location System tunes an appro 
priate first narrowband receiver at an appropriate first 
SCS 10 to the RF channel and timeslot at the 
designated cell Site and Sector, where appropriate 
typically means both available and collocated or in 
closest proximity; 

0071 the first SCS 10 receives a time segment of RF 
data, typically ranging from a few microSeconds to 
tens of milliseconds, from the first narrowband 
receiver and evaluates the transmission's power, 
SNR, and modulation characteristics; 

0072 if the transmission's power or SNR is below a 
predetermined threshold, the Wireless Location Sys 
tem waits a predetermined length of time and then 
returns to the above third step (where the Wireless 
Location System determines the cell Site, Sector, 
etc.); 

0073) if the transmission is an AMPS voice channel 
transmission and the modulation is below a thresh 
old, then the Wireless Location System commands 
the wireleSS communications System to Send a com 
mand to the first wireleSS transmitter to cause a 
“blank and burst' on the first wireless transmitter; 

0074 the Wireless Location System requests the 
wireleSS communications System to prevent hand-off 
of the wireless transmitter to another RF channel for 
a predetermined length of time, 

0075 the Wireless Location System receives a 
response from the wireleSS communications System 
indicating the time period during which the first 
wireleSS transmitter will be prevented from handing 
off, and if commanded, the time period during which 
the wireleSS communications System will Send a 
command to the first wireleSS transmitter to cause a 
“blank and burst'; 

0076 the Wireless Location System determines the 
list of antennas that will be used in location process 
ing (the antenna Selection process is described 
below); 

0.077 the Wireless Location,System determines the 
earliest Wireless Location System timestamp at 
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which the narrowband receivers connected to the 
Selected antennas are available to begin Simulta 
neously collecting RF data from the RF channel 
currently in use by the first wireless transmitter; 

0078 based upon the earliest Wireless Location 
System timestamp and the time periods in the 
response from the wireleSS communications System, 
the Wireless Location System commands the nar 
rowband receivers connected to the antennas that 
will be used in location processing to tune to the cell 
Site, Sector, and RF channel currently in use by the 
first wireless transmitter and to receive RF data for a 
predetermined dwell time (based upon the band 
width of the Signal, SNR, and integration require 
ments); 

0079 the RF data received by the narrowband 
receivers are written into the dual port memory; 

0080 location processing on the received RF data 
commences, as described in U.S. Pat. Nos. 5,327,144 
and 5,608,410 and in sections below; 

0081 the Wireless Location System again deter 
mines the cell Site, Sector, RF channel, timeslot, long 
code mask, and encryption key currently in use by 
the first wireless transmitter; 

0082) if the cell site, sector, RF channel, timeslot, 
long code mask, and encryption key currently in use 
by the first wireless transmitter has changed between 
queries (i.e. before and after gathering the RF data) 
the WireleSS Location System ceases location pro 
cessing, causes an alert message that location pro 
cessing failed because the wireless transmitter 
changed transmission Status during the period of 
time in which RF data was being received, and 
re-triggers this entire process, 

0083 location processing on the received RF data 
completes in accordance with the StepS described 
below. 

0084. The determination of the information elements 
including cell Site, Sector, RF channel, timeslot, long code 
mask, and encryption key (all information elements may not 
be necessary for all air interface protocols) is typically 
obtained by the Wireless Location System through a com 
mand/response interface between the Wireless Location 
System and the wireleSS communications System. 

0085. The use of the narrowband receiver in the manner 
described above is known as random tuning because the 
receivers can be directed to any RF channel on command 
from the System. One advantage to random tuning is that 
locations are processed only for those wireleSS transmitters 
for which the Wireless Location System is triggered. One 
disadvantage to random tuning is that various Synchroniza 
tion factors, including the interface between the wireleSS 
communications System and the WireleSS Location System 
and the latency times in Scheduling the necessary receivers 
throughout the System, can limit the total location proceSS 
ing throughput. For example, in a TDMA System, random 
tuning used throughout the Wireless Location System will 
typically limit location processing throughput to about 2.5 
locations per Second per cell Site Sector. 
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0.086 Therefore, the narrowband receiver also supports 
another mode, known as automatic Sequential tuning, which 
can perform location processing at a higher throughput. For 
example, in a TDMA System, using Similar assumptions 
about dwell time and setup time as for the narrowband 
receiver operation described above, Sequential tuning can 
achieve a location processing throughput of about 41 loca 
tions per Second per cell Site Sector, meaning that all 395 
TDMA RF channels can be processed in about 9 seconds. 
This increased rate can be achieved by taking advantage of, 
for example, the two contiguous RF channels that can be 
received Simultaneously, location processing all three 
TDMA timeslots in an RF channel, and eliminating the need 
for Synchronization with the wireleSS communications SyS 
tem. When the Wireless Location System is using the 
narrowband receivers for Sequential tuning, the WireleSS 
Location System has no knowledge of the identity of the 
wireless transmitter because the Wireless Location System 
does not wait for a trigger, nor does the WireleSS Location 
System query the wireleSS communications System for the 
identity information prior to receiving the transmission. In 
this method, the WireleSS Location System Sequences 
through every cell Site, RF channel and time slot, performs 
location processing, and reports a location record identifying 
a time Stamp, cell Site, RF channel, time slot, and location. 
Subsequent to the location record report, the Wireless Loca 
tion System and the wireleSS communications System match 
the location records to the wireleSS communications SyS 
tem's data indicating which wireleSS transmitters were in use 
at the time, and which cell Sites, RF channels, and time slots 
were used by each wireless transmitter. Then, the Wireless 
Location System can retain the location records for wireleSS 
transmitters of interest, and discard those location records 
for the remaining wireleSS transmitters. 

Digital Signal Processor Module 10-3 
0087. The SCS digital receiver modules 10-2 output a 
digitized RF data Stream having a specified bandwidth and 
bit resolution. For example, a 15 MHZ embodiment of the 
wideband receiver may output a data Stream containing 60 
million Samples per Second, at a resolution of 14 bits per 
sample. This RF data stream will contain all of the RF 
channels that are used by the WireleSS communications 
system. The DSP modules 10-3 receive the digitized data 
Stream, and can extract any individual RF channel through 
digital mixing and filtering. The DSP's can also reduce the 
bit resolution upon command from the Wireless Location 
System, as needed to reduce the bandwidth requirements 
between the SCS 10 and TLP12. The Wireless Location 
System can dynamically Select the bit resolution at which to 
forward digitized baseband RF data, based upon the pro 
cessing requirements for each location. DSP's are used for 
these functions to reduce the Systemic errors that can occur 
from mixing and filtering with analog components. The use 
of DSP's allows perfect matching in the processing between 
any two SCS’s 10. 
0088. Ablock diagram of the DSP module 10-3 is shown 

is FIG. 2D, and the operation of the DSP module is depicted 
by the flowchart of FIG.2E. As shown in FIG. 2D, the DSP 
module 10-3 comprises the following elements: a pair of 
DSP elements 10-3-1A and 10-3-1B, referred to collectively 
as a “first DSP; serial to parallel converters 10-3-2; dual 
port memory elements 10-3-3; a second DSP 10-3-4; a 
parallel to serial converter; a FIFO buffer; a DSP 10-3-5 
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(including RAM) for detection, another DSP 10-3-6 for 
demodulation, and another DSP 10-3-7 for normalization 
and control; and an address generator 10-3-8. In a presently 
preferred embodiment, the DSP module 10-3 receives the 
wideband digitized data stream (FIG. 2E, step S1), and uses 
the first DSP (10-3-1A and 10-3-1B) to extract blocks of 
channels (step S2). For example, a first DSP programmed to 
operate as a digital drop receiver can extract four blocks of 
channels, where each block includes at least 1.25 MHz of 
bandwidth. This bandwidth can include 42 channels of 
AMPS or TDMA, 6 channels of GSM, or 1 channel of 
CDMA. The DSP does not require the blocks to be contigu 
ous, as the DSP can independently digitally tune to any Set 
of RF channels within the bandwidth of the wideband 
digitized data stream. The DSP can also perform wideband 
or narrow band energy detection on all or any of the channels 
in the block, and report the power levels by channel to the 
TLP12 (step S3). For example, every 10 ms, the DSP can 
perform wideband energy detection and create an RF Spec 
tral map for all channels for all receivers (see step S9). 
Because this spectral map can be sent from the SCS 10 to the 
TLP12 every 10 ms via the communications link connecting 
the SCS 10 and the TLP12, a significant data overhead could 
exist. Therefore, the DSP reduces the data overhead by 
companding the data into a finite number of levels. Nor 
mally, for example, 84 dB of dynamic range could require 14 
bits. In the companding process implemented by the DSP, 
the data is reduced, for example, to only 4 bits by Selecting 
16 important RF spectral levels to send to the TLP12. The 
choice of the number of levels, and therefore the number of 
bits, as well as the representation of the levels, can be 
automatically adjusted by the Wireless Location System. 
These adjustments are performed to maximize the informa 
tion value of the RF spectral messages sent to the TLP12 as 
well as to optimize the use of the bandwidth available on the 
communications link between the SCS 10 and the TLP12. 

0089. After conversion, each block of RF channels (each 
at least 1.25 MHz) is passed through serial to parallel 
converter 10-3-2 and then stored in dual port digital memory 
10-3-3 (step S4). The digital memory is a circular memory, 
which means that the DSP module begins writing data into 
the first memory address and then continues Sequentially 
until the last memory address is reached. When the last 
memory address is reached, the DSP returns to the first 
memory address and continues to Sequentially write data 
into memory. Each DSP module typically contains enough 
memory to Store Several Seconds of data for each block of 
RF channels to Support the latency and queuing times in the 
location process. 

0090. In the DSP module, the memory address at which 
digitized and converted RF data is written into memory is 
the time Stamp used throughout the WireleSS Location 
System and which the location processing references in 
determining TDOA. In order to ensure that the time stamps 
are aligned at every SCS 10 in the Wireless Location 
System, the address generator 10-3-8 receives the one pulse 
per Second Signal from the timing generation/clock distri 
bution module 10-7 (FIG. 2). Periodically, the address 
generator at all SCS’s 10 in a Wireless Location System will 
Simultaneously reset themselves to a known address. This 
enables the location processing to reduce or eliminate accu 
mulated timing errors in the recording of time Stamps for 
each digitized data element. 
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0.091 The address generator 10-3-8 controls both writing 
to and reading from the dual port digital memory 10-3-3. 
Writing takes places continuously since the ADC is con 
tinuously Sampling and digitizing RF signals and the first 
DSP (10-3-1A and 10-3-1B) is continuously performing the 
digital drop receiver function. However, reading occurs in 
bursts as the Wireless Location System requests data for 
performing demodulation and location processing. The 
WireleSS Location System may even perform location pro 
cessing recursively on a single transmission, and therefore 
requires access to the same data multiple times. In order to 
Service the many requirements of the WireleSS Location 
System, the address generator allows the dual port digital 
memory to be read at a rate faster than the writing occurs. 
Typically, reading can be performed eight times faster than 
Writing. 
0092. The DSP module 10-3 uses the second DSP 10-3-4 
to read the data from the digital memory 10-3-3, and then 
performs a Second digital drop receiver function to extract 
baseband data from the blocks of RF channels (step S5). For 
example, the second DSP can extract any single 30 KHZ 
AMPS or TDMA channel from any block of RF channels 
that have been digitized and Stored in the memory. Likewise, 
the second DSP can extract any single GSM channel. The 
second DSP is not required to extract a CDMA channel, 
since the channel bandwidth occupies the full bandwidth of 
the Stored RF data. The combination of the first DSP 
10-3-1A, 10-3-1B and the second DSP 10-3-4 allows the 
DSP module to select, store, and recover any single RF 
channel in a wireleSS communications System. A DSP mod 
ule typically will store four blocks of channels. In a dual 
mode AMPS/TDMA system, a single DSP module can 
continuously and Simultaneously monitor up to 42 analog 
reverse control channels, up to 84 digital control channels, 
and also be tasked to monitor and locate any voice channel 
transmission. A Single SCS chassis will typically Support up 
to three receiver modules 10-2 (FIG. 2), to cover three 
Sectors of two antennas each, and up to nine DSP modules 
(three DSP modules per receiver permits an entire 15 MHz 
bandwidth to be simultaneously stored into digital memory). 
Thus, the SCS 10 is a very modular system than can be 
easily Scaled to match any type of cell Site configuration and 
processing load. 
0093. The DSP module 10-3 also performs other func 
tions, including automatic detection of active channels used 
in each Sector (Step S6), demodulation (step S7), and Station 
based location processing (step S8). The Wireless Location 
System maintains an active map of the usage of the RF 
channels in a wireless communications System (step S9), 
which enables the Wireless Location System to manage 
receiver and processing resources, and to rapidly initiate 
processing when a particular transmission of interest has 
occurred. The active map comprises a table maintained 
within the Wireless Location System that lists for each 
antenna connected to an SCS 10 the primary channels 
assigned to that SCS 10 and the protocols used in those 
channels. A primary channel is an RF control channel 
assigned to a collocated or nearby base Station which the 
base Station uses for communications with wireleSS trans 
mitters. For example, in a typical cellular System with 
Sectored cell sites, there will be one RF control channel 
frequency assigned for use in each Sector. Those control 
channel frequencies would typically be assigned as primary 
channels for a collocated SCS 10. 
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0094. The same SCS 10 may also be assigned to monitor 
the RF control channels of other nearby base stations as 
primary channels, even if other SCS’s 10 also have the same 
primary channels assigned. In this manner, the WireleSS 
Location System implements a System demodulation redun 
dancy that ensures that any given wireleSS transmission has 
an infinitesimal probability of being missed. When this 
demodulation redundancy feature is used, the Wireless 
Location System will receive, detect, and demodulate the 
Same wireleSS transmission two or more times at more than 
one SCS 10. The Wireless Location System includes means 
to detect when this multiple demodulation has occurred and 
to trigger location processing only once. This function 
conserves the processing and communications resources of 
the Wireless Location System, and is further described 
below. This ability for a single SCS 10 to detect and 
demodulate wireleSS transmissions occurring at cell Sites not 
collocated with the SCS 10 permits operators of the Wireless 
Location System to deploy more efficient Wireless Location 
System networks. For example, the Wireless Location Sys 
tem may be designed such that the Wireless Location 
System uses much fewer SCS’s 10 than the wireless com 
munications System has base Stations. 
0095. In the Wireless Location System, primary channels 
are entered and maintained in the table using two methods: 
direct programming and automatic detection. Direct pro 
gramming comprises entering primary channel data into the 
table using one of the Wireless Location System user 
interfaces, such as the Network Operations Console 16 
(FIG. 1), or by receiving channel assignment data from the 
WireleSS Location System to wireleSS communications SyS 
tem interface. Alternatively, the DSP module 10-3 also runs 
a background process known as automatic detection in 
which the DSP uses spare or Scheduled processing capacity 
to detect transmissions on various possible RF channels and 
then attempt to demodulate those transmissions using prob 
able protocols. The DSP module can then confirm that the 
primary channels directly programmed are correct, and can 
also quickly detect changes made to channels at base Station 
and send an alert to the operator of the Wireless Location 
System. 

0096) The DSP module performs the following steps in 
automatic detection (see FIG. 2E-1): 

0097 for each possible control and/or voice channel 
which may be used in the coverage area of the SCS 
10, peg counters are established (step S7-1); 

0098 at the start of a detection period, all peg 
counters are reset to Zero (step S7-2); 

0099 each time that a transmission occurs in a 
specified RF channel, and the received power level is 
above a particular pre-Set threshold, the peg counter 
for that channel is incremented (step S7-3); 

0100 each time that a transmission occurs in a 
specified RF channel, and the received power level is 
above a second particular pre-set threshold, the DSP 
module attempts to demodulate a certain portion of 
the transmission using a first preferred protocol (Step 
S7-4); 

0101 if the demodulation is successful, a second 
peg counter for that channel is incremented (step 
S7-5); 
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0102) if the demodulation is unsuccessful, the DSP 
module attempts to demodulate a portion of the 
transmission using a second preferred protocol (Step 
S7-6): 

0103) if the demodulation is successful, a third peg 
counter for that channel is incremented (step S7-7); 

0104 at the end of a detection period, the Wireless 
Location System reads all peg counters (step S7-8); 
and 

0105 the Wireless Location System automatically 
assigns primary channels based upon the peg 
counters (step S7-9). 

0106 The operator of the Wireless Location System can 
review the peg counters and the automatic assignment of 
primary channels and demodulation protocols, and override 
any Settings that were performed automatically. In addition, 
if more than two preferred protocols may be used by the 
wireless carrier, then the DSP module 10-3 can be down 
loaded with software to detect the additional protocols. The 
architecture of the SCS 10, based upon wideband receivers 
10-2, DSP modules 10-3, and downloadable software per 
mits the Wireless Location System to support multiple 
demodulation protocols in a Single System. There is a 
Significant cost advantage to Supporting multiple protocols 
within the Single System, as only a Single SCS 10 is required 
at a cell Site. This is in contrast to many base Station 
architectures, which may require different transceiver mod 
ules for different modulation protocols. For example, while 
the SCS 10 could support AMPS, TDMA, and CDMA 
simultaneously in the same SCS 10, there is no base station 
currently available that can Support this functionality. 
0107 The ability to detect and demodulate multiple pro 
tocols also includes the ability to independently detect the 
use of authentication in messages transmitted over the 
certain air interface protocols. The use of authentication 
fields in wireleSS transmitters Started to become prevalent 
within the last few years as a means to reduce the occurrence 
of fraud in wireleSS communications Systems. However, not 
all wireless transmitters have implemented authentication. 
When authentication is used, the protocol generally inserts 
an additional field into the transmitted message. Frequently 
this field is inserted between the identity of the wireless 
transmitter and the dialed digits in the transmitted message. 
When demodulating a wireless transmission, the Wireless 
Location System determines the number of fields in the 
transmitted message, as well as the message type (i.e. 
registration, origination, page response, etc.). The Wireless 
Location System demodulates all fields and if extra fields 
appear to be present, giving consideration to the type of 
message transmitted, then the WireleSS Location System 
tests all fields for a trigger condition. For example, if the 
dialed digits "911" appear in the proper place in a field, and 
the field is located either in its proper place without authen 
tication or its proper place with authentication, then the 
WireleSS Location System triggers normally. In this 
example, the digits "911" would be required to appear in 
sequence as "911" or “*911”, with no other digits before or 
after either Sequence. This functionality reduces or elimi 
nates a false trigger caused by the digits "911" appearing as 
part of an authentication field. 
0108. The support for multiple demodulation protocols is 
important for the Wireless Location System to successfully 
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operate because location processing must be quickly trig 
gered when a wireless caller has dialed "911". The Wireless 
Location System can trigger location processing using two 
methods: the Wireless Location System will independently 
demodulate control channel transmissions, and trigger loca 
tion processing using any number of criteria Such as dialed 
digits, or the WireleSS Location System may receive triggers 
from an external Source Such as the carrier's wireleSS com 
munications System. The present inventors have found that 
independent demodulation by the SCS 10 results in the 
fastest time to trigger, as measured from the moment that a 
wireless user presses the “SEND” or "TALK” (or similar) 
button on a wireleSS transmitter. 

Control and Communications Module 10-5 

0109 The control and communications module 10-5, 
depicted in FIG. 2F, includes data buffers 10-5-1, a con 
troller 10-5-2, memory 10-5-3, a CPU 10-5-4 and a T1/E1 
communications chip 10-5-5. The module has many of the 
characteristics previously described in U.S. Pat. No. 5,608, 
410. Several enhancements have been added in the present 
embodiment. For example, the SCS 10 now includes an 
automatic remote reset capability, even if the CPU on the 
control and communications module ceases to execute its 
programmed Software. This capability can reduce the oper 
ating costs of the WireleSS Location System because tech 
nicians are not required to travel to a cell Site to reset an SCS 
10 if it fails to operate normally. The automatic remote reset 
circuit operates by monitoring the communications interface 
between the SCS 10 and the TLP 12 for a particular 
Sequence of bits. This Sequence of bits is a Sequence that 
does not occur during normal communications between the 
SCS 10 and the TLP12. This sequence, for example, may 
consist of an all ones pattern. The reset circuit operates 
independently of the CPU so that even if the CPU has placed 
itself in a locked or other non-operating Status, the circuit 
can still achieve the reset of the SCS 10 and return the CPU 
to an operating Status. 
0110. This module now also has the ability to record and 
report a wide variety of Statistics and variables used in 
monitoring or diagnosing the performance of the SCS 10. 
For example, the SCS 10 can monitor the percent capacity 
usage of any DSP or other processor in the SCS 10, as well 
as the communications interface between the SCS 10 and the 
TLP12. These values are reported regularly to the AP14 and 
the NOC 16, and are used to determine when additional 
processing and communications resources are required in 
the System. For example, alarm thresholds may be Set in the 
NOC to indicate to an operator if any resource is consistently 
exceeding a preset threshold. The SCS 10 can also monitor 
the number of times that transmissions have been Success 
fully demodulated, as well as the number of failures. This is 
useful in allowing operators to determine whether the Signal 
thresholds for demodulation have been set optimally. 
0111. This module, as well as the other modules, can also 
self-report its identity to the TLP12. As described below, 
many SCS’s 10 can be connected to a single TLP 12. 
Typically, the communications between SCS’s 10 and TLP's 
12 is shared with the communications between base Stations 
and MSCS. It is frequently difficult to quickly determine 
exactly which SCS’s 10 have been assigned to particular 
circuits. Therefore, the SCS 10 contains a hard coded 
identity, which is recorded at the time of installation. This 
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identity can be read and verified by the TLP12 to positively 
determine which SCS 10 has been assigned by a carrier to 
each of Several different communications circuits. 

0112 The SCS to TLP communications supports a vari 
ety of messages, including: commands and responses, Soft 
ware download, Status and heartbeat, parameter download, 
diagnostic, spectral data, phase data, primary channel 
demodulation, and RF data. The communications protocol is 
designed to optimize WireleSS Location System operation by 
minimizing the protocol overhead and the protocol includes 
a message priority Scheme. Each message type is assigned a 
priority, and the SCS 10 and the TLP12 will queue messages 
by priority Such that a higher priority message is sent before 
a lower priority message is sent. For example, demodulation 
messages are generally Set at a high priority because the 
WireleSS Location System must trigger location processing 
on certain types of calls (i.e., E9-1-1) without delay. 
Although higher priority messages are queued before lower 
priority messages, the protocol generally does not preempt 
a message that is already in transit. That is, a message in the 
process of being sent across the SCS 10 to TLP12 com 
munications interface will be completed fully, but then the 
next message to be sent will be the highest priority message 
with the earliest time Stamp. In order to minimize the latency 
of high priority messages, long messages, Such as RF data, 
are Sent in Segments. For example, the RF data for a full 
100-millisecond AMPS transmission may be separated into 
10-millisecond Segments. In this manner, a high priority 
message may be queued in between Segments of the RF data. 

Calibration and Performance Monitoring 
0113. The architecture of the SCS 10 is heavily based 
upon digital technologies including the digital receiver and 
the digital Signal processors. Once RF signals have been 
digitized, timing, frequency, and phase differences can be 
carefully controlled in the various processes. More impor 
tantly, any timing, frequency, and phase differences can be 
perfectly matched between the various receivers and various 
SCS’s 10 used in the Wireless Location System. However, 
prior to the ADC, the RF signals pass through a number of 
RF components, including antennas, cables, low noise 
amplifiers, filters, duplexors, multi-couplers, and RF Split 
ters. Each of these RF components has characteristics impor 
tant to the WireleSS Location System, including delay and 
phase versus frequency response. When the RF and analog 
components are perfectly matched between the pairs of 
SCS’s 10, Such as SCS 10A and SCS 10B in FIG. 2G, then 
the effects of these characteristics are automatically elimi 
nated in the location processing. But when the characteris 
tics of the components are not matched, then the location 
processing can inadvertently include instrumental errors 
resulting from the mismatch. Additionally, many of these RF 
components can experience instability with power, time, 
temperature, or other factors that can add instrumental errors 
to the determination of location. Therefore, several inventive 
techniques have been developed to calibrate the RF com 
ponents in the Wireless Location System and to monitor the 
performance of the WireleSS Location System on a regular 
basis. Subsequent to calibration, the Wireless Location Sys 
tem Stores the values of these delays and phases verSuS 
frequency response (i.e. by RF channel number) in a table in 
the Wireless Location System for use in correcting these 
instrumental errors. FIGS. 2G-2J are referred to below in 
explaining these calibration methods. 
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External Calibration Method 

0114 Referring to FIG. 2G, the timing stability of the 
WireleSS Location System is measured along baselines, 
where each baseline is comprised of two SCS’s, 10A and 
10B, and an imaginary line (A-B) drawn between them. In 
a TDOA/FDOA type of Wireless Location System, locations 
of wireleSS transmitters are calculated by measuring the 
differences in the times that each SCS 10 records-for the 
arrival of the Signal from a wireleSS transmitter. Thus, it is 
important that the differences in times measured by SCS’s 
10 along any baseline are largely attributed to the transmis 
Sion time of the Signal from the wireless transmitter and 
minimally attributed to the variations in the RF and analog 
components of the SCS’s 10 themselves. To meet the 
accuracy goals of the WireleSS Location System, the timing 
stability for any pair of SCS’s 10 are maintained at much 
less than 100 nanoseconds RMS (root mean square). Thus, 
the components of the Wireless Location System will con 
tribute less than 100 feet RMS of instrumentation error in the 
estimation of the location of a wireleSS transmitter. Some of 
this error is allocated to the ambiguity of the Signal used to 
calibrate the System. This ambiguity can be determined from 
the well-known Cramer-Rao lower bound equation. In the 
case of an AMPS reverse control channel, this error is 
approximately 40 nanoseconds RMS. The remainder of the 
error budget is allocated to the components of the Wireless 
Location System, primarily the RF and analog components 
in the SCS 10. 

0.115. In the external calibration method, the Wireless 
Location System uses a network of calibration transmitters 
whose signal characteristics match those of the target wire 
less transmitters. These calibration transmitters may be 
ordinary wireleSS telephones emitting periodic registration 
Signals and/or page response Signals. Each usable SCS-to 
SCS baseline is preferably calibrated periodically using a 
calibration transmitter that has a relatively clear and unob 
structed path to both SCS’s 10 associated with the baseline. 
The calibration Signal is processed identically to a signal 
from a target wireless transmitter. Since the TDOA values 
are known a priori, any errors in the calculations are due to 
systemic errors in the Wireless Location System. These 
Systemic errors can then be removed in the Subsequent 
location calculations for target transmitters. 

0116 FIG. 2G illustrates the external calibration method 
for minimizing timing errors. As shown, a first SCS 10A at 
a point “A” and a second SCS 10A at a point “B” have an 
asSociated baseline A-B. A calibration Signal emitted at time 
To by a calibration transmitter at point “C” will theoretically 
reach first SCS 10A at time To-TA. T is a measure of the 
amount of time required for the calibration Signal to travel 
from the antenna on the calibration transmitter to the dual 
port digital memory in a digital receiver. 

0117 Likewise, the same calibration signal will reach 
second SCS 10B at a theoretical time To-T. Usually, 
however, the calibration signal will not reach the digital 
memory and the digital Signal processing components of the 
respective SCS’s 10 at exactly the correct times. Rather, 
there will be errors e1 and e2 in the amount of time (TA, 
TB) it takes the calibration signal to propagate from the 
calibration transmitter to the SCS’s 10, respectively, such 
that the exact times of arrival are actually To-TA+e1 and 
To-T+e2. Such errors will be due to Some extent to delayS 
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in the Signal propagation through the air, i.e., from the 
calibration transmitter's antenna to the SCS antennas; how 
ever, the errors will be due primarily to time varying 
characteristics in the SCS front end components. The errors 
e1 and e2 cannot be determined per Se because the System 
does not know the exact time (T) at which the calibration 
Signal was transmitted. The System can, however, determine 
the error in the difference in the time of arrival of the 
calibration signal at the respective SCS’s 10 of any given 
pair of SCS’s 10. This TDOA error value is defined as the 
difference between the measured TDOA value and the 
theoretical TDOA value to, where to is the theoretical 
differences between the theoretical delay values T and 
T. Theoretical TDOA values for each pair of SCS’s 10 
and each calibration transmitter are known because the 
positions of the SCS’s 10 and calibration transmitter, and the 
Speed at which the calibration Signal propagates, are known. 
The measured TDOA baseline (TDOA) can be repre 
Sented as TDOAAA=to-e, where e=e1-e2. In a similar 
manner, a calibration signal from a Second calibration trans 
mitter at point “D” will have associated errors e3 and e4. The 
ultimate value of e to be subtracted from TDOA measure 
ments for a target transmitter will be a function (e.g., 
weighted average) of the e values derived for one or more 
calibration transmitters. Therefore, a given TDOA measure 
ment (TDOA) for a pair of SCS’s 10 at points “X” 
and “Y” and a target wireleSS transmitter at an unknown 
location will be corrected as follows: 

0118 where k1,k2, etc., are weighting factors and e1, e2, 
etc., are the errorS determined by Subtracting the measured 
TDOA values from the theoretical values for each calibra 
tion transmitter. In this example, error value e1 may the error 
value associated with the calibration transmitter at point “C” 
in the drawing. The weighting factors are determined by the 
operator of the Wireless Location System, and input into the 
configuration tables for each baseline. The operator will take 
into consideration the distance from each calibration trans 
mitter to the SCS’s 10 at points “X” and “Y”, the empirically 
determined line of Sight from each calibration transmitter to 
the SCS’s 10 at points “X” and “Y”, and the contribution 
that each SCS “X” and “Y” would have made to a location 
estimate of a wireleSS transmitter that might be located in the 
vicinity of each calibration transmitter. In general, calibra 
tion transmitters that are nearer to the SCS’s 10 at points “X” 
and “Y” will be weighted higher than calibration transmit 
ters that are farther away, and calibration transmitters with 
better line of sight to the SCS’s 10 at points “X” and “Y” 
will be weighted higher than calibration transmitters with 
worse line of Sight. 
0119) Each error component e1, e2, etc., and therefore the 
resulting error component e, can vary widely, and wildly, 
over time because Some of the error component is due to 
multipath reflection from the calibration transmitter to each 
SCS 10. The multipath reflection is very much path depen 
dent and therefore will vary from measurement to measure 
ment and from path to path. It is not an object of this method 
to determine the multipath reflection for these calibration 
paths, but rather to determine the portion of the errors that 
are attributable to the components of the SCS’s 10. Typi 
cally, therefore, error values e1 and e3 will have a common 
component since they relate to the same first SCS 10A. 
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Likewise, error values e2 and e4 will also have a common 
component since they relate to the second SCS 10B. It is 
known that while the multipath components can vary wildly, 
the component errors vary slowly and typically vary sinu 
soidally. Therefore, in the external calibration method, the 
error values e are filtered using a weighted, time-based filter 
that decreases the weight of the wildly varying multipath 
components while preserving the relatively slow changing 
error components attributed to the SCS’s 10. One such 
exemplary filter used in the external calibration method is 
the Kalman filter. 

0120) The period between calibration transmissions is 
varied depending on the error drift rates determined for the 
SCS components. The period of the drift rate should be 
much longer than the period of the calibration interval. The 
Wireless Location System monitors the period of the drift 
rate to determine continuously the rate of change, and may 
periodically adjust the calibration interval, if needed. Typi 
cally, the calibration rate for a Wireless Location System 
Such as one in accordance with the present invention is 
between 10 and 30 minutes. This corresponds well with the 
typical time period for the registration rate in a wireleSS 
communications system. If the Wireless Location System 
were to determine that the calibration interval must be 
adjusted to a rate faster than the registration rate of the 
wireless communications system, then the AP 14 (FIG. 1) 
would automatically force the calibration transmitter to 
transmit by paging the transmitter at the prescribed interval. 
Each calibration transmitter is individually addressable and 
therefore the calibration interval associated with each cali 
bration transmitter can be different. 

0121 Since the calibration transmitters used in the exter 
nal calibration method are standard telephones, the Wireless 
Location System must have a mechanism to distinguish 
those telephones from the other wireless transmitters that are 
being located for various application purposes. The WireleSS 
Location System maintains a list of the identities of the 
calibration transmitters, typically in the TLP12 and in the 
AP 14. In a cellular system, the identity of the calibration 
transmitter can be the Mobile Identity Number, or MIN. 
When the calibration transmitter makes a transmission, the 
transmission is received by each SCS 10 and demodulated 
by the appropriate SCS 10. The Wireless Location System 
compares the identity of the transmission with a pre-stored 
tasking list of identities of all calibration transmitters. If the 
Wireless Location System determines that the transmission 
was a calibration transmission, then the WireleSS Location 
System initiates external calibration processing. 

Internal Calibration Method 

0122) In addition to the external calibration method, it is 
an object of the present invention to calibrate all channels of 
the wideband digital receiver used in the SCS 10 of a 
Wireless Location System. The external calibration method 
will typically calibrate only a Single channel of the multiple 
channels used by the wideband digital receiver. This is 
because the fixed calibration transmitters will typically Scan 
to the highest-power control channel, which will typically be 
the same control channel each time. The transfer function of 
a wideband digital receiver, along with the other associated 
components, does not remain perfectly constant, however, 
and will vary with time and temperature. Therefore, even 
though the external calibration method can Successfully 
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calibrate a single channel, there is no assurance that the 
remaining channels will also be calibrated. 

0123 The internal calibration method, represented in the 
flowchart of FIG.2H, is particularly suited for calibrating an 
individual first receiver system (i.e., SCS 10) that is char 
acterized by a time- and frequency-Varying transfer func 
tion, wherein the transfer function defines how the ampli 
tude and phase of a received signal will be altered by the 
receiver System and the receiver System is utilized in a 
location System to determine the location of a wireleSS 
transmitter by, in part, determining a difference in time of 
arrival of a Signal transmitted by the wireleSS-transmitter and 
received by the receiver system to be calibrated and another 
receiver System, and wherein the accuracy of the location 
estimate is dependent, in part, upon the accuracy of TDOA 
measurements made by the system. An example of a AMPS 
RCC transfer function is depicted in FIG. 2I, which depicts 
how the phase of the transfer function varies acroSS the 21 
control channels spanning 630 KHZ. 

0.124 Referring to FIG. 2H, the internal calibration 
method includes the Steps of temporarily and electronically 
disconnecting the antenna used by a receiver System from 
the receiver System (Step S-20); injecting an internally 
generated wideband Signal with known and Stable Signal 
characteristics into the first receiver System (Step S-21); 
utilizing the generated wideband Signal to obtain an estimate 
of the manner in which the transfer function varies acroSS the 
bandwidth of the first receiver system (step S-22); and 
utilizing the estimate to mitigate the effects of the variation 
of the first transfer function on the time and frequency 
measurements made by the first receiver System (step S-23). 
One example of a stable wideband Signal used for internal 
calibration is a comb Signal, which is comprised of multiple 
individual, equal-amplitude frequency elements at a known 
spacing, Such as 5 KHZ. An example of Such a signal is 
shown in FIG. 2. 

0.125 The antenna must be temporarily disconnected 
during the internal calibration process to prevent external 
Signals from entering the wideband receiver and to guaran 
tee that the receiver is only receiving the Stable wideband 
Signal. The antenna is electronically disconnected only for a 
few milliseconds to minimize the chance of missing too 
much of a signal from a wireleSS transmitter. In addition, 
internal calibration is typically performed immediately after 
external calibration to minimize the possibility that the any 
component in the SCS 10 drifts during the interval between 
external and internal calibration. The antenna is discon 
nected from the wideband receiver using two electronically 
controlled RF relays (not shown). An RF relay cannot 
provide perfect isolation between input and output even 
when in the “off” position, but it can provide up to 70 dB of 
isolation. Two relayS may be used in Series to increase the 
amount of isolation and to further assure that no signal is 
leaked from the antenna to the wideband receiver during 
calibration. Similarly, when the internal calibration function 
is not being used, the internal calibration Signal is turned off, 
and the two RF relays are also turned off to prevent leakage 
of the internal calibration Signals into the wideband receiver 
when the receiver is collecting Signals from wireleSS trans 
mitters. 

0.126 The external calibration method provides an abso 
lute calibration of a Single channel and the internal calibra 
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tion method then calibrates each other channel relative to the 
channel that had been absolutely calibrated. The comb signal 
is particularly Suited as a stable wideband Signal because it 
can be easily generated using a Stored replica of the Signal 
and a digital to analog converter. 

External Calibration Using Wideband Calibration 
Signal 

0127. The external calibration method described next 
may be used in connection with an SCS 10 receiver system 
characterized by a time- and frequency-Varying transfer 
function, which preferably includes the antennas, filters, 
amplifiers, duplexors, multi-couplers, splitters, and cabling 
associated with the SCS receiver system. The method 
includes the Step of transmitting a stable, known wideband 
calibration signal from an external transmitter. The wide 
band calibration signal is then used to estimate the transfer 
function across a prescribed bandwidth of the SCS receiver 
System. The estimate of the transfer function is Subsequently 
employed to mitigate the effects of variation of the transfer 
function on Subsequent TDOA/FDOA measurements. The 
external transmission is preferably of Short duration and low 
power to avoid interference with the wireleSS communica 
tions System hosting the WireleSS Location System. 
0128. In the preferred method, the SCS receiver system is 
Synchronized with the external transmitter. Such Synchroni 
Zation may be performed using GPS timing units. Moreover, 
the receiver System may be programmed to receive and 
process the entire wideband of the calibration Signal only at 
the time that the calibration signal is being sent. The receiver 
System will not perform calibration processing at any time 
other than when in Synchronization with the external cali 
bration transmissions. In addition, a wireleSS communica 
tions link is used between the receiver System and the 
external calibration transmitter to exchange commands and 
responses. The external transmitter may use a directional 
antenna to direct the wideband Signal only at the antennas of 
the SCS receiver system. Such as directional antenna may be 
a Yagi antenna (i.e. linear end-fire array). The calibration 
method preferably includes making the external transmis 
Sion only when the directional antenna is aimed at the 
receiver Systems antennas and the risk of multipath reflec 
tion is low. 

Calibrating for Station Biases 

0129. Another aspect of the present invention concerns a 
calibration method to correct for station biases in a SCS 
receiver system. The “station bias” is defined as the finite 
delay between when an RF signal from a wireleSS transmit 
ter reaches the antenna and when that same Signal reached 
the wideband receiver. The inventive method includes the 
Step of measuring the length of the cable from the antennas 
to the filters and determining the corresponding delayS 
asSociated with the cable length. In addition, the method 
includes injecting a known signal into the filter, duplexor, 
multi-coupler, or RF Splitter and measuring the delay and 
phase response verSuS frequency response from the input of 
each device to the wideband receiver. The delay and phase 
values are then combined and used to correct Subsequent 
location measurements. When used with the GPS based 
timing generation described above, the method preferably 
includes correcting for the GPS cable lengths. Moreover, an 
externally generated reference Signal is preferably used to 
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monitor changes in Station bias that may arise due to aging 
and weather. Finally, the station bias by RF channel and for 
each receiver system in the Wireless Location System is 
preferably stored in tabular form in the Wireless Location 
System for use in correcting Subsequent location processing. 

Performance Monitoring 
0130. The Wireless Location System uses methods simi 
lar to calibration for performance monitoring on a regular 
and ongoing basis. These methods are depicted in the 
flowcharts of FIG. 2K and 2L. Two methods of perfor 
mance monitoring are used: fixed phones and drive testing 
of Surveyed points. The fixed phone method comprises the 
following steps (see FIG. 2K): 

0131 standard wireless transmitters are perma 
nently placed at various points within the coverage 
area of the Wireless Location System (these are then 
known as the fixed phones) (step S-30); 

0132) the points at which the fixed phones have been 
placed are Surveyed So that their location is precisely 
known to within a predetermined distance, for 
example ten feet (step S-31); 

0.133 the Surveyed locations are stored in a table in 
the AP 14 (step S-32); 

0.134 the fixed phones are permitted to register on 
the wireleSS communications System, at the rate and 
interval Set by the wireleSS communications System 
for all wireless transmitters on the System (step 
S-33); 

0.135 at each registration transmission by a fixed 
phone, the Wireless Location System locates the 
fixed phone using normal location processing (as 
with the calibration transmitters, the Wireless Loca 
tion System can identify a transmission as being 
from a fixed phone by Storing the identities in a table) 
(step S-34); 

0.136 the Wireless Location System computes an 
error between the calculated location determined by 
the location processing and the Stored location deter 
mined by Survey (step S-35); 

0.137 the location, the error value, and other mea 
Sured parameters are Stored along with a time Stamp 
in a database in the AP 14 (step S-36); 

0.138 the AP 14 monitors the instant error and other 
measured parameters (collectively referred to as an 
extended location record) and additionally computes 
various Statistical values of the error(s) and other 
measured parameters (step S-37); and 

0.139 if any of the error or other values exceed a 
pre-determined threshold or a historical Statistical 
value, either instantaneously or after performing 
Statistical filtering over a prescribed number of loca 
tion estimates, the AP 14 signals an alarm to the 
operator of the Wireless Location System (step 
S-38). 

0140. The extended location record includes a large num 
ber of measured parameters usefully for analyzing the 
instant and historical performance of the Wireless Location 
System. These parameters include: the RF channel used by 

Nov. 21, 2002 

the wireless transmitter, the antenna port(s) used by the 
Wireless Location System to demodulate the wireless trans 
mission, the antenna ports from which the Wireless Location 
System requested RF data, the peak, average, and variance 
in power of the transmission over the interval used for 
location processing, the SCS 10 and antenna port chosen as 
the reference for location processing, the correlation value 
from the cross-spectra correlation between every other SCS 
10 and antenna used in location processing and the reference 
SCS 10 and antenna, the delay value for each baseline, the 
multipath mitigation parameters, and the residual values 
remaining after the multipath mitigation calculations. Any of 
these measured parameters can be monitored by the WireleSS 
Location System for the purpose of determining how the 
Wireless Location System is performing. One example of 
the type of monitoring performed by the Wireless Location 
System may be the variance between the instant value of the 
correlation on a baseline and the historical range of the 
correlation value. Another may be the variance between the 
instant value of the received power at a particular antenna 
and the historical range of the received power. Many other 
Statistical values can be calculated and this list is not 
exhaustive. 

0.141. The number of fixed phones placed into the cov 
erage area of the WireleSS Location System can be deter 
mined based upon the density of the cell sites, the difficulty 
of the terrain, and the historical ease with which wireless 
communications Systems have performed in the area. Typi 
cally the ratio is about one fixed phone for every six cell 
Sites, however in Some areas a ratio of one to one may be 
required. The fixed phoneS provide a continuous means to 
monitor the performance of the Wireless Location System, 
as well as the monitor any changes in the frequency plan that 
the carrier may have made. Many times, changes in the 
frequency plan will cause a variation in the performance of 
the Wireless Location System and the performance moni 
toring of the fixed phones provide an immediate indication 
to the Wireless Location System operator. 
0.142 Drive testing of Surveyed points is very similar to 
the fixed phone monitoring. Fixed phones typically can only 
be located indoors where access to power is available (i.e. 
the phones must be continuously powered on to be effec 
tive). To obtain a more complete measurement of the per 
formance of the location performance, drive testing of 
outdoor test points is also performed. Referring to FIG.2L, 
as with the fixed phones, prescribed test points throughout 
the coverage area of the WireleSS Location System are 
surveyed to within ten feet (step S-40). Each test point is 
assigned a code, where the code consists of either a “*” or 
a "#", followed by a sequence number (step S-41). For 
example, “* 1001” through “* 1099” may be a sequence of 99 
codes used for test points. These codes should be sequences, 
that when dialed, are meaningleSS to the wireleSS commu 
nications System (i.e. the codes do not cause a feature or 
other translation to occur in the MSC, except for an intercept 
message). The AP14 Stores the code for each test point along 
with the Surveyed location (step S-42). Subsequent to these 
initial Steps, any wireleSS transmitter dialing any of the codes 
will be triggered and located using normal location process 
ing (steps S-43 and S-44). The Wireless Location System 
automatically computes an error between the calculated 
location determined by the location processing and the 
Stored location determined by Survey, and the location and 
the error value are Stored along with a time Stamp in a 
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database in the AP 14 (steps S-45 and S-46). The AP 14 
monitors the instant error, as well as various historical 
Statistical values of the error. If the error values exceed a 
pre-determined threshold or a historical Statistical value, 
either instantaneously or after performing Statistical filtering 
over a prescribed number of location estimates, the AP 14 
Signals an alarm to the operator of the WireleSS Location 
System (step S-47). 

TDOA Location Processor (TLP) 
0143) The TLP 12, depicted in FIGS. 1, 1A and 3, is a 
centralized digital Signal processing System that manages 
many aspects of the WireleSS Location System, especially 
the SCS’s 10, and provides control over the location pro 
cessing. Because location processing is DSP intensive, one 
of the major advantages of the TLP12 is that the DSP 
resources can be shared among location processing initiated 
by transmissions at any of the SCS’s 10 in a Wireless 
Location System. That is, the additional cost of DSP's at the 
SCS’s 10 is reduced by having the resource centrally avail 
able. As shown in FIG. 3, there are three major components 
of the TLP 12: DSP modules 12-1, T1/E1 communications 
modules 12-2 and a controller module 12-3. 

0144. The T1/E1 communications modules 12-2 provide 
the communications interface to the SCS’s 10 (T1 and E1 
are Standard communications Speeds available throughout 
the world). Each SCS 10 communicates to a TLP12 using 
one or more DS0's (which are typically 56 Kbps or 64 
Kbps). Each SCS 10 typically connects to a fractional T1 or 
El circuit, using, e.g., a drop and insert unit or channel bank 
at the cell Site. Frequently, this circuit is shared with the base 
station, which communicates with the MSC. At a central 
Site, the DS0's assigned to the base Station are separated 
from the DS0s assigned to the SCS’s 10. This is typically 
accomplished external to the TLP12 using a digital acceSS 
and control system (DACS) 13A that not only separates the 
DS0's but also grooms the DS0's from multiple SCS’s 10 
onto full T1 or E1 circuits. These circuits then connect from 
the DACS 13A to the DACS 13B and then to the T1/E1 
communications module on the TLP12. Each T1/E1 com 
munications module contains Sufficient digital memory to 
buffer packets of data to and from each SCS 10 communi 
cating with the module. A Single TLP chassis may Support 
one or more T1/E1 communications modules. 

0145 The DSP modules 12-1 provide a pooled resource 
for location processing. A Single module may typically 
contain two to eight digital Signal processors, each of which 
are equally available for location processing. Two types of 
location processing are Supported: central based and Station 
based, which are described in further detail below. The TLP 
controller 12-3 manages the DSP module(s) 12-1 to obtain 
optimal throughput. Each DSP module contains sufficient 
digital memory to Store all of the data necessary for location 
processing. A DSP is not engaged until all of the data 
necessary to begin location processing has been moved from 
each of the involved SCS’s 10 to the digital memory on the 
DSP module. Only then is a DSP given the specific task to 
locate a Specific wireleSS transmitter. Using this technique, 
the DSPs, which are an expensive resource, are never kept 
waiting. A single TLP chassis may support one or more DSP 
modules. 

0146 The controller module 12-3 provides the real time 
management of all location processing within the WireleSS 
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Location System. The AP 14 is the top-level management 
entity within the Wireless Location System, however its 
database architecture is not Sufficiently fast to conduct the 
real time decision making when transmissions occur. The 
controller module 12-3 receives messages from the SCS’s 
10, including: Status, Spectral energy in various channels 
for-various antennas, demodulated messages, and diagnos 
tics. This enables the controller to continuously determine 
events occurring in the WireleSS Location System, as well as 
to Send commands to take certain actions. When a controller 
module receives demodulated messages from SCS’s 10, the 
controller module decides whether location processing is 
required for a particular wireleSS transmission. The control 
ler module 12-3 also determines which SCS’s 10 and 
antennas to use in location processing, including whether to 
use central based or Station based location processing. The 
controller module commands SCS’s 10 to return the neces 
Sary data, and commands the communications modules and 
DSP modules to sequentially perform their necessary roles 
in location processing. These Steps are described below in 
further detail. 

0147 The controller module 12-3 maintains a table 
known as the Signal of Interest Table (SOIT). This table 
contains all of the criteria that may be used to trigger 
location processing on a particular wireleSS transmission. 
The criteria may include, for example, the Mobile Identity 
Number, the Mobile Station ID, the Electronic Serial Num 
ber, dialed digits, System ID, RF channel number, cell site 
number or Sector number, type of transmission, and other 
types of data elements. Some of the trigger events may have 
higher or lower priority levels associated with them for use 
in determining the order of processing. Higher priority 
location triggerS will always be processing before lower 
priority location triggerS. However, a lower priority trigger 
that has already begun location processing will complete the 
processing before being assigned to a higher priority task. 
The master Tasking List for the Wireless Location System is 
maintained on the AP 14, and copies of the Tasking List are 
automatically downloaded to the Signal of Interest Table in 
each TLP12 in the Wireless Location System. The full 
Signal of Interest Table is downloaded to a TLP12 when the 
TLP12 is reset or first starts. Subsequent to those two 
events, only changes are downloaded from the AP14 to each 
TLP12 to conserve communications bandwidth. The TLP 
12 to AP 14 communications protocol preferably contains 
Sufficient redundancy and error checking to prevent incor 
rect data from ever being entered into the Signal of Interest 
Table. When the AP 14 and TLP12 periodically have spare 
processing capacity available, the AP 14 reconfirms entries 
in the Signal of Interest Table to ensure that all Signal of 
Interest Table entries in the Wireless Location System are in 
full Synchronization. 
0.148. Each TLP chassis has a maximum capacity asso 
ciated with the chassis. For example, a single TLP chassis 
may only have Sufficient capacity to Support between 48 and 
60 SCS’s 10. When a wireless communications system is 
larger that the capacity of a single TLP chassis, multiple TLP 
chassis are connected together using Ethernet networking. 
The controller module 12-3 is responsible for inter-TLP 
communications and networking, and communicates with 
the controller modules in other TLP chassis and with Appli 
cation Processors 14 over the Ethernet network. Inter-TLP 
communications is required when location processing 
requires the use of SCS’s 10 that are connected to different 
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TLP chassis. Location processing for each wireless trans 
mission is assigned to a single DSP module in a single TLP 
chassis. The controller modules 12-3 in TLP chassis select 
the DSP module on which to perform location processing, 
and then route all of the RF data used in location processing 
to that DSP module. If RF data is required from the SCS’s 
10 connected to more that one TLP12, then the controller 
modules in all necessary TLP chassis communicate to move 
the RF data from all necessary SCS’s 10 to their respective 
connected TLPS 12 and then to the DSP module and TLP 
chassis assigned to the location processing. The controller 
module Supports two fully independent Ethernet networks 
for redundancy. A break or failure in any one network causes 
the affected TLP's 12 to immediately shift all communica 
tions to the other network. 

014.9 The controller modules 12-3 maintain a complete 
network map of the Wireless Location System, including the 
SCS’s 10 associated with each TLP chassis. The network 
map is a table Stored in the controller module containing a 
list of the candidate SCS/antennas that may be used in 
location processing, and various parameters associated with 
each of the SCS/antennas. The structure of an exemplary 
network map is depicted in FIG. 3A. There is a separate 
entry in the table for each antenna connected to an SCS 10. 
When a wireleSS transmission occurs in an area that is 
covered by SCS’s 10 communicating with more than one 
TLP chassis, the controller modules in the involved TLP 
chassis determine which TLP chassis will be the “master' 
TLP chassis for the purpose of managing location proceSS 
ing. Typically, the TLP-chassis associated with the SCS 10 
that has the primary channel assignment for the wireleSS 
transmission is assigned to be the master. However, another 
TLP chassis may be assigned instead if that TLP temporarily 
has no DSP resources available for location processing, or if 
most of the SCS’s 10 involved in location processing are 
connected to another TLP chassis and the controller modules 
are minimizing inter-TLP communications. This decision 
making proceSS is fully dynamic, but is assisted by tables in 
the TLP12 that pre-determine the preferred TLP chassis for 
every primary channel assignment. The tables are created by 
the operator of the Wireless Location System, and pro 
grammed using the Network Operations Console. 
0150. The networking described herein functions for both 
TLP chassis associated with the same wireleSS carrier, as 
well as for chassis that overlap or border the coverage area 
between two wireless carriers. Thus it is possible for a TLP 
12 belonging to a first wireleSS carrier to be networked and 
therefore receive RF data from a TLP12 (and the SCS’s 10 
associated with that TLP12) belonging to a second wireless 
carrier. This networking is particularly valuable in rural 
areas, where the performance of the WireleSS Location 
System can be enhanced by deploying SCS’s 10 at cell sites 
of multiple wireleSS carriers. Since in many cases wireleSS 
carriers do not collocate cell Sites, this feature enables the 
WireleSS Location System to access more geographically 
diverse antennas than might be available if the Wireless 
Location System used only the cell Sites from a single 
wireleSS carrier. AS described below, the proper Selection 
and use of antennas for location processing can enhance the 
performance of the Wireless Location System. 
0151. The controller module 12-3 passes many messages, 
including location records, to the AP 14, many of which are 
described below. Usually, however, demodulated data is not 
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passed from the TLP12 to the AP14. If, however, the TLP 
12 receives demodulated data from a particular wireleSS 
transmitter and the TLP12 identifies the wireless transmitter 
as being a registered customer of a Second wireleSS carrier 
in a different coverage area, the TLP 12 may pass the 
demodulated data to the first (serving) AP 14A. This will 
enable the first AP 14A to communicate with a second AP 
14B associated with the Second wireleSS carrier, and deter 
mine whether the particular wireleSS transmitter has regis 
tered for any type of location-Services. If So, the Second AP 
14B may instruct the first AP14A to place the identity of the 
particular wireless transmitter into the Signal of Interest 
Table so that the particular wireless transmitter will be 
located for as long as the particular wireleSS transmitter is in 
the coverage area of the first Wireless Location System 
associated with the first AP 14A. When the first Wireless 
Location System has detected that the particular wireleSS 
transmitter has not registered in a time period exceeding a 
pre-determined threshold, the first AP 14A may instruct the 
second AP 14B that the identity of the particular wireless 
transmitter is being removed from the Signal of Interest 
Table for the reason of no longer being present in the 
coverage area associated with the first AP 14A. 

Diagnostic Port 

0152 The TLP 12 supports a diagnostic port that is 
highly useful in the operation and diagnosis of problems 
within the Wireless Location System. This diagnostic port 
can be accessed either locally at a TLP12 or remotely over 
the Ethernet network connecting the TLP's 12 to the AP's. 
The diagnostic port enables an operator to write to a file all 
of the demodulation and RF data received from the SCS’s 
10, as well as the intermediate and final results of all location 
processing. This data is erased from the TLP 12 after 
processing a location estimate, and therefore the diagnostic 
port provides the means to Save the data for later post 
processing and analysis. The inventor's experience in oper 
ating large Scale wireless location Systems is that a very 
Small number of location estimates can occasionally have 
very large errors, and these large errors can dominate the 
overall operating statistics of the Wireless Location System 
over any measurement period. Therefore, it is important to 
provide the operator with a set of tools that enable the 
Wireless Location System to detect and trap the cause of the 
very large errors to diagnose and mitigate those errors. The 
diagnostic port can be set to Save the above information for 
all location estimates, for location estimates from particular 
wireleSS transmitters or at particular test points, or for 
location estimates that meet a certain criteria. For example, 
for fixed phones or drive testing of Surveyed points, the 
diagnostic port can determine the error in the location 
estimate in real time and then write the above described 
information only for those location estimates whose error 
exceeds a predetermined threshold. The diagnostic port 
determines the error in real time by Storing the Surveyed 
latitude, longitude coordinate of each fixed phone and drive 
test point in a table, and then calculating a radial error when 
a location estimate for the corresponding test point is made. 

Redundancy 

0153. The TLP's 12 implement redundancy using several 
inventive techniques, allowing the WireleSS Location Sys 
tem to support an M plus N redundancy method. M plus N 
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redundancy means that N redundant (or standby) TLP chas 
sis are used to provide full redundant backup to M online 
TLP chassis. For example, M may be ten and N may be two. 
0154) First, the controller modules in different TLP chas 
sis continuously exchange Status and “heartbeat' messages 
at pre-determined time intervals between themselves and 
with every AP14 assigned to monitor the TLP chassis. Thus, 
every controller module has continuous and full Status of 
every other controller module in the Wireless Location 
System. The controller modules in different TLP chassis 
periodically select one controller module in one TLP12 to 
be the master controller for a group of TLP chassis. The 
master controller may decide to place a first TLP chassis into 
off-line status if the first TLP 12A reports a failed or 
degraded condition in its Status message, or if the first TLP 
12A fails to report any Status or heartbeat messages within 
its assigned and pre-determined time. If the master controller 
places a first TLP 12A into off-line status, the master 
controller may assign a second TLP 12B to perform a 
redundant Switchover and assume the tasks of the off-line 
first TLP12A. The second TLP12B is automatically sent the 
configuration that had been loaded into the first TLP12A; 
this configuration may be downloaded from either the mas 
ter controller or from an AP 14 connected to the TLP's 12. 
The master controller may be a controller module on any one 
of the TLP's 12 that is not in off-line status, however there 
is a preference that the master controller be a controller 
module in a stand-by TLP12. When the master controller is 
the controller module in a stand-by TLP 12, the time 
required to detect a failed first TLP12A, place the first TLP 
12A into off-line Status, and then perform a redundant 
Switchover can be accelerated. 

O155 Second, all of the T1 or E1 communications 
between the SCS’s 10 and each of the TLP T1/E1 commu 
nications modules 12-2 are preferably routed through a 
high-reliability DACS that is dedicated to redundancy con 
trol. The DACS 13B is connected to every groomed T1/E1 
circuit containing DSO's from SCS’s 10 and is also con 
nected to every T1/E1 communications module 12-2 of 
every TLP 12. Every controller module at every TLP 12 
contains a map of the DACS 13B that describes the DACS 
connection list and port assignments. This DACS 13B is 
connected to the Ethernet network described above and can 
be controlled by any of the controller modules 12-3 at any 
of the TLP's 12. When a second TLP12 is placed into 
off-line Status by a master controller, the master controller 
sends commands to the DACS 13B to Switch the groomed 
T1/E1 circuit communicating with the first TLP 12A to a 
second TLP12B which had been in standby status. At the 
Same time, the AP 14 downloads the complete configuration 
file that was being used by the second (and now off-line) 
TLP12B to the third (and now online) TLP12C. The time 
from the first detection of a failed first TLP chassis to the 
complete Switch-over and assumption of processing respon 
sibilities by a third TLP chassis is typically less than few 
seconds. In many cases, no RF data is lost by the SCS’s 10 
associated with the failed first TLP chassis, and location 
processing can continue without interruption. At the time of 
a TLP fail-over when a first TLP12A is placed into off-line 
status, the NOC 16 creates an alert to notify the Wireless 
Location System operator that the event has occurred. 
0156 Third, each TLP chassis contains redundant power 
Supplies, fans, and other components. ATLP chassis can also 
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support multiple DSP modules, so that the failure of a single 
DSP module or even a single DSP on a DSP module reduces 
the overall amount of processing resources available but 
does not cause the failure of the TLP chassis. In all of the 
cases described in this paragraph, the failed component of 
the TLP12 can be replaced without placing the entire TLP 
chassis into off-line Status. For example, if a single power 
Supply fails, the redundant power Supply has Sufficient 
capacity to Singly Support the load of the chassis. The failed 
power Supply contains the necessary circuitry to remove 
itself from the load of the chassis and not cause further 
degradation in the chassis. Similarly, a failed DSP module 
can also remove itself from the active portions of the chassis, 
So as to not cause a failure of the backplane or other 
modules. This enables the remainder of the chassis, includ 
ing the second DSP module, to continue to function nor 
mally. Of course, the total processing throughput of the 
chassis is reduced but a total failure is avoided. 

Application Processor (AP) 14 
O157 The AP 14 is a centralized database system, com 
prising a number of Software processes that manage the 
entire Wireless Location System, provide interfaces to exter 
nal users and applications, Store location records and con 
figurations, and Support various application-related func 
tionality. The AP 14 uses a commercial hardware platform 
that is sized to match the throughput of the Wireless Loca 
tion System. The AP 14 also uses a commercial relational 
database system (RDBMS), which has been significantly 
customized to provide the functionality described herein. 
While the SCS 10 and TLP12 preferably operate together on 
a purely real time basis to determine location and create 
location records, the AP 14 can operate on both a real time 
basis to Store and forward location records and a non-real 
time basis to post-process location records and provide 
acceSS and reporting over time. The ability to Store, retrieve, 
and post-process location records for various types of SyS 
tem and application analysis has proven to be a powerful 
advantage of the present invention. The main collection of 
Software processes is known as the ApCore, which is shown 
in FIG. 4 and includes the following functions: 
0158. The AP Performance Guardian (ApPerfouard) is a 
dedicated Software process that is responsible for Starting, 
Stopping, and monitoring most other ApCore processes as 
well as ApCore communications with the NOC 16. Upon 
receiving a configuration update command from the NOC, 
ApPerfojuard updates the database and notifies all other 
processes of the change. Apperfuard Starts and stops 
appropriate processes when the NOC directs the ApCore to 
enter Specific run States, and constantly monitors other 
Software processes Scheduled to be running to restart them 
if they have exited or stopping and restarting any process 
that is no longer properly responding. ApperfQuard is 
assigned to one of the highest processing priorities So that 
this proceSS cannot be blocked by another process that has 
“run away'. Apperfojuard is also assigned dedicated 
memory that is not accessible by other Software processes to 
prevent any possible corruption from other Software pro 
CCSSCS. 

0159) The AP Dispatcher (ApMnDsptch) is a software 
process that receives location records from the TLP's 12 and 
forwards the location records to other processes. This pro 
ceSS contains a separate thread for each physical TLP 12 
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configured in the System, and each thread receives location 
records from that TLP12. For system reliability, the ApCore 
maintains a list containing the last location record Sequence 
number received from each TLP12, and sends this sequence 
number to the TLP12 upon initial connection. Thereafter, 
the AP 14 and the TLP12 maintain a protocol whereby the 
TLP12 sends each location record with a unique identifier. 
ApMnDsptch forwards location records to multiple pro 
cesses, including Ap911, ApDbSend, ApDbRecvLoc, and 
ApDbFile:Recv. 
0160 The AP Tasking Process (ApDbSend) controls the 
Tasking List within the Wireless Location System. The 
Tasking List is the master list of all of the trigger criteria that 
determines which wireless transmitters will be located, 
which applications created the criteria, and which applica 
tions can receive location record information. The ApDb 
Send process contains a separate thread for each TLP 12, 
over which the ApDbSend synchronizes the Tasking List 
with the Signal of Interest Table on each TLP12. ApDbSend 
does not send application information to the Signal of 
Interest Table, only the trigger criteria. Thus the TLP12 does 
not know why a wireless transmitter must be located. The 
Tasking List allows wireleSS transmitters to be located based 
upon Mobile Identity Number (MIN), Mobile Station Iden 
tifier (MSID), Electronic Serial Number (ESN) and other 
identity numbers, dialed Sequences of characters and/or 
digits, home System ID (SID), originating cell site and 
Sector, originating RF channel, or message type. The Task 
ing List allows multiple applications to receive location 
records from the same wireleSS transmitter. Thus, a single 
location record from a wireleSS transmitter that has dialed 
“911” can be sent, for example, to a 911 PSAP, a fleet 
management application, a traffic management application, 
and to an RF optimization application. 
0.161 The Tasking List also contains a variety of flags 
and field for each trigger criteria, Some of which are 
described elsewhere in this specification. One flag, for 
example, Specifies the maximum time limit before which the 
Wireless Location System must provide a rough or final 
estimate of the wireless transmitter. Another flag allows 
location processing to be disabled for a particular trigger 
criteria Such as the identity of the wireleSS transmitter. 
Another field contains the authentication required to make 
changes to the criteria for a particular trigger, authentication 
enables the operator of the Wireless Location System to 
Specify which applications are authorized to add, delete, or 
make changes to any trigger criteria and associated fields or 
flags. Another field contains the Location Grade of Service 
asSociated with the trigger criteria; Grade of Service indi 
cates to the Wireless Location System the accuracy level and 
priority level desired for the location processing associated 
with a particular trigger criteria. For example, Some appli 
cations may be Satisfied with a rough location estimate 
(perhaps for a reduced location processing fee), while other 
applications may be Satisfied with low priority processing 
that is not guaranteed to complete for any given transmission 
(and which may be preempted for high priority processing 
tasks). The Wireless Location System also includes means to 
Support the use of wildcards for trigger criteria in the 
Tasking List. For example, a trigger criteria can be entered 
as “MIN=215555****'. This will cause the WireleSS Loca 
tion System to trigger location processing for any wireleSS 
transmitter whose MIN begins with the six digits 215555 
and ends with any following four digits. The wildcard 
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characters can be placed into any position in a trigger 
criteria. This feature can Save on the number of memory 
locations required in the Tasking List and Signal of Interest 
Table by grouping blocks of related wireleSS transmitters 
together. 
0162 ApDbSend also supports dynamic tasking. For 
example, the MIN, ESN, MSID, or other identity of any 
wireless transmitter that has dialed "911" will automatically 
be placed onto the Tasking List by ApDbSend for one hour. 
Thus, any further transmissions by the wireleSS transmitter 
that dialed "911" will also be located in case of further 
emergency. For example, if a PSAP calls back a wireless 
transmitter that had dialed "911" within the last hour, the 
WireleSS Location System will trigger on the page response 
message from the wireleSS transmitter, and can make this 
new location record available to the PSAP. This dynamic 
tasking can be set for any interval of time after an initiation 
event, and for any type of trigger criteria. The ApDbSend 
process is also a Server for receiving tasking requests from 
other applications. These applications, Such as fleet man 
agement, can Send tasking requests Via a Socket connection, 
for example. These applications can either place or remove 
trigger criteria. ApDbSend conducts an authentication pro 
ceSS with each application to Verify that that the application 
has been authorized to place or remove trigger criteria, and 
each application can only change trigger criteria related to 
that application. 

0163) The AP 911 Process (Ap911) manages each inter 
face between the Wireless Location System and E9-1-1 
network elements, such as tandem Switches, Selective rout 
ers, ALI databases and/or PSAPs. The Ap911 process con 
tains a separate thread for each connection to a E9-1-1 
network element, and can Support more than one thread to 
each network element. The Ap911 process can simulta 
neously operate in many modes based upon user configu 
ration, and as described herein. The timely processing of 
E9-1-1 location records is one of the highest processing 
priorities in the AP 14, and therefore the Ap911 executes 
entirely out of random access memory (RAM) to avoid the 
delay associated with first Storing and then retrieving a 
location record from any type of disk. When ApMnDsptch 
forwards a location, record to Ap911, Ap911 immediately 
makes a routing determination and forwards the location 
record over the appropriate interface to a E9-1-1 network 
element. A separate process, operating in parallel, records 
the location record into the AP 14 database. 

0164. The AP 14, through the Ap911 process and other 
processes, Supports two modes of providing location records 
to applications, including E9-1-1: “push” and “pull” modes. 
Applications requesting push mode receive a location record 
as Soon as it is available from the AP 14. This mode is 
especially effective for E9-1-1 which has a very time critical 
need for location records, Since E9-1-1 networks must route 
wireless 9-1-1 calls to the correct PSAP within a few 
seconds after a wireless caller has dialed "911". Applications 
requesting pull mode do not automatically receive location 
records, but rather must Send a query to the AP14 regarding 
a particular wireleSS transmitter in order to receive the last, 
or any other location record, about the wireleSS transmitter. 
The query from the application can specify the last location 
record, a Series of location records, or all location records 
meeting a Specific time or other criteria, Such as type of 
transmission. An example of the use of pull mode in the case 
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of a “911” call is the E9-1-1 network first receiving the voice 
portion of the "911" call and then querying the AP 14 to 
receive the location record asSociated with that call. 

01.65 When the Ap911 process is connected to many 
E9-1-1 networks elements, Ap911 must determine to which 
E9-1-1 network element to push the location record (assum 
ing that “push” mode has been selected). The AP 14 makes 
this determination using a dynamic routing table. The 
dynamic routing table is used to divide a geographic region 
into cells. Each cell, or entry, in the dynamic routing table 
contains the routing instructions for that cell. It is well 
known that one minute of latitude is 6083 feet, which is 
about 365 feet per millidegree. Additionally, one minute of 
longitude is cosine(latitude) times 6083 feet, which for the 
Philadelphia area is about 4659 feet, or about 280 feet per 
millidegree. A table of Size one thousand by one thousand, 
or one million cells, can contain the routing instructions for 
an area that is about 69 miles by 53 miles, which is larger 
than the area of Philadelphia in this example, and each cell 
could contain a geographic area of 365 feet by 280 feet. The 
number of bits allocated to each entry in the table must only 
be enough to Support the maximum number of routing 
possibilities. For example, if the total number of routing 
possibilities is sixteen or less, then the memory for the 
dynamic routing table is one million times four bits, or 
one-half megabyte. Using this Scheme, an area the size of 
Pennsylvania could be contained in a table of approximately 
twenty megabytes or less, with ample routing possibilities 
available. Given the relatively inexpensive cost of memory, 
this inventive dynamic routing table provides the AP14 with 
a means to quickly push the location records for "911" calls 
only to the appropriate E9-1-1 network element. 

0166 The AP14 allows each entry in dynamic routing to 
be populated using manual or automated means. Using the 
automated means, for example, an electronic map applica 
tion can create a polygon definition of the coverage area of 
a specific E9-1-1 network element, such as a PSAP. The 
polygon definition is then translated into a list of latitude, 
longitude points contained within the polygon. The dynamic 
routing table cell corresponding to each latitude, longitude 
point is then given the routing instruction for that E9-1-1 
network element that is responsible for that geographic 
polygon. 

0167. When the Ap911 process receives a “911" location 
record for a specific wireless transmitter, Ap911 converts the 
latitude, longitude into the address of a Specific cell in the 
dynamic routing table. Ap911 then queries the cell to deter 
mine the routing instructions, which may be push or pull 
mode and the identity of the E9-1-1 network element 
responsible for Serving the geographic area in which the 
“911” call occurred. If push mode has been selected, then 
Ap911 automatically pushes the location record to that 
E9-1-1 network element. If pull mode has been selected, 
then Ap911 places the location record into a circular table of 
"911" location records and awaits a query. 
0168 The dynamic routing means described above 
entails the use of a geographically defined database that may 
be applied to other applications in addition to 911, and is 
therefore Supported by other processes in addition to Ap911. 
For example, the AP 14 can automatically determine the 
billing Zone from which a wireleSS call was placed for a 
Location Sensitive Billing application. In addition, the AP 
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14 may automatically Send an alert when a particular wire 
less transmitter has entered or exited a prescribed geo 
graphic area defined by an application. The use of particular 
geographic databases, dynamic routing actions, any other 
location triggered actions are defined in the fields and flags 
asSociated with each trigger criteria. The WireleSS Location 
System includes means to easily manage these geographi 
cally defined databases using an electronic map that can 
create polygons encompassing a prescribed geographic area. 
The Wireless Location System extracts from the electronic 
map a table of latitude, longitude points contained with the 
polygon. Each application can use its own Set of polygons, 
and can define a set of actions to be taken when a location 
record for a triggered wireless transmission is contained 
within each polygon in the Set. 
0169. The AP Database Receive Process (ApDbRecv 
Loc) receives all location records from ApMnDsptch via 
shared memory, and places the-location records into the AP 
location database. ApDbRecVLoc Starts ten threads that each 
retrieve location records from Shared memory, validate each 
record before inserting the records into the database, and 
then inserts the records into the correct location record 
partition in the database. To preserve integrity, location 
records with any type of error are not written into the 
location record database but are instead placed into an error 
file that can be reviewed by the Wireless Location System 
operator and then manually entered into the database after 
error resolution. If the location database has failed or has 
been placed into off-line Status, location records are written 
to a flat file where they can be later processed by ApDbFil 
eRecV. 

0170 The AP File Receive Process (ApDbFileRecv) 
reads flat files containing location records and inserts the 
records into the location database. Flat files are a safe 
mechanism used by the AP 14 to completely preserve the 
integrity of the AP 14 in all cases except a complete failure 
of the hard disk drives. There are several different types of 
flat files read by ApDbFileRecV, including Database Down, 
Synchronization, Overflow, and Fixed Error. Database 
Down flat files are written by the ApDbRecVLoc process if 
the location database is temporarily inaccessible; this file 
allows the AP 14 to ensure that location records are pre 
Served during the occurrence of this type of problem. 
Synchronization flat files are written by the ApLocSync 
process (described below) when transferring location 
records between pairs of redundant AP systems. Overflow 
flat files are written by ApMnDsptch when location records 
are arriving into the AP 14 at a rate faster than ApDbRecv 
Loc can proceSS and insert the records into the location 
database. This may occur during very high peak rate periods. 
The overflow files prevent any records from being lost 
during peak periods. The Fixed Error flat files contain 
location records that had errors but have now been fixed, and 
can now be inserted into the location database. 

0171 Because the AP 14 has a critical centralized role in 
the Wireless Location System, the AP 14 architecture has 
been designed to be fully redundant. A redundant AP 14 
System includes fully redundant hardware platforms, fully 
redundant RDBMS, redundant disk drives, and redundant 
networks to each other, the TLP's 12, the NOC's 16, and 
external applications. The software-architecture of the AP14 
has also been designed to Support fault tolerant redundancy. 
The following examples illustrate functionality Supported by 
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the redundant AP's. Each TLP12 sends location records to 
both the primary and the redundant AP 14 when both AP’s 
are in an online state. Only the primary AP 14 will process 
incoming tasking requests, and only the primary AP 14 will 
accept configuration change requests from the NOC 16. The 
primary AP14 then synchronizes the redundant AP14 under 
careful control. Both the primary and redundant AP's will 
accept basic Startup and shutdown commands from the 
NOC. Both AP's constantly monitor their own system 
parameters and application health and monitor the corre 
sponding parameters for the other AP 14, and then decide 
which AP 14 will be primary and which will be redundant 
based upon a composite Score. This composite Score is 
determined by compiling errorS reported by various pro 
ceSSes to a shared memory area, and monitoring Swap Space 
and disk space. There are Several processes dedicated to 
Supporting redundancy. 

0172. The AP Location Synchronization Process 
(ApLocSync) runs on each AP 14 and detects the need to 
Synchronize location records between APS, and then creates 
“sync records” that list the location records that need to be 
transferred from one AP 14 to another AP14. The location 
records are then transferred between APS using a Socket 
connection. 

0173 ApLocSync compares the location record parti 
tions and the location record Sequence numbers Stored in 
each location database. Normally, if both the primary and 
redundant AP 14 are operating properly, Synchronization is 
not needed because both APs are receiving location records 
simultaneously from the TLP's 12. However, if one AP 14 
fails or is placed in an off-line mode, then Synchronization 
will later be required. ApocSync is notified whenever 
ApMnDsptch connects to a TLP 12 so it can determine 
whether Synchronization is required. 

0.174. The AP Tasking Synchronization Process 
(ApTaskSync) runs on each AP 14 and synchronizes the 
tasking information between the primary AP 14 and the 
redundant AP 14. ApTaskSync on the primary AP 14 
receives tasking information from ApDbSend, and then 
Sends the tasking information to the ApTaskSync process on 
the redundant AP14. If the primary AP14 were to fail before 
ApTaskSync had completed replicating tasks, then 
ApTaskSync will perform a complete tasking database Syn 
chronization when the failed AP 14 is placed back into an 
online State. 

0175. The AP Configuration Synchronization Process 
(ApConfigSync) runs on each AP 14 and synchronizes the 
configuration information between the primary AP 14 and 
the redundant AP14. ApConfigSync uses a RDBMS repli 
cation facility. The configuration information includes all 
information needed by the SCS’s 10, TLP's 12, and AP's 14 
for proper operation of the Wireless Location System in a 
wireleSS carrier's network. 

0176). In addition to the core functions described above, 
the AP 14 also Supports a large number of processes, 
functions, and interfaces useful in the operation of the 
Wireless Location System, as well as useful for various 
applications that desire location information. While the 
processes, functions, and interfaces described herein are in 
this Section pertaining to the AP 14, the implementation of 
many of these processes, functions, and interfaces permeates 
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the entire Wireless Location System and therefore their 
inventive value should be not read as being limited only to 
the AP 14. 

Roaming 

0177. The AP 14 Supports “roaming” between wireless 
location Systems located in different cities or operated by 
different wireless carriers. If a first wireless transmitter has 
Subscribed to an application on a first WireleSS Location 
System, and therefore has an entry in the Tasking List in the 
first AP 14 in the first Wireless Location System, then the 
first wireleSS transmitter may also Subscribe to roaming. 
Each AP 14 and TLP12 in each Wireless Location System 
contains a table in which a list of valid “home” Subscriber 
identities is maintained. The list is typically a range, and for 
example, for current cellular telephones, the range can be 
determined by the NPA/NXX codes (or area code and 
exchange) associated with the MIN or MSID of cellular 
telephones. When a wireless transmitter meeting the “home” 
criteria makes a transmission, a TLP12 receives demodu 
lated data from one or more SCS’s 10 and checks the trigger 
information in the Signal of Interest Table. If any trigger 
criterion is met, the location processing begins on that 
transmission; otherwise, the transmission is not processed 
by the Wireless Location System. 
0.178 When a first wireless transmitter not meeting the 
“home” criterion makes a transmission in a Second WireleSS 
Location System, the second TLP12 in the second Wireless 
Location System checks the Signal of Interest Table for a 
trigger. One of three actions then occurs: (i) if the transmis 
Sion meets an already existing criteria in the Signal of 
Interest Table, the transmitter is located and the location 
record is forwarded from the second AP 14 in the second 
Wireless Location System to the first AP 14 in the first 
Wireless Location System; (ii) if the first wireless transmit 
ter has a “roamer” entry in the Signal of Interest Table 
indicating that the first wireless transmitter has “registered” 
in the Second WireleSS Location System but has no trigger 
criteria, then the transmission is not processed by the Second 
WireleSS Location System and the expiration timestamp is 
adjusted as described below; (iii) if the first wireless trans 
mitter has no "roamer entry and therefore has not “regis 
tered”, then the demodulated data is passed from the TLP12 
to the second AP 14. 

0179. In the third case above, the second AP 14 uses the 
identity of the first wireless transmitter to identify the first 
AP 14 in the first Wireless Location System as the “home” 
Wireless Location System of the first wireless transmitter. 
The second AP 14 in the second Wireless Location System 
sends a query to the first AP14 in the first Wireless Location 
System to determine whether the first wireless transmitter 
has Subscribed to any location application and therefore has 
any trigger criteria in the Tasking List of the first AP14. If 
a trigger is present in the first AP 14, the trigger criteria, 
along with any associated fields and flags, is Sent from the 
first AP 14 to the second AP 14 and entered in the Tasking 
List and the Signal of Interest Table as a “roamer” entry with 
trigger criteria. If the first AP 14 responds to the second AP 
14 indicating that the first wireleSS transmitter has no trigger 
criteria, then the second AP 14“registers” the first wireless 
transmitter in the Tasking List and the Signal of Interest 
Table as a “roamer' with no trigger criteria. Thus both 
current and future transmissions from the first wireleSS 
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transmitter can be positively identified by the TLP12 in the 
Second WireleSS Location System as being registered with 
out trigger criteria, and the Second AP 14 is not required to 
make additional queries to the first AP 14. 

0180. When the second AP 14 registers the first wireless 
transmitter with a roamer entry in the Tasking List and the 
Signal of Interest Table with or without trigger criteria, the 
roamer entry is assigned an expiration timestamp. The 
expiration timestamp is Set to the current time plus a 
predetermined first interval. Every time the first wireless 
transmitter makes a transmission, the expiration timestamp 
of the roamer entry in the Tasking List and the Signal of 
Interest Table is adjusted to the current time of the most 
recent transmission plus the predetermined first interval. If 
the first wireless transmitter makes no further transmissions 
prior to the expiration timestamp of its roamer entry, then the 
roamer entry is automatically deleted. If, Subsequent to the 
deletion, the first wireleSS transmitter makes another trans 
mission, then the process of registering occurs again. 

0181. The first AP 14 and second AP 14 maintain com 
munications over a wide area network. The network may be 
based upon TCP/IP or upon a protocol similar to the most 
recent version of IS-41. Each AP14 in communications with 
other APS in other wireless location Systems maintains a 
table that provides the identity of each AP 14 and Wireless 
Location System corresponding to each valid range of 
identities of wireleSS transmitters. 

Multiple Pass Location Records 
0182 Certain applications may require a very fast esti 
mate of the general location of a wireleSS transmitter, 
followed by a more accurate estimate of the location that can 
be sent Subsequently. This can be valuable, for example, for 
E9-1-1 systems that handle wireleSS calls and must make a 
call routing decision very quickly, but can wait a little longer 
for a more exact location to be displayed upon the E9-1-1 
call-taker's electronic map terminal. The Wireless Location 
System Supports these applications with an inventive mul 
tiple pass location processing mode, described later. The AP 
14 Supports this mode with multiple pass location records. 
For certain entries, the Tasking List in the AP 14 contains a 
flag indicating the maximum time limit-before which a 
particular application must receive a rough estimate of 
location, and a Second maximum time limit in which a 
particular application must receive a final location estimate. 
For these certain applications, the AP 14 includes a flag in 
the location record indicating the Status of the location 
estimate contained in the record, which may, for example, be 
Set to first pass estimate (i.e. rough) or final pass estimate. 
The Wireless Location System will generally determine the 
best location estimate within the time limit set by the 
application, that is the Wireless Location System will pro 
ceSS the most amount of RF data that can be Supported in the 
time limit. Given that any particular wireleSS transmission 
can trigger a location record for one or more applications, 
the Wireless Location System supports multiple modes 
Simultaneously. For example, a wireleSS transmitter with a 
particular MIN can dial "911". This may trigger a two-pass 
location record for the E9-1-1 application, but a Single pass 
location record for a fleet management application that is 
monitoring that particular MIN. This can be extended to any 
number of applications. 
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Multiple Demodulation and Triggers 
0183 In wireless communications systems in urban or 
dense Suburban areas, frequencies or channels can be re 
used Several times within relatively close distances. Since 
the Wireless Location System is capable of independently 
detecting and demodulating wireleSS transmissions without 
the aid of the wireleSS communications System, a Single 
wireleSS transmission can frequently be detected and Suc 
cessfully demodulated at multiple SCS’s 10 within the 
Wireless Location System. This can happen both intention 
ally and unintentionally. An unintentional occurrence is 
caused by a close frequency re-use, Such that a particular 
wireleSS transmission can be received above a predeter 
mined threshold at more than one SCS 10, when each SCS 
10 believes it is monitoring only transmissions that occur 
only within the cell site collocated with the SCS 10. An 
intentional occurrence is caused by programming more than 
one SCS 10 to detect and demodulate transmissions that 
occur at a particular cell site and on a particular frequency. 
AS described earlier, this is generally used with adjacent or 
nearby SCS’s 10 to provide system demodulation redun 
dancy to further increase the probability that any particular 
wireleSS transmission is Successful detected and demodu 
lated. 

0.184 Either type of event could potentially lead to mul 
tiple triggers within the WireleSS Location System, causing 
location processing to be initiated Several times for the same 
transmission. This causes an exceSS and inefficient use of 
processing and communications resources. Therefore, the 
Wireless Location System includes means to detect when the 
Same transmission has been detected and demodulated more 
than once, and to select the best demodulating SCS 10 as the 
Starting point for location processing. When the WireleSS 
Location System detects and Successfully demodulates the 
Same transmission multiple times at multiple SCS/antennas, 
the Wireless Location System uses the following criteria to 
Select the one demodulating SCS/antenna to use to continue 
the process of determining whether to trigger and possibly 
initiate location processing (again, these criteria may be 
weighted in determining the final decision): (i) an SCS/ 
antenna collocated at the cell Site to which a particular 
frequency has been assigned is preferred over another SCS/ 
antenna, but this preference may be adjusted if there is no 
operating and on-line SCS/antenna collocated at the cell Site 
to which the particular frequency has been assigned, (ii) 
SCS/antennas with higher average SNR are preferred over 
those with lower average SNR, and (iii) SCS/antennas with 
fewer bit errors in demodulating the transmission are pre 
ferred over those with higher bit errors. The weighting 
applied to each of these preferences may be adjusted by the 
operator of the Wireless Location System to Suit the par 
ticular design of each System. 

Interface to Wireless Communications System 
0185. The Wireless Location System contains means to 
communicate over an interface to a wireleSS communica 
tions System, Such as a mobile Switching center (MSC) or 
mobile positioning controller (MPC). This interface may be 
based, for example, on a Standard Secure protocol Such as the 
most recent version of the IS-41 or TCP/IP protocols. The 
formats, fields, and authentication aspects of these protocols 
are well known. The Wireless Location System supports a 
variety of command/response and informational messages 
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over this interface that are designed to aid in the Successful 
detection, demodulation, and triggering of wireleSS trans 
missions, as well as providing means to pass location 
records to the wireleSS communications System. In particu 
lar, this interface provides means for the Wireless Location 
System to obtain information about which wireless trans 
mitters have been assigned to particular voice channel 
parameters at particular cell Sites. Example messages Sup 
ported by the Wireless Location System over this interface 
to the wireleSS communications System include the follow 
Ing: 

0186 Query on MIN/MDN/MSID/IMSI/TMSI 
Mapping-Certain types of wireleSS transmitters 
will transmit their identity in a familiar form that can 
be dialed over the telephone network. Other types of 
wireleSS transmitters transmit an identity that cannot 
be dialed, but which is translated into a number that 
can be dialed using a table inside of the wireleSS 
communications System. The transmitted identity is 
permanent in most cases, but can also be temporary. 
Users of location applications connected to the AP14 
typically prefer to place triggerS onto the Tasking 
List using identities that can be dialed. Identities that 
can be dialed are typically known as Mobile Direc 
tory Numbers (MDN). The other types of identities 
for which translation may be required includes 
Mobile Identity Number (MIN), Mobile Subscriber 
Identity (MSID), International Mobile Subscriber 
Identity (IMSI), and Temporary Mobile Subscriber 
Identity (TMSI). If the wireless communications 
System has enabled the use of encryption for any of 
the data fields in the messages transmitted by wire 
less transmitters, the Wireless Location System may 
also query for encryption information along with the 
identity information. The Wireless Location System 
includes means to query the wireleSS communica 
tions System for the alternate identities for a trigger 
identity that has been placed onto the Tasking List by 
a location application, or to query the wireleSS com 
munications System for alternate identities for an 
identity that has been demodulated by an SCS 10. 
Other events can also trigger this type of query. For 
this type of query, typically the WireleSS Location 
System initiates the command, and the wireleSS 
communications System responds. 

0187 Query/Command Change on Voice RF Chan 
nel ASSignment-Many wireleSS transmissions on 
Voice channels do not contain identity information. 
Therefore, when the Wireless Location System is 
triggered to perform location processing on a voice 
channel transmission, the WireleSS Location System 
queries the wireleSS communication System to obtain 
the current voice channel assignment information for 
the particular transmitter for which the Wireless 
Location System has been triggered. For an AMPS 
transmission, for example, the WireleSS Location 
System preferably requires the cell Site, Sector, and 
RF channel number currently in use by the wireless 
transmitter. For a TDMA transmission, for example, 
the Wireless Location System preferably requires the 
cell Site, Sector, RF channel number, and timeslot 
currently in use by the wireless transmitter. Other 
information elements that may be needed includes 
long code mask and encryption keys. In general, the 
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Wireless Location System will initiate the command, 
and the wireleSS communications System will 
respond. However, the Wireless Location System 
will also accept a trigger command from the wireleSS 
communications System that contains the informa 
tion detailed herein. 

0188 The timing on this command/response mes 
Sage Set is very critical Since voice channel handoffs 
can occur quite frequently in wireleSS communica 
tions systems. That is, the Wireless Location System 
will locate any wireleSS transmitter that is transmit 
ting on a particular channel-therefore the WireleSS 
Location System and the wireleSS communications 
system must jointly be certain that the identity of the 
wireleSS transmitter and the Voice channel assign 
ment information are in perfect Synchronization. The 
WireleSS Location System uses Several means to 
achieve this objective. The Wireless Location Sys 
tem may, for example, query the Voice channel 
assignment information for a particular wireleSS 
transmitter, receive the necessary RF data, then again 
query the Voice channel assignment information for 
that same wireleSS transmitter, and then Verify that 
the Status of the wireleSS transmitter did not change 
during the time in which the RF data was being 
collected by the Wireless Location System. Location 
processing is not required to complete before the 
Second query, Since it is only important to Verify that 
the correct RF data was received. The Wireless 
Location System may also, for example, as part of 
the first query command the wireleSS communica 
tions System to prevent a handoff from occurring for 
the particular wireleSS transmitter during the time 
period in which the Wireless Location System is 
receiving the RF data. Then, Subsequent to collecting 
the RF data, the Wireless Location System will again 
query the Voice channel assignment information for 
that same wireless transmitter, command the wire 
leSS communications System to again permit hand 
offs for said wireless transmitter and then verify that 
the Status of the wireleSS transmitter did not change 
during the time in which the RF data was being 
collected by the Wireless Location System. 

0189 For various reasons, either the Wireless Loca 
tion System or the wireleSS communications System 
may prefer that the wireleSS transmitter be assigned 
to another voice RF channel prior to performing 
location processing. Therefore, as part of the com 
mand/response Sequence, the wireleSS communica 
tions System may instruct the WireleSS Location 
System to temporarily Suspend location processing 
until the wireleSS communications System has com 
pleted a handoff Sequence with the wireless trans 
mitter, and the wireleSS communications System has 
notified the Wireless Location System that RF data 
can be received, and the Voice RF channel upon 
which the data can be received. Alternately, the 
Wireless Location System may determine that the 
particular voice RF channel which a particular wire 
leSS transmitter is currently using is unsuitable for 
obtaining an acceptable location estimate, and 
request that the wireleSS communications System 
command the wireless transmitter to handoff. Alter 
nately, the WireleSS Location System may request 
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that the wireleSS communications System command 
the wireless transmitter to handoff to a series of voice 
RF channels in Sequence in order to perform a Series 
of location estimates, whereby the Wireless Location 
System can improve upon the accuracy of the loca 
tion estimate through the Series of handoffs; this 
method is further described later. 

0190. The Wireless Location System can also use 
this command/response message Set to query the 
wireleSS communications System about the identity 
of a wireleSS transmitter that had been using a 
particular voice channel (and timeslot, etc.) at a 
particular cell Site at a particular time. This enables 
the Wireless Location System to first perform loca 
tion processing on transmissions without knowing 
the identities, and then to later determine the identity 
of the wireleSS transmitters making the transmissions 
and append this information to the location record. 
This particular inventive feature enables the use of 
automatic Sequential location of Voice channel trans 
missions. 

0191 Receive Triggers. The Wireless Location 
System can receive triggers from the wireleSS com 
munications System to perform location processing 
on a voice channel transmission without knowing the 
identity of the wireleSS transmitter. This message Set 
bypasses the Tasking List, and does not use the 
triggering mechanisms within the WireleSS Location 
System. Rather, the wireleSS communications System 
alone determines which wireless transmissions to 
locate, and then Send a command to the WireleSS 
Location System to collect RF data from a particular 
Voice channel at a particular cell Site and to perform 
location processing. The WireleSS Location System 
responds with a confirmation containing a timestamp 
when the RF data was collected. The Wireless Loca 
tion System also responds with, an appropriate for 
mat location record when location processing has 
completed. Based upon the time of the command to 
Wireless Location System and the response with the 
RF data collection timestamp, the wireleSS commu 
nications System determines whether the wireleSS 
transmitter Status changed Subsequent to the com 
mand and whether there is a good probability of 
Successful RF data collection. 

0.192 Make Transmit- The Wireless Location Sys 
tem can command the wireleSS communications Sys 
tem to force a particular wireless transmitter to make 
a transmission at a particular time, or within a 
prescribed range of times. The wireleSS communica 
tions System responds with a confirmation and a time 
or time range in which to expect the transmission. 
The types of transmissions that the Wireless Loca 
tion System can force include, for example, audit 
responses and page responses. Using this message 
Set, the WireleSS Location System can also command 
the wireleSS communications System to force the 
wireleSS transmitter to transmit using a higher power 
level Setting. In many cases, wireless transmitters 
will attempt to use the lowest power level Settings 
when transmitting in order to conserve battery life. 
In order improve the accuracy of the location esti 
mate, the Wireless Location System may prefer that 
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the wireleSS transmitter use a higher power level 
Setting. The wireleSS communications System will 
respond to the Wireless Location System with a 
confirmation that the higher power level Setting will 
be used and a time or time range in which to expect 
the transmission. 

0193 Delay Wireless Communications System 
Response to Mobile Access-Some air interface 
protocols, Such as CDMA, use a mechanism in 
which the wireleSS transmitter initiates transmissions 
on a channel, Such as an AcceSS Channel, for 
example, at the lowest or a very low power level 
Setting, and then enters a Sequence of Steps in which 
(i) the wireless transmitter makes an access trans 
mission; (ii) the wireless transmitter waits for a 
response from the wireleSS communications System; 
(iii) if no response is received by the wireless trans 
mitter from the wireleSS communications System 
within a predetermined time, the wireleSS transmitter 
increases its power level Setting by a predetermined 
amount, and then returns to step (i); (iv) if a response 
is received by the wireless transmitter from the 
wireleSS communications System within a predeter 
mined time, the WireleSS transmitter then enters a 
normal message exchange. This mechanism is useful 
to ensure that the wireleSS transmitter uses only the 
lowest useful power level Setting for transmitting and 
does not further waste energy or battery life. It is 
possible, however, that the lowest power level Set 
ting at which the wireless transmitter can Success 
fully communicate with the wireleSS communica 
tions System is not Sufficient to obtain an acceptable 
location estimate. Therefore, the Wireless Location 
System can command the wireleSS communications 
System to delay its response to these transmissions 
by a predetermined time or amount. This delaying 
action will cause the wireleSS transmitter to repeat 
the sequence of steps (i) through (iii) one or more 
times than normal with the result that one or more of 
the acceSS transmissions will be at a higher power 
level than normal. The higher power level may 
preferably enable the Wireless Location System to 
determine a more accurate location estimate. The 
WireleSS Location System may command this type 
of delaying action for either a particular wireleSS 
transmitter, for a particular type of wireleSS trans 
mission (for example, for all '911 calls), for wireless 
transmitters that are at a specified range from the 
base Station to which the transmitter is attempting to 
communicate, or for all wireleSS transmitters in a 
particular area. 

0194 Send Confirmation to Wireless Transmitter 
The Wireless Location System does not include 
means within to notify the wireless transmitter of an 
action because the WireleSS Location System cannot 
transmit; as described earlier the Wireless Location 
System can only receive transmissions. Therefore, if 
the Wireless Location System desires to send, for 
example, a confirmation tone upon the completion of 
a certain action, the WireleSS Location System com 
mands the wireleSS communications System to trans 
mit a particular message. The message may include, 
for example, an audible confirmation tone, spoken 
message, or Synthesized message to the wireleSS 
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transmitter, or a text message Sent via a short mes 
Saging Service or a page. The WireleSS Location 
System receives confirmation from the wireless 
communications System that the message has been 
accepted and Sent to the wireleSS transmitter. This 
command/response message Set is important in 
enabling the Wireless Location System to support 
certain end-user application functions Such as Pro 
hibit Location Processing. 

0195 Report Location Records–The Wireless 
Location System automatically reports location 
records to the wireleSS communications System for 
those wireless transmitters tasked to report to the 
wireleSS communications System, as well as for those 
transmissions that the wireleSS communications Sys 
tem initiated triggers. The Wireless Location System 
also reports on any historical location record queried 
by the wireleSS communications System and which 
the wireleSS communications System is authorized to 
receive. 

Monitor Internal Wireless Communications System 
Interfaces, State Table 

0196. In addition to this above interface between the 
WireleSS Location System and the wireleSS communications 
System, the WireleSS Location System also includes means 
to monitor existing interfaces within the wireleSS commu 
nications System for the purpose of intercepting messages 
important to the Wireless Location System for identifying 
wireless transmitters and the RF channels in use by these 
transmitters. These interfaces may include, for example, the 
"a-interface” and “a-bis interface' used in wireless commu 
nications Systems employing the GSM air interface protocol. 
These interfaces are well-known and published in various 
Standards. By monitoring the bi-directional messages on 
these interfaces between base stations (BTS), base station 
controllers (BSC), and mobile switching centers (MSC), and 
other points, the Wireless Location System can obtain the 
Same information about the assignment of wireless trans 
mitters to Specific channels as the wireleSS communications 
system itself knows. The Wireless Location System includes 
means to monitor these interfaces at various points. For 
example, the SCS 10 may monitor a BTS to BSC interface. 
Alternately, a TLP12 or AP 14 may also monitor a BSC 
where a number of BTS to BSC interfaces have been 
concentrated. The interfaces internal to the wireleSS com 
munications System are not encrypted and the layered pro 
tocols are known to those familiar with the art. The advan 
tage to the WireleSS Location System to monitoring these 
interfaces is that the Wireless Location System may not be 
required to independently detect and demodulate control 
channel messages from wireless transmitters. In addition, 
the Wireless Location System may obtain all necessary 
Voice channel assignment information from these interfaces. 
0197) Using these means for a control channel transmis 
Sion, the SCS 10 receives the transmissions as described 
earlier and records the control channel RF data into memory 
without performing detection and demodulation. Separately, 
the WireleSS Location System monitors the messages occur 
ring over prescribed interfaces within the wireleSS commu 
nications System, and causes a trigger in the WireleSS 
Location System when the Wireless Location System dis 
covers a message containing a trigger event. Initiated by the 
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trigger event, the WireleSS Location System determines the 
approximately time at which the WireleSS transmission 
occurred, and commands a first SCS 10 and a second SCS 
10B to each search its memory for the start of transmission. 
This first SCS 10A chosen is an SCS that is either collocated 
with the base station to which the wireless transmitter had 
communicated, or an SCS which is adjacent to the base 
Station to which the wireleSS transmitter had communicated. 
That is, the first SCS 10A is an SCS which would have been 
assigned the control channel as a primary channel. If the first 
SCS 10A successfully determines and reports the start of the 
transmission, then location processing proceeds normally, 
using the means described below. If the first SCS 10A cannot 
Successfully determine the Start of transmission, then the 
second SCS 10B reports the start of transmission, and then 
location processing proceeds normally. 
0198 The Wireless Location System also uses these 
means for Voice channel transmissions. For all triggers 
contained in the Tasking List, the Wireless Location System 
monitors the prescribed interfaces for messages pertaining to 
those triggers. The messages of interest include, for 
example, Voice channel assignment messages, handoff mes 
Sages, frequency hopping messages, power up/power down 
messages, directed re-try messages, termination messages, 
and other Similar action and Status messages. The WireleSS 
Location System continuously maintains a copy of the State 
and status of these wireless transmitters in a State Table in 
the AP 14. Each time that the Wireless Location System 
detects a message pertaining to one of the entries in the 
Tasking List, the WireleSS Location System updates its own 
State Table. Thereafter, the Wireless Location System may 
trigger to perform location processing, Such as on a regular 
time interval, and access the State Table to determine 
precisely which cell Site, Sector, RF channel, and timeslot is 
presently being used by the wireless transmitter. The 
example contained herein described the means by which the 
Wireless Location System interfaces to a GSM based wire 
less communications system. The Wireless Location System 
also Supports Similar functions with Systems based upon 
other air interfaces. 

0199 For certain air interfaces, such as CDMA, the 
Wireless Location System also keeps certain identity infor 
mation obtained from Access bursts in the control channel in 
the State Table; this information is later used for decoding 
the masks used for voice channels. For example, the CDMA 
air interface protocol uses the Electronic Serial Number 
(ESN) of a wireless transmitter to, in part, determine the 
long code mask used in the coding of Voice channel trans 
missions. The Wireless Location System maintains this 
information in the State Table for entries in the Tasking List 
because many wireleSS transmitters may transmit the infor 
mation only once; for example, many CDMA mobiles will 
only transmit their ESN during the first Access burst after the 
wireleSS transmitter become active in a geographic area. 
This ability to independently determine the long code mask 
is very useful in cases where an interface between the 
WireleSS Location System and the wireleSS communications 
system is not operative and/or the Wireless Location System 
is not able to monitor one of the interfaces internal to the 
wireless communications system. The operator of the Wire 
leSS Location System may optionally Set the WireleSS Loca 
tion System to maintain the identity information for all 
wireleSS transmitters. In addition to the above reasons, the 
Wireless Location System can provide the voice channel 
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tracking for all wireleSS transmitters that trigger location 
processing by calling "911". As described earlier, the Wire 
leSS Location System uses dynamic tasking to provide 
location to a wireleSS transmitter for a prescribed time after 
dialing "911", for example. By maintaining the identity 
information for all wireless transmitters in the State Table, 
the Wireless Location System is able to provide voice 
channel tracking for all transmitters in the event of a 
prescribed trigger event, and not just those with prior entries 
in the Tasking List. 

Applications Interface 
0200. Using the AP 14, the Wireless Location System 
Supports a variety of Standards based interfaces to end-user 
and carrier location applications using Secure protocols Such 
as TCP/IP, X.25, SS-7, and IS-41. Each interface between 
the AP 14 and an external application is a Secure and 
authenticated connection that permits the AP14 to positively 
Verify the identity of the application that is connected to the 
AP14. This is necessary because each connected application 
is granted only limited access to location records on a 
real-time and/or historical basis. In addition, the AP 14 
Supports additional command/response, real-time, and post 
processing functions that are further detailed below. AcceSS 
to these additional functions also requires authentication. 
The AP14 maintains a user list and the authentication means 
asSociated with each user. No application can gain access to 
location records or functions for which the application does 
not have proper authentication or access rights. In addition, 
the AP 14 Supports full logging of all actions taken by each 
application in the event that problems arise or a later 
investigation into actions is required. For each command or 
function in the list below, the AP 14 preferably supports a 
protocol in which each action or the result of each is 
confirmed, as appropriate. 

0201 Edit Tasking List- This command permits 
external applications to add, remove, or edit entries 
in the Tasking List, including any fields and flags 
asSociated with each entry. This command can be 
Supported on a Single entry basis, or a batch entry 
basis where a list of entries is included in a Single 
command. The latter is useful, for example, in a bulk 
application Such as location Sensitive billing 
whereby larger Volumes of wireleSS transmitters are 
being Supported by the external application, and it is 
desired to minimize protocol overhead. This com 
mand can add or delete applications for a particular 
entry in the Tasking List, however, this command 
cannot delete an entry entirely if the entry also 
contains other applications not associated with or 
authorized by the application issuing the command. 

0202 Set Location Interval The Wireless Location 
System can be set to perform location processing at 
any interval for a particular wireleSS transmitter, on 
either control or voice channels. For example, certain 
applications may require the location of a wireleSS 
transmitter every few Seconds when the transmitter is 
engaged on a voice channel. When the wireleSS 
transmitter make an initial transmission, the WireleSS 
Location System initially triggers using a Standard 
entry in the Tasking List. If one of the fields or flags 
in this entry Specifies updated location on a Set 
interval, then the Wireless Location System creates a 
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dynamic task in the Tasking List that is triggered by 
a timer instead of an identity or other transmitted 
criteria. Each time the timer expires, which can range 
from 1 second to several hours, the Wireless Loca 
tion System will automatically trigger to locate the 
wireless transmitter. The Wireless Location System 
uses its interface to the wireleSS communications 
System to query Status of the wireleSS transmitter, 
including voice call parameters as described earlier. 
If the wireleSS transmitter is engaged on a voice 
channel, then the Wireless Location System per 
forms location processing. If the wireleSS transmitter 
is not engaged in any existing transmissions, the 
Wireless Location System will command the wire 
leSS communications System to make the wireleSS 
transmitter immediately transmit. When the dynamic 
task is Set, the WireleSS Location System also sets an 
expiration time at which the dynamic task ceases. 

0203 End-User Addition/Deletion-This command 
can be executed by an end-user of a wireleSS trans 
mitter to place the identity of the wireleSS transmitter 
onto the Tasking List with location processing 
enabled, to remove the identity of the wireless trans 
mitter from the Tasking List and therefore eliminate 
identity as a trigger, or to place the identity of the 
wireleSS transmitter onto the Tasking List with loca 
tion processing disabled. When location processing 
has been disabled by the end-user, known as Prohibit 
Location Processing then no location processing will 
be performed for the wireless transmitter. The opera 
tor of the Wireless Location System can optionally 
select one of several actions by the Wireless Loca 
tion System in response to a Prohibit Location Pro 
cessing command by the end user: (i) the disabling 
action can override all other triggers in the Tasking 
List, including a trigger due to an emergency call 
such as "911", (ii) the disabling action can override 
any other trigger in the Tasking List, except a trigger 
due to an emergency call Such as "911", (iii) the 
disabling action can be overridden by other Select 
triggers in the Tasking List. In the first case, the 
end-user is granted complete control over the privacy 
of the transmissions by the wireless transmitter, as no 
location processing will be performed on that trans 
mitter for any reason. In the Second case, the end 
user may still receive the benefits of location during 
an emergency, but at no other times. In an example 
of the third case, an employer who is the real owner 
of a particular wireleSS transmitter can override an 
end-user action by an employee who is using the 
wireleSS transmitter as part of the job but who may 
not desire to be located. The Wireless Location 
System may query the wireleSS communications 
System, as described above, to obtain the mapping of 
the identity contained in the WireleSS transmission to 
other identities. 

0204. The additions and deletions by the end-user are 
effected by dialed Sequences of characters and digits and 
pressing the “SEND” or equivalent button on the wireless 
transmitter. These Sequences may be optionally chosen and 
made known by the operator of the Wireless Location 
System. For example, one sequence may be “*55SEND” to 
disable location processing. Other Sequences are also pos 
sible. When the end-user can dialed this prescribed 
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Sequence, the wireleSS transmitter will transmit the Sequence 
over one of the prescribed control channels of the wireless 
communications System. Since the WireleSS Location SyS 
tem independently detects and demodulates all reverse con 
trol channel transmissions, the Wireless Location System 
can independently interpret the prescribed dialed Sequence 
and make the appropriate feature updates to the Tasking List, 
as described above. When the Wireless Location System has 
completed the update to the Tasking List, the Wireless 
Location System commands the wireleSS communications 
System to Send a confirmation to the end-user. AS described 
earlier, this may take the form of an audible tone, recorded 
or Synthesized voice, or a text message. This command is 
executed over the interface between the Wireless Location 
System and the wireleSS communications System. 

0205 Command Transmit- This command allows 
external applications to cause the WireleSS Location 
System to Send a command to the wireleSS commu 
nications System to make a particular wireleSS trans 
mitter, or group of wireleSS transmitters, transmit. 
This command may contain a flag or field that the 
wireless transmitter(s) should transmit immediately 
or at a prescribed time. This command has the effort 
of locating the wireless transmitter(s) upon com 
mand, Since the transmissions will be detected, 
demodulated, and triggered, causing location pro 
cessing and the generation of a location record. This 
is useful in eliminating or reducing any delay in 
determining location Such as waiting for the next 
registration time period for the wireless transmitter 
or waiting for an independent transmission to occur. 

0206 External Database Query and Update- The 
WireleSS Location System includes means to acceSS 
an external database, to query the Said external 
database using the identity of the wireleSS transmitter 
or other parameters contained in the transmission or 
the trigger criteria, and to merge the data obtained 
from the external database with the data generated by 
the Wireless Location System to create a new 
enhanced location record. The enhanced location 
record may then be forwarded to requesting appli 
cations. The external database may contain, for 
example, data elements Such as customer informa 
tion, medical information, Subscribed features, appli 
cation related information, customer-account infor 
mation, contact information, or Sets of prescribed 
actions to take upon a location trigger event. The 
WireleSS Location System may also cause updates to 
the external database, for example, to increment or 
decrement a billing counter associated with the pro 
Vision of location Services, or to update the external 
database with the latest location record associated 
with the particular wireless transmitter. The Wireless 
Location System contains means to performed the 
actions described herein on more than one external 
database. The list and Sequence of external databases 
to acceSS and the Subsequent actions to take are 
contained in one of the fields contained in the trigger 
criteria in the Tasking List. 

0207 Random Anonymous Location Processing The 
WireleSS Location System includes means to perform large 
Scale random anonymous location processing. This function 
is valuable to certain types of applications that require the 
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gathering of a large Volume of data about a population of 
wireleSS transmitters without consideration to the Specific 
identities of the individual transmitters. Applications of this 
type include: RF Optimization, which enables wireless 
carriers to measure the performance of the wireleSS com 
munications System by Simultaneously determining location 
and other parameters of a transmission; Traffic Management, 
which enables government agencies and commercial con 
cerns to monitor the flow of traffic on various highways 
using Statistically significant Samples of wireleSS transmit 
ters travelling in Vehicles, and Local Traffic Estimation, 
which enables commercial enterprises to estimate the flow 
of traffic around a particular area which may help determine 
the viability of particular businesses. 

0208. Applications requesting random anonymous 
location processing optionally receive location 
records from two Sources: (i) a copy of location 
records generated for other applications, and (ii) 
location records which have been triggered ran 
domly by the Wireless Location System without 
regard to any specific criteria. All of the location 
records generated from either Source are forwarded 
with all of the identity and trigger criteria informa 
tion removed from the location records; however, the 
requesting application(s) can determine whether the 
record was generated from the fully random process 
or is a copy from another trigger criteria. The random 
location records are generated by a low priority task 
within the Wireless Location System that performs 
location processing on randomly Selected transmis 
Sions whenever processing and communications 
resources are available and would otherwise be 
unused at a particular instant in time. The requesting 
application(s) can specify whether the random loca 
tion processing is performed over the entire coverage 
area of a WireleSS Location System, over Specific 
geographic areas Such as along prescribed highways, 
or by the coverage areas of Specific cell Sites. Thus, 
the requesting application(s) can direct the resources 
of the Wireless Location System to those area of 
greatest interest to each application. Depending on 
the randomness desired by the application(s), the 
WireleSS Location System can adjust preferences for 
randomly Selecting certain types of transmissions, 
for example, registration messages, origination mes 
Sages, page response messages, or Voice channel 
transmissions. 

0209 Anonymous Tracking of a Geographic 
Group- The Wireless Location System includes 
means to trigger location processing on a repetitive 
basis for anonymous groups of wireleSS transmitters 
within a prescribed geographic area. For example, a 
particular location application may desire to monitor 
the travel route of a wireleSS transmitter over a 
prescribed period of time, but without the Wireless 
Location System disclosing the particular identity of 
the wireless transmitter. The period of time may be 
many hours, days, or weeks. Using the means, the 
Wireless Location System: randomly selects a wire 
leSS transmitter that initiates a transmission in the 
geographic area of interest to the application; per 
forms location processing on the transmission of 
interest, irreversibly translates and encrypts the iden 
tity of the wireleSS transmitter into a new coded 
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identifier, creates a location record using only the 
new coded identifier as an identifying means, for 
wards the location record to the requesting location 
application(s); and creates a dynamic task in the 
Tasking List for the wireleSS transmitter, where the 
dynamic task has an associated expiration time. 
Subsequently, whenever the prescribed wireleSS 
transmitter initiates transmission, the WireleSS Loca 
tion System shall trigger using the dynamic task, 
perform location processing on the transmission of 
interest, irreversibly translate and encrypt the iden 
tity of the wireless transmitter into the new coded 
identifier using the same means as prior Such that the 
coded identifier is the Same, create a location record 
using the coded identifier, and forward the location 
record to the requesting location application(s). The 
means described herein can be combined with other 
functions of the Wireless Location System to per 
form this type of monitoring use either control or 
Voice channel transmissions. Further, the means 
described herein completely preserve the private 
identity of the wireleSS transmitter, yet enables 
another class of applications that can monitor the 
travel patterns of wireleSS transmitters. This class of 
applications can be of great value in determining the 
planning and design of new roads, alternate route 
planning, or the construction of commercial and 
retail Space. 

0210 Location Record Grouping, Sorting, and 
Labeling. The Wireless Location System include 
means to post-process the location records for certain 
requesting applications to group, Sort, or label the 
location records. For each interface Supported by the 
Wireless Location System, the Wireless Location 
System stores a profile of the types of data for which 
the application is both authorized and requesting, 
and the types of filters or post-processing actions 
desired by the application. Many applications, Such 
as the examples contained herein, do not require 
individual location records or the Specific identities 
of individual transmitters. For example, an RF opti 
mization application derives more value from a large 
data Set of location records for a particular cell Site 
or channel than it can from any individual location 
record. For another example, a traffic monitoring 
application requires only location records from 
transmitters that are on prescribed roads or high 
ways, and additionally requires that these records be 
grouped by Section of road or highway and by 
direction of travel. Other applications may request 
that the Wireless Location System forward location 
records that have been formatted to enhance Visual 
display appeal by, for example, adjusting the location 
estimate of the transmitter So that the transmitter's 
location appears on an electronic map directly on a 
drawn road Segment rather than adjacent to the road 
segment. Therefore, the Wireless Location System 
preferably "Snaps” the location estimate to the near 
est drawn road Segment. 

0211 The Wireless Location System can filter and 
report location records to an application for wireleSS 
transmitters communicating only on a particular cell 
Site, Sector, RF channel, or group of RF channels. 
Before forwarding the record to the requesting appli 
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cation, the Wireless Location System first verifies 
that the appropriate fields in the record Satisfy the 
requirements. Records not matching the require 
ments are not forwarded, and records matching the 
requirements are forwarded. Some filters are geo 
graphic and must be calculated by the Wireless 
Location System. For example, the Wireless Loca 
tion System can process a location record to deter 
mine the closest road Segment and direction of travel 
of the wireleSS transmitter on the road Segment. The 
Wireless Location System can then forward only 
records to the application that are determined to be 
on a particular road Segment, and can further 
enhance the location record by adding a field con 
taining the determined road Segment. In order to 
determine the closest road Segment, the WireleSS 
Location System is provided with a database of road 
Segments of interest by the requesting application. 
This database is stored in a table where each road 
Segment is Stored with a latitude and longitude 
coordinate defining the end point of each Segment. 
Each road Segment can be modeled as a Straight or 
curved line, and can be modeled to Support one or 
two directions of travel. Then for each location 
record determined by the Wireless Location System, 
the Wireless Location System compares the latitude 
and longitude in the location record to each road 
Segment Stored in the database, and determines the 
Shortest distance from a modeled line connecting the 
end points of the Segment to the latitude and longi 
tude of the location record. The shortest distance is 
a calculated imaginary line orthogonal to the line 
connecting the two end points of the Stored road 
Segment. When the closest road Segment has been 
determined, the Wireless Location System can fur 
ther determine the direction of travel on the road 
Segment by comparing the direction of travel of the 
wireleSS transmitter reported by the location process 
ing to the orientation of the road Segment. The 
direction that produces the Smallest error with 
respect to the orientation of the road Segments is then 
reported by the Wireless Location System. 

Network Operations Console (NOC) 16 
0212. The NOC 16 is a network management system that 
permits operators of the WireleSS Location System easy 
access to the programming parameters of the WireleSS 
Location System. For example, in Some cities, the WireleSS 
Location System may contain many hundreds or even thou 
sands of SCS’s 10. The NOC is the most effective way to 
manage a large WireleSS Location System, using graphical 
user interface capabilities. The NOC will also receive real 
time alerts if certain functions within the Wireless Location 
System are not operating properly. These real time alerts can 
be used by the operator to take corrective action quickly and 
prevent a degradation of location Service. Experience with 
trials of the Wireless Location System show that the ability 
of the System to maintain good location accuracy over time 
is directly related to the operator's ability to keep the System 
operating within its predetermined parameters. 

Location Processing 
0213 The Wireless Location System is capable of per 
forming location processing using two different methods 
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known as central based processing and Station based pro 
cessing. Both techniques were first disclosed in U.S. Pat. No. 
5,327,144, and are further enhanced in this specification. 
Location processing depends in part on the ability to accu 
rately determine certain phase characteristics of the Signal as 
received at multiple antennas and at multiple SCS’s 10. 
Therefore, it is an object of the Wireless Location System to 
identify and remove Sources of phase error that impede the 
ability of the location processing to determine the phase 
characteristics of the received signal. One Source of phase 
error is inside of the wireleSS transmitter itself, namely the 
oscillator (typically a crystal oscillator) and the phase lock 
loops that allow the phone to tune to specific channels for 
transmitting. Lower cost crystal oscillators will generally 
have higher phase noise. Some air interface Specifications, 
such as IS-136 and IS-95A, have specifications covering the 
phase noise with which a wireleSS telephone can transmit. 
Other air interface specifications, such as IS-553A, do not 
closely specify phase noise. It is therefore an object of the 
present invention to automatically reduce and/or eliminate a 
wireleSS transmitter's phase noise as a Source of phase error 
in location processing, in part by automatically Selecting the 
use of central based processing or Station based processing. 
The automatic Selection will also consider the efficiency 
with which the communications link between the SCS 10 
and the TLP12 is used, and the availability of DSP resources 
at each of the SCS 10 and TLP12. 

0214) When using central based processing, the TDOA 
and FDOA determination and the multipath processing are 
performed in the TLP12 along with the position and speed 
determination. This method is preferred when the wireless 
transmitter has a phase noise that is above a predetermined 
threshold. In these cases, central based processing is most 
effective in reducing or eliminating the phase noise of the 
wireleSS transmitter as a Source of phase error because the 
TDOA estimate is performed using a digital representation 
of the actual RF transmission from two antennas, which may 
be at the same SCS 10 or different SCS’s 10. In this method, 
those skilled in the art will recognize that the phase noise of 
the transmitter is a common mode noise in the TDOA 
processing, and therefore is Self-canceling in the TDOA 
determination process. This method works best, for 
example, with many very low cost AMPS cellular tele 
phones that have a high phase noise. The basic Steps in 
central based processing include the Steps recited below and 
represented in the flowchart of FIG. 6: 

0215 a wireless transmitter initiates a transmission 
on either a control channel or a voice channel (Step 
S50); 

0216) the transmission is received at multiple anten 
nas and at multiple SCS’s 10 in the Wireless Loca 
tion System (step S51); 

0217 the transmission is converted into a digital 
format in the receiver connected to each SCS/an 
tenna (step S52); 

0218 the digital data is stored in a memory in the 
receivers in each SCS 10 (step S53); the transmission 
is demodulated (step S54); 

0219 the Wireless Location System determines 
whether to begin location processing for the trans 
mission (step S55); 
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0220 if triggered, the TLP12 requests copies of the 
digital data from the memory in receivers at multiple 
SCS’s 10 (step S56); 

0221 digital data is sent from multiple SCS’s 10 to 
a selected TLP12 (step S57); 

0222 the TLP 12 performs TDOA, FDOA, and 
multipath mitigation on the digital data from pairs of 
antennas (step S58); 

0223 the TLP12 performs position and speed deter 
mination using the TDOA data, and then creates a 
location record and forwards the location record to 
the AP 14 (step S59). 

0224. The Wireless Location System uses a variable 
number of bits to represent the transmission when Sending 
digital data from the SCS’s 10 to the TLP12. As discussed 
earlier, the SCS receiver digitizes wireleSS transmissions 
with a high resolution, or a high number of bits per digital 
Sample in order to achieve a Sufficient dynamic range. This 
is especially required when using wideband digital receiv 
ers, which may be Simultaneously receiving Signals near to 
the SCS 10A and far from the SCS 10B. For example, up to 
14 bits may be required to represent a dynamic range of 84 
dB. Location processing does not always require the high 
resolution per digital Sample, however. Frequently, locations 
of Sufficient accuracy are achievable by the Wireless Loca 
tion System using a fewer number of bits per digital Sample. 
Therefore, to minimize the implementation cost of the 
Wireless Location System by conserving bandwidth on the 
communication links between each SCS 10 and TLP12, the 
Wireless Location System determines the fewest number of 
bits required to digitally represent a transmission while Still 
maintaining a desired accuracy level. This determination is 
based, for example, on the particular air interface protocol 
used by the wireless transmitter, the SNR of the transmis 
Sion, the degree to which the transmission has been per 
turbed by fading and/or multipath, and the current State of 
the processing and communication queues in each SCS 10. 
The number of bits sent from the SCS 10 to the TLP12 are 
reduced in two ways: the number of bits per Sample is 
minimized, and the shortest length, or fewest Segments, of 
the transmission possible is used for location processing. 
The TLP 12 can use this minimal RF data to perform 
location processing and then compare the result with the 
desired accuracy level. This comparison is performed on the 
basis of a confidence interval calculation. If the location 
estimate does not fall within the desired accuracy limits, the 
TLP 12 will recursively request additional data from 
selected SCS’s 10. The additional data may include an 
additional number of bits per digital Sample and/or may 
include more Segments of the transmission. This process of 
requesting additional data may continue recursively until the 
TLP12 has achieved the prescribed location accuracy. 
0225. There are additional details to the basic steps 
described above. These details are described in prior U.S. 
Pat. Nos. 5,327,144 and 5,608,410 in other parts of this 
Specification. One enhancement to the processes described 
in earlier patents is the Selection of a single reference 
SCS/antenna that is used for each baseline in the location 
processing. In prior art, baselines were determined using 
pairs of antenna Sites around a ring. In the present WireleSS 
Location System, the Single reference SCS/antenna used is 
generally the highest SNR signal, although other criteria are 
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also used as described below. The use of a high SNR 
reference aids central based location processing when the 
other SCS/antennas used in the location processing are very 
weak, Such as at or below the noise floor (i.e. Zero or 
negative signal to noise ratio). When Station based location 
processing is used, the reference Signal is a re-modulated 
Signal, which is intentionally created to have a very high 
Signal to noise ratio, further aiding location processing for 
very weak Signals at other SCS/antennas. The actual Selec 
tion of the reference SCS/antenna is described below. 

0226. The Wireless Location System mitigates multipath 
by first recursively estimating the components of multipath 
received in addition to the direct path component and then 
Subtracting these components from the received signal. Thus 
the Wireless Location System models the received signal 
and compares the model to the actual received signal and 
attempts to minimize the difference between the two using 
a weighted least Square difference. For each transmitted 
Signal x(t) from a wireless transmitter, the received signal 
y(t) at each SCS/antenna is a complex combination of 
Signals: 

0227 where x(t) is the signal as transmitted by the 
wireleSS transmitter; 

0228 a. and T, are the complex amplitude and delays of 
the multipath components, 

0229 N is the total number of multipath components in 
the received signal, and 
0230 a.o. and to are constants for the most direct path 
component. 

0231. The operator of the Wireless Location System 
empirically determines a set of constraints for each compo 
nent of multipath that applies to the Specific environment in 
which each Wireless Location System is operating. The 
purpose of the constraints is to limit the amount of process 
ing time that the WireleSS Location System spends optimiz 
ing the results for each multipath mitigation calculation. For 
example, the Wireless Location System may be set to 
determine only four components of multipath: the first 
component may be assumed to have a time delay in the 
range ta to t, the Second component may be assumed to 
have a time delay in the range T. to t, the third compo 
nent may be assumed to have a time delay in the range TA 
to ts, and Similar for the fourth component; however the 
fourth component is a Single value that effectively represents 
a complex combination of many tens of individual (and 
Somewhat diffuse) multipath components whose time delays 
exceed the range of the third component. For ease of 
processing, the WireleSS Location System transforms the 
prior equation into the frequency domain, and then Solves 
for the individual components Such that a weighted least 
Squares difference is minimized. 

0232. When using station based processing, the TDOA 
and FDOA determination and multipath mitigation are per 
formed in the SCS’s 10, while the position and speed 
determination are typically performed in the TLP12. The 
main advantage of Station based processing, as described in 
U.S. Pat. No. 5,327,144, is reducing the amount of data that 
is sent on the communication link between each SCS 10 and 
TLP12. However, there may be other advantages as well. 
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One new objective of the present invention is increasing the 
effective Signal processing gain during the TDOA proceSS 
ing. AS pointed out earlier, central based processing has the 
advantage of eliminating or reducing phase error caused by 
the phase noise in the wireleSS transmitter. However, no 
previous disclosure has addressed how to eliminate or 
reduce the same phase noise error when using Station based 
processing. The present invention reduces the phase error 
and increases the effective Signal processing gain using the 
steps recited below and shown in FIG. 6: 

0233 a wireless transmitter initiates a transmission 
on either a control channel or a voice channel (Step 
S60); 

0234 the transmission is received at multiple anten 
nas and at multiple SCS’s 10 in the Wireless Loca 
tion System (step S61); 

0235 the transmission is converted into a digital 
format in the receiver connected to each antenna 
(step S62); 

0236 the digital data is stored in a memory in the 
SCS 10 (step S63); 

0237) 
0238 the Wireless Location System determines 
whether to begin location processing for the trans 
mission (step S65); 

0239) if triggered, a first SCS 10A demodulates the 
transmission and determines an appropriate phase 
correction interval (step S66); 

the transmission is demodulated (step S64); 

0240 for each such phase correction interval, the 
first SCS 10A calculates an appropriate phase cor 
rection and amplitude correction, and encodes this 
phase correction parameter and amplitude correction 
parameter along with the demodulated data (Step 
S67); 

0241 the demodulated data and phase correction 
and amplitude correction parameters are Sent from 
the first SCS 10A to a TLP12 (step S68); 

0242 the TLP 12 determines the SCS’s 10 and 
receiving antennas to use in the location processing 
(step S69); 

0243 the TLP12 sends the demodulated data and 
phase correction and amplitude correction param 
eters to each second SCS 10B that will be used in the 
location processing (step S70); 

0244 the first SCS 10 and each second SCS 10B 
creates a first re-modulated Signal based upon the 
demodulated data and the phase correction and 
amplitude correction parameters (step S71); 

0245 the first SCS 10A and each second SCS 10B 
performs TDOA, FDOA, and multipath mitigation 
using the digital data Stored in memory in each SCS 
10 and the first re-modulated signal (step S72); 

0246 the TDOA, FDOA, and multipath mitigation 
data are sent from the first SCS 10A and each second 
SCS 10B to the TLP12 (step S73); 

0247 the TLP12 performs position and speed deter 
mination using the TDOA data (step S74); and 
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0248 the TLP 12 creates a location record, and 
forwards the location record to the AP14 (step S75). 

0249. The advantages of determining phase correction 
and amplitude correction parameters are most obvious in the 
location of CDMA wireless transmitters based upon IS-95A. 
AS is well known, the reverse transmissions from an IS-95A 
transmitter are Sent using non-coherent modulation. Most 
CDMA base stations only integrate over a single bit interval 
because of the non-coherent modulation. For a CDMA 
Access Channel, with a bit rate of 4800 bits per second, there 
are 256 chipS Sent per bit, which permits an integration gain 
of 24 dB. Using the technique described above, the TDOA 
processing in each SCS 10 may integrate, for example, over 
a full 160 millisecond burst (196.608 chips) to produce an 
integration gain of 53 dB. This additional processing gain 
enables the present invention to detect and locate CDMA 
transmissions using multiple SCS’s 10, even if the base 
stations collocated with the SCS’s 10 cannot detect the same 
CDMA transmission. 

0250 For a particular transmission, if either the phase 
correction parameters or the amplitude correction param 
eters are calculated to be Zero, or are not needed, then these 
parameters are not sent in order to conserve on the number 
of bits transmitted on the communications link between each 
SCS 10 and TLP12. In another embodiment of the inven 
tion, the WireleSS Location System may use a fixed phase 
correction interval for a particular transmission or for all 
transmissions of a particular air interface protocol, or for all 
transmissions made by a particular type of wireless trans 
mitter. This may, for example, be based upon empirical data 
gathered over some period of time by the Wireless Location 
System showing a reasonable consistency in the phase noise 
exhibited by various classes of transmitters. In these cases, 
the SCS 10 may save the processing step of determining the 
appropriate phase correction interval. 

0251 Those skilled in the art will recognize that there are 
many ways of measuring the phase noise of a wireleSS 
transmitter. In one embodiment, a pure, noiseleSS re-modu 
lated copy of the signal received at the first SCS 10A may 
be digitally generated by DSP's in the SCS, then the 
received Signal may be compared against the pure Signal 
over each phase correction interval and the phase difference 
may be measured directly. In this embodiment, the phase 
correction parameter will be calculated as the negative of the 
phase difference over that phase correction interval. The 
number of bits required to represent the phase correction 
parameter will vary with the magnitude of the phase cor 
rection parameter, and the number of bits may vary for each 
phase correction interval. It has been observed that Some 
transmissions, for example, exhibit greater phase noise early 
in the transmission, and leSS phase noise in the middle of and 
later in the transmission. 

0252 Station based processing is most useful for wireless 
transmitters that have relatively low phase noise. Although 
not necessarily required by their respective air interface 
standards, wireless telephones that use the TDMA, CDMA, 
or GSM protocols will typically exhibit lower phase noise. 
AS the phase noise of a wireleSS transmitter increases, the 
length of a phase correction interval may decrease and/or the 
number of bits required to represent the phase correction 
parameters increases. Station based processing is not effec 
tive when the number of bits required to represent the 
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demodulated data plus the phase correction and amplitude 
parameters exceeds a predetermined proportion of the num 
ber of bits required to perform central based processing. It 
is therefore an object of the present invention to automati 
cally determine for each transmission for which a location is 
desired whether to process the location using central based 
processing or Station based processing. The Steps in making 
this determination are recited below and shown in FIG. 7: 

0253) a wireless transmitter initiates a transmission 
on either a control channel or a voice channel (Step 
S80); 

0254 the transmission is received at a first SCS 10A 
(step S81); 

0255 the transmission is converted into a digital 
format in the receiver connected to each antenna 
(step S82); 

0256 the Wireless Location System determines 
whether to begin location processing for the trans 
mission (step S83); 

0257) if triggered, a first SCS 10A demodulates the 
transmission and estimates an appropriate phase cor 
rection interval and the number of bits required to 
encode the phase correction and amplitude correc 
tion parameters (step S84); 

0258 the first SCS 10A then estimates the number 
of bits required for central based processing; 

0259 based upon the number of bits required for 
each respective method, the SCS 10 or the TLP 12 
determine whether to use central based processing or 
Station based processing to perform the location 
processing for this transmission (step S85). 

0260. In another embodiment of the invention, the Wire 
leSS Location System may always use central based proceSS 
ing or Station based processing for all transmissions of a 
particular air interface protocol, or for all transmissions 
made by a particular kind of wireleSS transmitter. This may, 
for example, be based upon empirical data gathered over 
Some period of time by the Wireless Location System 
showing a reasonable consistency in the phase noise exhib 
ited by various classes of transmitters. In these cases, the 
SCS 10 and/or the TLP12 may be saved the processing step 
of determining the appropriate processing method. 
0261) A further enhancement of the present invention, 
used for both central based processing and Station based 
processing, is the use of threshold criteria for including 
baselines in the final determination of location and Velocity 
of the wireless transmitter. For each baseline, the Wireless 
Location System calculates a number of parameters that 
include: the SCS/antenna port used with the reference SCS/ 
antenna in calculating the baseline, the peak, average, and 
variance in the power of the transmission as received at the 
SCS/antenna port used in the baseline and over the interval 
used for location processing, the correlation value from the 
croSS-Spectra correlation between the SCS/antenna used in 
the baseline and the reference SCS/antenna, the delay value 
for the baseline, the multipath mitigation parameters, the 
residual values remaining after the multipath mitigation 
calculations, the contribution of the SCS/antenna to the 
weighted GDOP in the final location solution, and a measure 
of the quality of fit of the baseline if included in the final 
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location Solution. Each baseline is included in the final 
location Solution is each meets or exceeds the threshold 
criteria for each of the parameters described herein. A 
baseline may be excluded from the location solution if it 
fails to meet one or more of the threshold criteria. Therefore, 
it is frequently possible that the number of SCS/antennas 
actually used in the final location Solution is less than the 
total number considered. 

0262 Previous U.S. Pat. Nos. 5,327,144 and 5,608,410 
disclosed a method by which the location processing mini 
mized the least square difference (LSD) value of the fol 
lowing equation: 

LSD=Q(Delay T-Delays 
Ts-Delay Os)^+. 
O)? 

0263. In the present implementation, this equation has 
been rearranged to the following form in order to make the 
location processing code more efficient: 

O2)--Qs (Delay 
+Q. (Delay Ty-Delay 

LSD=X(TDOA-T-T) w”; over all i=1 to N-1 
0264 where N=number of SCS/antennas used in the 
location processing; 
0265 TDOA=the TDOA to the i site from reference 
site 0; 
0266 T-the theoretical line of sight propagation time 
from the wireless transmitter to the i' site; 
0267 to-the theoretical line of sight propagation time 
from the transmitter to the reference; and 
0268 wi-the weight, or quality factor, applied to the i' 
baseline. 

0269. In the present implementation, the Wireless Loca 
tion System also uses another alternate form of the equation 
that can aid in determining location Solutions when the 
reference signal is not very Strong or when it is likely that a 
bias would exist in the location Solution using the prior form 
of the equation: 

0270. Where N=number of SCS/antennas used in the 
location processing; 
0271 TDOA=the TDOA to the i' site from reference 
site 0; 

0272 TDOA=is assumed to be zero; 
0273 t=the theoretical line of sight propagation time 
from the wireless transmitter to the i' site; 
0274 b =a bias that is separately calculated for each 
theoretical point that minimizes LSD' at that theoretical 
point; and 
0275 wi-the weight, or quality factor, applied to the i' 
baseline. 

0276 The LSD" form of the equation offers an easier 
means of removing a bias in location Solutions at the 
reference site by making wo equal to the maximum value of 
the other weights or basing Wo on the relative Signal Strength 
at the reference site. Note that if wo is much larger than the 
other weights, then b is approximately equal to to. In 
general, the weights, or quality factors are based on Similar 
criteria to that discussed above for the threshold criteria in 
including baselines. That is, the results of the criteria cal 
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culations are used for weights and when the criteria falls 
below threshold the weight is then set to zero and is 
effectively not included in the determination of the final 
location Solution. 

Antenna Selection Process for Location Processing 

0277 Previous inventions and disclosures, such as those 
listed above, have described techniques in which a first, 
Second, or possibly third antenna Site, cell Site, or base 
station are required to determine location. U.S. Pat. No. 
5,608,410 further discloses a Dynamic Selection Subsystem 
(DSS) that is responsible for determining which data frames 
from which antenna Site locations will be used to calculate 
the location of a responsive transmitter. In the DSS, if data 
frames are received from more than a threshold number of 
sites, the DSS determines which are candidates for retention 
or exclusion, and then dynamically organizes data frames for 
location processing. The DSS prefers to use more than the 
minimum number of antenna Sites So that the Solution is 
over-determined. Additionally, the DSS assures that all 
transmissions used in the location processing were received 
from the Same transmitter and from the same transmission. 

0278. The preferred embodiments of the prior inventions 
had Several limitations, however. First, either only one 
antenna per antenna Site (or cell site) is used, or the data 
from two or four diversity antennas were first combined at 
the antenna Site (or cell Site) prior to transmission to the 
central Site. Additionally, all antenna Sites that received the 
transmission Sent data frames to the central Site, even if the 
DSS later discarded the data frames. Thus, Some commu 
nications bandwidth may have been wasted Sending data that 
was not used. 

0279 The present inventors have determined that while a 
minimum of two or three Sites are required in order deter 
mine location, the actual selection of antennas and SCS’s 10 
to use in location processing can have a significant effect on 
the results of the location processing. In addition, it is 
advantageous to include the means to use more than one 
antenna at each SCS 10 in the location processing. The 
reason for using data from multiple antennas at a cell Site 
independently in the location processing is that the Signal 
received at each antenna is uniquely affected by multipath, 
fading, and other disturbances. It is well known in the field 
that when two antennas are separated in distance by more 
than one wavelength, then each antenna will receive the 
Signal on an independent path. Therefore, there is frequently 
additional and unique information to be gained about the 
location of the wireless transmitter by using multiple anten 
nas, and the ability of the Wireless Location System to 
mitigate multipath is enhanced accordingly. 

0280. It is therefore an object of the present invention to 
provide an improved method for using the Signals received 
from more than one antenna at an SCS 10 in the location 
processing. It is a further object to provide a method to 
improve the dynamic process used to Select the cooperating 
antennas and SCS’s 10 used in the location processing. The 
first object is achieved by providing means within the SCS 
10 to Select and use any Segment of data collected from any 
number of antennas at an SCS in the location processing. AS 
described earlier, each antenna at a cell site is connected to 
a receiver internal to the SCS 10. Each receiver converts 
Signals received from the antenna into a digital form, and 
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then Stores the digitized signals temporarily in a memory in 
the receiver. The TLP12 has been provided with means to 
direct any SCS 10 to retrieve segments of data from the 
temporary memory of any receiver, and to provide the data 
for use in location processing. The Second object is achieved 
by providing means within the Wireless Location System to 
monitor a large number of antennas for reception of the 
transmission that the Wireless Location System desires to 
locate, and then Selecting a Smaller Set of antennas for use 
in location processing based upon a predetermined set of 
parameters. One example of this Selection proceSS is repre 
sented by the flowchart of FIG. 8: 

0281 a wireless transmitter initiates a transmission 
on either a control channel or a voice channel (Step 
S90); 

0282 the transmission is received at multiple anten 
nas and at multiple SCS’s 10 in the Wireless Loca 
tion System (step S91); 

0283 the transmission is converted into a digital 
format in the receiver connected to each antenna 
(step S92); 

0284 the digital data is stored in a memory in each 
SCS 10 (step S93); 

0285 the transmission is demodulated at at least one 
SCS 10A and the channel number on which the 
transmission occurred and the cell Site and Sector 
Serving the wireless transmitter is determined (step 
S94); 

0286 based upon the serving cell site and sector, 
one SCS 10A is designated as the primary SCS 10 
for processing that transmission (step S95); 

0287 the primary SCS 10A determines a timestamp 
associated with the demodulated data (step S96); 

0288 the Wireless Location System determines 
whether to begin location processing for the trans 
mission (step S97); 

0289 if location processing is triggered, the Wire 
leSS Location System determines a candidate list of 
SCS’s 10 and antennas to use in the location pro 
cessing (step S98); 

0290 each candidate SCS/antenna measures and 
reports Several parameters in the channel number of 
the transmission and at the time of the timestamp 
determined by the primary SCS 10A (step S99); 

0291 the Wireless Location System orders the can 
didate SCS/antennas using Specified criteria and 
Selects a reference SCS/antenna and a processing list 
of SCS/antennas to use in the location processing 
(step S100); and 

0292 the Wireless Location System proceeds with 
location processing as described earlier, using data 
from the processing list of SCS/antennas (Step 
S101). 

Selecting Primary SCS/Antenna 
0293. The process for choosing the primary SCS/an 
tenna is critical, because the candidate list of SCS’s 10 and 
antennas 10-1 is determined in part based upon the desig 
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nation of the primary SCS/antenna. When a wireless trans 
mitter makes a transmission on a particular RF channel, the 
transmission frequently can propagate many miles before 
the Signal attenuates below a level at which it can be 
demodulated. Therefore, there are frequently many SCS/ 
antennas capable of demodulating the Signal. This especially 
occurs is urban and Suburban areas where the frequency 
re-use pattern of many wireleSS communications Systems 
can be quite dense. For example, because of the high usage 
rate of wireleSS and the dense cell Site spacing, the present 
inventors have tested wireleSS communications Systems in 
which the same RF control channel and digital color code 
were used on cell Sites Spaced about one mile apart. Because 
the Wireless Location System is independently demodulat 
ing these transmissions, the WireleSS Location System fre 
quently can demodulate the same transmission at two, three, 
or more separate SCS/antennas. The Wireless Location 
System detects that the same transmission has been demodu 
lated multiple times at multiple SCS/antennas when the 
Wireless Location System receives multiple demodulated 
data frames sent from different SCS/antennas, each with a 
number of bit errors below a predetermined bit error thresh 
old, and with the demodulated data matching within an 
acceptable limit of bit errors, and all occurring within a 
predetermined interval of time. 

0294. When the Wireless Location System detects 
demodulated data from multiple SCS/antennas, it examines 
the following parameters to determine which SCS/antenna 
shall be designated the primary SCS. average SNR over the 
transmission interval used for location processing, the Vari 
ance in the SNR over the same interval, correlation of the 
beginning of the received transmission against a pure pre 
cursor (i.e. for AMPS, the dotting and Barker code), the 
number of bit errors in the demodulated data, and the 
magnitude and rate of change of the SNR from just before 
the on-set of the transmission to the on-set of the transmis 
Sion, as well as other Similar parameters. The average SNR 
is typically determined at each SCS/antenna either over the 
entire length of the transmission to be used for location 
processing, or over a shorter interval. The average SNR Over 
the shorter interval can be determined by performing a 
correlation with the dotting Sequence and/or Barker code 
and/or Sync word, depending on the particular air interface 
protocol, and over a short range of time before, during, and 
after the timestamp reported by each SCS 10. The time range 
may typically be +/-200 microSeconds centered at the 
timestamp, for example. The Wireless Location System will 
generally order the SCS/antennas using the following crite 
ria, each of which may be weighted (multiplied by an 
appropriate factor) when combining the criteria to determine 
the final decision: SCS/antennas with a lower number of bit 
errors are preferred to SCS/antennas with a higher number 
of bit errors, average SNR for a given SCS/antenna must be 
greater than a predetermined threshold to be designated as 
the primary; SCS/antennas with higher average SNR are 
preferred over those with lower average SNR; SCS/antennas 
with lower SNR variance are preferred to those with higher 
SNR variance; and SCS/antennas with a faster SNR rate of 
change at the on-set of the transmission are preferred to 
those with a slower rate of change. The weighting applied to 
each of these criteria may be adjusted by the operator of the 
WireleSS Location System to Suit the particular design of 
each System. 
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0295) The candidate list of SCS’s 10 and antennas 10-1 
are Selected using a predetermined Set of criteria based, for 
example, upon knowledge of the types of cell Sites, types of 
antennas at the cell Sites, geometry of the antennas, and a 
weighting factor that weights certain antennas more than 
other antennas. The weighting factor takes into account 
knowledge of the terrain in which the Wireless Location 
System is operating, past empirical data on the contribution 
of each antenna has made to good location estimates, and 
other factors that may be specific to each different WLS 
installation. In one embodiment, for example, the Wireless 
Location System may select the candidate list to include all 
SCS’s 10 up to a maximum number of sites (max number 
of sites) that are closer than a predefined maximum radius 

from the primary site (max radius from primary). For 
example, in an urban or Suburban environment, where there 
may be a large number of cell sites, the max number of 
sites may be limited to nineteen. Nineteen sites would 

include the primary, the first ring of Six Sites Surrounding the 
primary (assuming a classic hexagonal distribution of cell 
Sites), and the next ring of twelve sites Surrounding the first 
ring. This is depicted in FIG. 9. In another embodiment, in 
a Suburban or rural environment, max radius from primary 
may be set to 40 miles to ensure that the widest possible set 
of candidate SCS/antennas is available. The Wireless Loca 
tion System is provided with means to limit the total number 
of candidate SCS’s 10 to a maximum number (max num 
ber candidates), although each candidate SCS may be per 
mitted to choose the best port from among its available 
antennas. This limits the maximum time spent by the Wire 
less Location System processing a particular location. Max 
number candidates may be set to thirty-two, for example, 

which means that in a typical three Sector wireleSS commu 
nications system with diversity, up to 32*6=192 total anten 
nas could be considered for location processing for a par 
ticular transmission. In order to limit the time spent 
processing a particular location, the WireleSS Location SyS 
tem is provided with means to limit the number of antennas 
used in the location processing to max number anten 
nas processed. Max number antennas processed is gener 
ally less than max number candidates, and is typically set 
to Sixteen. 

0296 While the Wireless Location System is provided 
with the ability to dynamically determine the candidate list 
of SCS’s 10 and antennas based upon the predetermined set 
of criteria described above, the Wireless Location System 
can also Store a fixed candidate list in a table. Thus, for each 
cell site and Sector in the wireleSS communications System, 
the Wireless Location System has a separate table that 
defines the candidate list of SCS’s 10 and antennas 10-1 to 
use whenever a wireless transmitter initiates a transmission 
in that cell Site and Sector. Rather than dynamically choose 
the candidate SCS/antennas each time a location request is 
triggered, the WireleSS Location System reads the candidate 
list directly from the table when location processing is 
initiated. 

0297. In general, a large number of candidate SCS’s 10 is 
chosen to provide the Wireless Location System with suf 
ficient opportunity and ability to measure and mitigate 
multipath. On any given transmission, any one or more 
particular antennas at one or more SCS’s 10 may receive 
Signals that have been affected to varying degrees by mul 
tipath. Therefore, it is advantageous to provide this means 
within the Wireless Location System to dynamically select 
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a set of antennas which may have received leSS multipath 
than other antennas. The Wireless Location System uses 
various techniques to mitigate as much multipath as possible 
from any received Signal; however it is frequently prudent to 
choose a set of antennas that contain the least amount of 
multipath. 

Choosing Reference and Cooperating 
SCS/Antennas 

0298. In choosing the set of SCS/antennas to use in 
location processing, the WireleSS Location System orders 
the candidate SCS/antennas using Several criteria, including 
for example: average SNR over the transmission interval 
used for location processing, the variance in the SNR Over 
the same interval, correlation of the beginning of the 
received transmission against a pure pre-cursor (i.e. for 
AMPS, the dotting and Barker code) and/or demodulated 
data from the primary SCS/antenna, the time of the on-set of 
the transmission relative to the on-set reported at the SCS/ 
antenna at which the transmission was demodulated, and the 
magnitude and rate of change of the SNR from just before 
the on-set of the transmission to the on-set of the transmis 
Sion, as well as other Similar parameters. The average SNR 
is typically determined at each SCS, and for each antenna in 
the candidate list either over the entire length of the trans 
mission to be used for location processing, or over a shorter 
interval. The average SNR over the shorter interval can be 
determined by performing a correlation with the dotting 
Sequence and/or Barker code and/or Sync word, depending 
on the particular air interface protocol, and over a short 
range of time before, during, and after the timestamp 
reported by the primary SCS 10. The time range may 
typically be +/-200 microSeconds centered at the timestamp, 
for example. The Wireless Location System will generally 
order the candidate SCS/antennas using the following cri 
teria, each of which may be weighted when combining the 
criteria to determine the final decision: average SNR for a 
given SCS/antenna must be greater than a predetermined 
threshold to be used in location processing, SCS/antennas 
with higher average SNR are preferred over those with 
lower average SNR; SCS/antennas with lower SNR variance 
are preferred to those with higher SNR variance; SCS/ 
antennas with an on-Set closer to the on-Set reported by the 
demodulating SCS/antenna are preferred to those with an 
on-set more distant in time; SCS/antennas with a faster SNR 
rate of change are preferred to those with a slower rate of 
change; SCS/antennas with lower incremental weighted 
GDOP are preferred over those with higher incremental 
weighted GDOP, where the weighting is based upon esti 
mated path loss from the primary SCS. The weighting 
applied to each of these preferences may be adjusted by the 
operator of the Wireless Location System to Suit the par 
ticular design of each system. The number of different SCS’s 
10 used in the location processing is maximized up to a 
predetermined limit; the number of antennas used at each 
SCS 10 in limited to a predetermined limit; and the total 
number of SCS/antennas used is limited to max number 
antennas processed. The SCS/antenna with the highest 

ranking using the above described process is designated as 
the reference SCS/antenna for location processing. 

Best Port Selection Within an SCS 10 

0299 Frequently, the SCS/antennas in the candidate list 
or in the list to use in location processing will include only 
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one or two antennas at a particular SCS 10. In these cases, 
the Wireless Location System may permit the SCS 10 to 
choose the “best port from all or some of the antennas at the 
particular SCS 10. For example, if the Wireless Location 
System chooses to use only one antenna at a first SCS 10, 
then the first SCS 10 may select the best antenna port from 
the typical Six antenna ports that are connected to that SCS 
10, or it may choose the best antenna port from among the 
two antenna ports of just one Sector of the cell Site. The best 
antenna port is chosen by using the same process and 
comparing the same parameters as described above for 
choosing the Set of SCS/antennas to use in location proceSS 
ing, except that all of the antennas being considered for best 
port are all in the same SCS 10. In comparing antennas for 
best port, the SCS 10 may also optionally divide the received 
Signal into Segments, and then measure the SNR Separately 
in each segment of the received signal. Then, the SCS 10 can 
optionally choose the best antenna port with highest SNR 
either by (i) using the antenna port with the most segments 
with the highest SNR, (ii) averaging the SNR in all segments 
and using the antenna port with the highest average SNR, or 
(iii) using the antenna port with the highest SNR in any one 
Segment. 

Detection and Recovery From Collisions 
0300 Because the Wireless Location System will use 
data from many SCS/antenna ports in location processing, 
there is a chance that the received signal at one or more 
particular SCS/antenna ports contains energy that is co 
channel interference from another wireless transmitter (i.e. a 
partial or full collision between two separate wireless trans 
missions has occurred). There is also a reasonable probabil 
ity that the co-channel interference has a much higher SNR 
than the Signal from the target wireleSS transmitter, and if not 
detected by the Wireless Location System, the co-channel 
interference may cause an incorrect choice of best antenna 
port at an SCS 10, reference SCS/antenna, candidate SCS/ 
antenna, or SCS/antenna to be used in location processing. 
The co-channel interference may also cause poor TDOA and 
FDOA results, leading to a failed or poor location estimate. 
The probability of collision increases with the density of cell 
Sites in the host wireleSS communications System, especially 
in dense Suburban or rural environments where the frequen 
cies are re-used often and wireleSS usage by SubscriberS is 
high. 

0301 Therefore, the Wireless Location System includes 
means to detect and recover from the types of collisions 
described above. For example, in the process of Selecting a 
best port, reference SCS/antenna, or candidate SCS/antenna, 
the Wireless Location System determines the average SNR 
of the received signal and the variance of the SNR over the 
interval of the transmission; when the variance of the SNR 
is above a predetermined threshold, the Wireless Location 
System assigns a probability that a collision has occurred. If 
the Signal received at an SCS/antenna has increased or 
decreased its SNR in a Single Step, and by an amount greater 
than a predetermined threshold, the Wireless Location Sys 
tem assigns a probability that a collision has occurred. 
Further, if the average SNR of the signal received at a 
remote SCS is greater than the average SNR that would be 
predicted by a propagation model, given the cell Site at 
which the wireleSS transmitter initiated its transmission and 
the known transmit power levels and antenna patterns of the 
transmitter and receive antennas, the WireleSS Location 
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System assigns a probability that a collision has occurred. If 
the probability that a collision has occurred is above a 
predetermined threshold, then the Wireless Location System 
performs the further processing described below to verify 
whether and to what extent a collision may have impaired 
the received signal at an SCS/antenna. The advantage of 
assigning probabilities is to reduce or eliminate extra pro 
cessing for the majority of transmissions for which colli 
Sions have not occurred. It should be noted that the threshold 
levels, assigned probabilities, and other details of the colli 
Sion detection and recovery processes described herein are 
configurable, i.e., Selected based on the particular applica 
tion, environment, System variables, etc., that would affect 
their Selection. 

0302 For received transmissions at an SCS/antenna for 
which the probability of a collision is above the predeter 
mined threshold and before using RF data from a particular 
antenna port in a reference SCS/antenna determination, best 
port determination or in location processing, the WireleSS 
Location System preferably verifies that the RF data from 
each antenna port is from the correct wireleSS transmitter. 
This is determined, for example, by demodulating Segments 
of the received signal to verify, for example, that the MIN, 
MSID, or other identifying information is correct or that the 
dialed digits or other message characteristics match those 
received by the SCS/antenna that initially demodulated the 
transmission. The Wireless Location System may also cor 
relate a short Segment of the received signal at an antenna 
port with the signal received at the primary SCS 10 to verify 
that the correlation result is above a predetermined thresh 
old. If the Wireless Location System detects that the vari 
ance in the SNR over the entire length of the transmission is 
above a pre-determined threshold, the Wireless Location 
System may divide the transmission into Segments and test 
each Segment as described herein to determine whether the 
energy in that Segment is primarily from the Signal from the 
wireleSS transmitter for which location processing has been 
Selected or from an interfering transmitter. 
0303. The Wireless Location System may choose to use 
the RF data from a particular SCS/antenna in location 
processing even if the WireleSS Location System has 
detected that a partial collision has occurred at that SCS/ 
antenna. In these cases, the SCS 10 uses the means described 
above to identify that portion of the received transmission 
which represents a signal from the wireleSS transmitter for 
which location processing has been Selected, and that por 
tion of the received transmission which contains co-channel 
interference. The Wireless Location System may command 
the SCS 10 to send or use only selected segments of the 
received transmission that do not contain the co-channel 
interference. When determining the TDOA and FDOA for a 
baseline using only Selected Segments from an SCS/antenna, 
the WireleSS Location System uses only the corresponding 
Segments of the transmission as received at the reference 
SCS/antenna. The Wireless Location System may continue 
to use all Segments for baselines in which no collisions were 
detected. In many cases, the WireleSS Location System is 
able to complete location processing and achieve an accept 
able location error using only a portion of the transmission. 
This inventive ability to select the appropriate subset of the 
received transmission and perform location processing on a 
Segment by Segment basis enables the WireleSS Location 
System to Successfully complete location processing in 
cases that might have failed using previous techniques. 
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Multiple Pass Location Processing 
0304 Certain applications may require a very fast esti 
mate of the general location of a wireleSS transmitter, 
followed by a more accurate estimate of the location that can 
be sent Subsequently. This can be valuable, for example, for 
E9-1-1 systems that handle wireleSS calls and must make a 
call routing decision very quickly, but can wait a little longer 
for a more exact location to be displayed upon the E9-1-1 
call-taker's electronic map terminal. The Wireless Location 
System Supports these applications with an inventive mul 
tiple pass location processing mode. 
0305. In many cases, location accuracy is enhanced by 
using longer Segments of the transmission and increasing the 
processing gain through longer integration intervals. But 
longer Segments of the transmission require longer proceSS 
ing periods in the SCS 10 and TLP12, as well as longer time 
periods for transmitting the RF data across the communica 
tions interface from the SCS 10 to the TLP12. Therefore, the 
Wireless Location System includes means to identify those 
transmissions that require a fast but rough estimate of the 
location followed by more complete location processing that 
produces a better location estimate. The Signal of Interest 
Table includes a flag for each Signal of Interest that requires 
a multiple pass location approach. This flag specifies the 
maximum amount of time permitted by the requesting 
location application for the first estimate to be sent, as well 
as the maximum amount of time permitted by the requesting 
location application for the final location estimate to be sent. 
The Wireless Location System performs the rough location 
estimate by Selecting a Subset of the transmission for which 
to perform location processing. The WireleSS Location SyS 
tem may choose, for example, the Segment that was identi 
fied at the primary SCS/antenna with the highest average 
SNR. After the rough location estimate has been determined, 
using the methods described earlier, but with only a Subset 
of the transmission, the TLP 12 forwards the location 
estimate to the AP 14, which then forwards the rough 
estimate to the requesting application with a flag indicating 
that the estimate is only rough. The Wireless Location 
System then performs its Standard location processing using 
all of the aforementioned methods, and forwards this loca 
tion estimate with a flag indicating the final Status of this 
location estimate. The Wireless Location System may per 
form the rough location estimate and the final location 
estimate sequentially on the same DSP in a TLP12, or may 
perform the location processing in parallel on different 
DSP's. Parallel processing may be necessary to meet the 
maximum time requirements of the requesting location 
applications. The Wireless Location System supports differ 
ent maximum time requirements from different location 
applications for the same wireleSS transmission. 

Very Short Baseline TDOA 
0306 The Wireless Location System is designed to oper 
ate in urban, Suburban, and rural areas. In rural areas, when 
there are not Sufficient cell Sites available from a single 
wireless carrier, the Wireless Location System can be 
deployed with SCS’s 10 located at the cell sites of other 
wireleSS carriers or at other types of towers, including AM 
or FM radio Station, paging, and two-way wireless towers. 
In these cases, rather than Sharing the existing antennas of 
the wireless carrier, the Wireless Location System may 
require the installation of appropriate antennas, filters, and 
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low noise amplifiers to match the frequency band of the 
wireleSS transmitters of interest to be located. For example, 
an AM radio station tower may require the addition of 800 
MHz antennas to locate cellular band transmitters. There 
may be cases, however, where no additional towers of any 
type are available at reasonable cost and the Wireless 
Location System must be deployed on just a few towers of 
the wireleSS carrier. In these cases, the WireleSS Location 
System Supports an antenna mode known as very short 
baseline TDOA. This antenna mode becomes active when 
additional antennas are installed on a Single cell Site tower, 
whereby the antennas are placed at a distance of less than 
one wavelength apart. This may require the addition of just 
one antenna per cell Site Sector Such that the WireleSS 
Location System uses one existing receive antenna in a 
Sector and one additional antenna that has been placed next 
to the existing receive antenna. Typically, the two antennas 
in the Sector are oriented Such that the primary axes, or line 
of direction, of the main beams are parallel and the spacing 
between the two antenna elements is known with precision. 
In addition, the two RF paths from the antenna elements to 
the receivers in the SCS 10 are calibrated. 

0307 In its normal mode, the Wireless Location System 
determines the TDOA and FDOA for pairs of antenna that 
are separated by many wavelengths. For a TDOA on a 
baseline using antennas from two difference cell Sites, the 
pairs of antennas are separated by thousands of wavelengths. 
For a TDOA on a baseline using antennas at the same cell 
Site, the pairs of antennas are separated by tens of wave 
lengths. In either case, the TDOA determination effectively 
results in a hyperbolic line bisecting the baseline and passing 
through the location of the wireless transmitter. When anten 
nas are separated by multiple wavelengths, the received 
Signal has taken independent paths from the wireleSS trans 
mitter to each antenna, including experiencing different 
multipath and Doppler shifts. However, when two antennas 
are closer than one wavelength, the two received signals 
have taken essentially the same path and experienced the 
Same fading, multipath, and Doppler shift. Therefore, the 
TDOA and FDOA processing of the Wireless Location 
System typically produces a Doppler shift of Zero (or 
near-zero) hertz, and a time difference on the, order of Zero 
to one nanoSecond. A time difference that short is equivalent 
to an unambiguous phase difference between the Signals 
received at the two antennas on the very short baseline. For 
example, at 834 MHz, the wavelength of an AMPS reverse 
control channel transmission is about 1.18 feet. A time 
difference of 0.1 nanoSeconds is equivalent to a received 
phase difference of about 30 degrees. In this case, the TDOA 
measurement produces a hyperbola that is essentially a 
Straight line, Still passing through the location of the wireleSS 
transmitter, and in a direction that is rotated 30 degrees from 
the direction of the parallel lines formed by the two antennas 
on the very short baseline. When the results of this very short 
baseline TDOA at the single cell site are combined with a 
TDOA measurement on a baseline between two cell sites, 
the Wireless Location System can determine a location 
estimate using only two cell Sites. 

Bandwidth Monitoring Method For Improving 
Location Accuracy 

0308 AMPS cellular transmitters presently comprise the 
large majority of the wireless transmitters used in the U.S. 
and AMPS reverse Voice channel transmissions are gener 
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ally FM signals modulated by both voice and a Supervisory 
audio tone (SAT). The voice modulation is standard FM, and 
is directly proportional to the Speaking voice of the perSon 
using the wireleSS transmitter. In a typical conversation, each 
person speaks less that 35% of the time, which means that 
most of the time the reverse voice channel is not being 
modulated due to voice. With or without voice, the reverse 
channel is continuously modulated by SAT, which is used by 
the wireleSS communications System to monitor channel 
status. The SAT modulation rate is only about 6 KHZ. The 
Voice channels Support in-band messages that are used for 
hand-off control and for other reasons, Such as for estab 
lishing a 3-way call, for answering a Second incoming call 
while already on a first call, or for responding to an audit 
message from the wireleSS communications System. All of 
these messages, though carried on the Voice channel, have 
characteristics Similar to the control channel messages. 
These messages are transmitted infrequently, and location 
Systems have ignored these messages and focused on the 
more prevalent SAT transmissions as the Signal of interest. 
0309. In view of the above-described difficulties pre 
sented by the limited bandwidth of the FM voice and SAT 
reverse voice channel Signals, an object of the present 
invention is to provide an improved method by which 
reverse voice channel (RVC) signals may be utilized to 
locate a wireleSS transmitter, particularly in an emergency 
Situation. Another object of the invention is to provide a 
location method that allows the location System to avoid 
making location estimates using RVC signals in Situations in 
which it is likely that the measurement will not meet 
prescribed accuracy and reliability requirements. This Saves 
System resources and improves the location System's overall 
efficiency. The improved method is based upon two tech 
niques. FIG. 10A is a flowchart of a first method in 
accordance with the present invention for measuring loca 
tion using reverse Voice channel Signals. The method com 
prises the following Steps: 

0310 (i) It is first assumed that a user with a wireless 
transmitter wishes to be located, or wishes to have 
his location updated or improved upon. This may be 
the case, for example, if the wireleSS user has dialed 
"911" and is Seeking emergency assistance. It is 
therefore also assumed that the user is coherent and 
in communication with a centrally located dis 
patcher. 

0311 (ii) When the dispatcher desires a location 
update for a particular wireleSS transmitter, the dis 
patcher sends a location update command with the 
identity of the wireless transmitter to the Wireless 
Location System over an application interface. 

0312 (iii) The Wireless Location System responds 
to the dispatcher with a confirmation that the Wire 
leSS Location System has queried the wireleSS com 
munications System and has obtained the Voice chan 
nel assignment for the wireleSS transmitter. 

0313 (iv) The dispatcher instructs the wireless user 
to dial a 9 or more digit number and then the 
“SEND” button. This sequence may be something 
like “123456789' or “91191,1911. Two functions 
happen to the reverse voice channel when the wire 
leSS user dial a Sequence of at least 9 digits and then 
the “SEND” button. First, especially for an AMPS 
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cellular voice channel, the dialing of digits causes 
the sending of dual tone multi-frequency (DTMF) 
tones over the Voice channel. The modulation indeX 
of DTMF tones is very high and during the sending 
of each digit in the DTMF sequence will typically 
push the bandwidth of the transmitted signal beyond 
+/-10 KHZ. The second function occurs at the press 
ing of the “SEND” button. Whether or not the 
wireleSS user Subscribes to 3-way calling or other 
Special features, the wireless transmitter will Send a 
message over the Voice using a “blank and burst' 
mode where the transmitter briefly stops Sending the 
FM Voice and SAT, and instead sends a bursty 
message modulated in the same manner as the con 
trol channel (10 Kbits Manchester). If the wireless 
user dials less than 9 digits, the message will be 
comprised of approximately 544 bits. If the wireless 
user dials 9 or more digits, the message is comprised 
of approximately 987 bits. 

0314 (v) After notification by the dispatcher, the 
Wireless Location System monitors the bandwidth of 
the transmitted Signal in the Voice channel. AS dis 
cussed earlier, when only the SAT is being transmit 
ted, and even if voice and SAT are being transmitted, 
there may not be sufficient bandwidth in the trans 
mitted Signal to calculate a high quality location 
estimate. Therefore, the Wireless Location System 
conserves location processing resources and waits 
until the transmitted Signal exceeds a predetermined 
bandwidth. This may be, for example, set Some 
where in the range of 8 KHZ to 12 KHZ. When the 
DTMF dialed digits are sent or when the bursty 
message is sent, the bandwidth would typically 
exceed the predetermined bandwidth. In fact, if the 
wireless transmitter does transmit the DTMF tones 
during dialing, the bandwidth would be expected to 
exceed the predetermined bandwidth multiple times. 
This would provide multiple opportunities to per 
form a location estimate. If the DTMF tones are not 
Sent during dialing, the bursty message is still sent at 
the time of pressing “SEND”, and the bandwidth 
would typically exceed the predetermined threshold. 

0315 (vi) Only when the transmitted bandwidth of 
the Signal exceeds the predetermined bandwidth, the 
WireleSS Location System initiates location process 
ing. 

0316 FIG. 10B is a flowchart of another method in 
accordance with the present invention for measuring loca 
tion using reverse voice channel Signals. The method com 
prises the following Steps: 

0317 (i) It is first assumed that a user with a wireless 
transmitter wishes to be located, or wishes to have 
their location updated or improved upon. This may 
be the case, for example, if the wireleSS user has 
dialed "911" and is seeking emergency assistance. It 
is assumed that the user may not wish to dial digits 
or may not be able to dial any digits in accordance 
with the previous method. 

0318 (ii) When the dispatcher desires a location 
update for a particular wireless transmitter user, the 
dispatcher Sends a location update command to the 
WireleSS Location System over an application inter 
face with the identity of the wireless transmitter. 
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0319 (iii) The Wireless Location System responds 
to the dispatcher with a confirmation. 

0320 (iv) The Wireless Location System commands 
the wireleSS communications System to make the 
wireleSS transmitter transmit by Sending an “audit 
or Similar message to the wireless transmitter. The 
audit message is a mechanism by which the wireleSS 
communications System can obtain a response from 
the wireleSS transmitter without requiring an action 
by the end-user and without causing the wireleSS 
transmitter to ring or otherwise alert. The receipt of 
an audit message causes the wireless transmitter to 
respond with an “audit response' message on the 
Voice channel. 

0321 (v) After notification by the dispatcher, the 
Wireless Location System monitors the bandwidth of 
the transmitted Signal in the Voice channel. AS dis 
cussed earlier, when only the SAT is being transmit 
ted, and even if Voice and SAT are being transmitted, 
there may not be sufficient bandwidth in the trans 
mitted Signal to calculate a high quality location 
estimate. Therefore, the radio location conserves 
location processing resources and waits until the 
transmitted Signal exceeds a predetermined band 
width. This may be, for example, Set Somewhere in 
the range of 8 KHZ to 12 KHZ. When the audit 
response message is sent, the bandwidth would typi 
cally exceed the predetermined bandwidth. 

0322 (vi) Only when the transmitted bandwidth of 
the Signal exceeds the predetermined bandwidth, the 
WireleSS Location System initiates location process 
ing. 

Estimate Combination Method For Improving 
Location Accuracy 

0323 The accuracy of the location estimate provided by 
the Wireless Location System may be improved by com 
bining multiple Statistically-independent location estimates 
made while the wireleSS transmitter is maintaining its posi 
tion. Even when a wireleSS transmitter is perfectly Station 
ary, the physical and RF environment around a wireleSS 
transmitter is constantly changing. For example, vehicles 
may change their position or another wireleSS transmitter 
which had caused a collision during one location estimate 
may have Stopped transmitting or changed its position So as 
to no longer collide during Subsequent location estimates. 
The location estimate provided by the Wireless Location 
System will therefore change for each transmission, even if 
consecutive transmissions are made within a very short 
period of time, and each location estimate is Statistically 
independent of the other estimates, particularly with respect 
to the errors caused by the changing environment. 
0324 When several consecutive statistically independent 
location estimates are made for a wireleSS transmitter that 
has not changed its position, the location estimates will tend 
to cluster about the true position. The Wireless Location 
System combines the location estimates using a weighted 
average or other similar mathematical construct to determine 
the improved estimate. The use of a weighted average is 
aided by the assignment of a quality factor to each indepen 
dent location estimate. This quality factor may be based 
upon, for example, the correlation values, confidence inter 
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val, or other similar measurements derived from the location 
processing for each independent estimate. The WireleSS 
Location System optionally uses Several methods to obtain 
multiple independent transmissions from the wireleSS trans 
mitter, including (i) using its interface to the wireless com 
munications System for the Make Transmit command; (ii) 
using multiple consecutive bursts from a time slot based air 
interface protocol, such as TDMA or GSM; or (iii) dividing 
a voice channel transmission into multiple Segments over a 
period of time and performing location processing indepen 
dently for each segment. As the Wireless Location System 
increases the number of independent location estimates 
being combined into the final location estimate, it monitors 
a Statistic indicating the quality of the cluster. If the Statistic 
is below a prescribed threshold value, then the Wireless 
Location System assumes that the wireless transmitter is 
maintaining its position. If the Statistic rises above the 
prescribed threshold value, the Wireless Location System 
assume that the wireleSS transmitter is not maintaining its 
position and therefore ceases to perform additional location 
estimates. The Statistic indicating the quality of the cluster 
may be, for example, a Standard deviation calculation or a 
root mean square (RMS) calculation for the individual 
location estimates being combined together and with respect 
to the dynamically calculated combined location estimate. 
When reporting a location record to a requesting application, 
the WireleSS Location System indicates, using a field in the 
location record, the number of independent location estimate 
combined together to produce the reported location estimate. 
0325 Another exemplary process for obtaining and com 
bining multiple location estimates will now be explained 
with reference to FIGS. 11A-11D. FIGS. 11A, 11B and 11C 
Schematically depict the well-known “origination”, “page 
response,” and “audit' Sequences of a wireleSS communi 
cations system. As shown in FIG. 11A, the origination 
Sequence (initiated by the wireless phone to make a call) 
may require two transmissions from the wireleSS transmitter, 
an “originate” signal and an “order confirmation' signal. 
The order confirmation Signal is Sent in response to a voice 
channel assignment from the wireleSS communications Sys 
tem (e.g., MSC). Similarly, as shown in FIG. 11B, a page 
Sequence may involve two transmissions from the wireleSS 
transmitter. The page Sequence is initiated by the wireleSS 
communications System, e.g., when the wireleSS transmitter 
is called by another phone. After being paged, the wireleSS 
transmitter transmits a page response; and then, after being 
assigned a voice channel, the wireleSS transmitter transmits 
an order confirmation Signal. The audit process, in contrast, 
elicits a single reverse transmission, an audit response 
Signal. An audit and audit response Sequence has the benefit 
of not ringing the wireleSS transmitter which is responding. 
0326. The manner in which these sequences may be used 
to locate a phone with improved accuracy will now be 
explained. According to the present invention, for example, 
a stolen phone, or a phone with a stolen Serial number, is 
repeatedly pinged with an audit Signal, which forces it to 
respond with multiple audit responses, thus permitting the 
phone to be located with greater accuracy. To use the audit 
Sequence, however, the WireleSS Location System sends the 
appropriate commands using its interface to the wireleSS 
communications System, which sends the audit message to 
the wireless transmitter. The Wireless Location System can 
also force a call termination (hang up) and then call the 
wireless transmitter back using the standard ANI code. The 
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call can be terminated either by Verbally instructing the 
mobile user to disconnect the call, by disconnecting the call 
at the landline end of the call, or by Sending an artificial 
over-the-air disconnect message to the base Station. This 
over-the-air disconnect message Simulates the pressing of 
the "END” button on a mobile unit. The call-back invokes 
the above-described paging Sequence and forces the phone 
to initiate two transmissions that can be utilized to make 
location estimates. 

0327 Referring now to FIG. 11D, the inventive high 
accuracy location method will now be Summarized. First, an 
initial location estimate is made. Next, the above-described 
audit or “hang up and call back” process is employed to 
elicit a responsive transmission from the mobile unit, and 
then a second location estimate is made. Whether the audit 
or “hang up and call back” proceSS is used will depend on 
whether the wireleSS communications System and wireleSS 
transmitter have both implemented the audit functionality. 
Steps Second and third Steps are repeated to obtain however 
many independent location estimates are deemed to be 
necessary or desirable, and ultimately the multiple Statisti 
cally-independent location estimates are combined in an 
average, weighted average, or Similar mathematical con 
Struct to obtain an improved estimate. The use of a weighted 
average is aided by the assignment of a quality factor to each 
independent location estimate. This quality factor may be 
based upon a correlation percentage, confidence interval, or 
other Similar measurements derived from the location cal 
culation process. 

Bandwidth Synthesis Method For Improving 
Location Accuracy 

0328. The Wireless Location System is further capable of 
improving the accuracy of location estimates for wireleSS 
transmitters whose bandwidth is relatively narrow using a 
technique of artificial bandwidth Synthesis. This technique 
can applied, for example, to those transmitters that use the 
AMPS, NAMPS, TDMA, and GSM air interface protocols 
and for which there are a large number of individual RF 
channels available for use by the wireless transmitter. For 
exemplary purposes, the following description shall refer to 
AMPS-specific details; however, the description can be 
easily altered to apply to other protocols. This method relies 
on the principle that each wireleSS transmitter is operative to 
transmit only narrowband Signals at frequencies Spanning a 
predefined wide band of frequencies that is wider than the 
bandwidth of the individual narrowband signals transmitted 
by the wireless transmitter. This method also relies on the 
aforementioned interface between the Wireless Location 
System and the wireleSS communications System over which 
the WLS can command the wireleSS communications System 
to make a wireleSS transmitter handoff or Switch to another 
frequency or RF channel. By issuing a Series of commands, 
the Wireless Location System can force the wireless trans 
mitter to Switch Sequentially and in a controlled manner to 
a series of RF channels, allowing the WLS effectively to 
Synthesize a wider band received signal from the Series of 
narrowband transmitted Signals for the purpose of location 
processing. 
0329. In a presently preferred embodiment of the inven 
tion, the bandwidth Synthesis means includes means for 
determining a wideband phase verSuS frequency character 
istic of the transmissions from the wireless transmitter. For 
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example, the narrowband Signals typically have a bandwidth 
of approximately 20 KHZ and the predefined wide band of 
frequencies spans approximately 12.5 MHz, which in this 
example, is the spectrum allocated to each cellular carrier by 
the FCC. With bandwidth synthesis, the resolution of the 
TDOA measurements can be increased to about /12.5 MHz: 
i.e., the available time resolution is the reciprocal of the 
effective bandwidth. 

0330 A wireless transmitter, a calibration transmitter (if 
used), SCS’s 10A, 10B and 10C, and a TLP12 are shown 
in FIG. 12A. The location of the calibration transmitter and 
all three SCS’s are accurately known a priori. Signals, 
represented by dashed arrows in FIG. 12A, are transmitted 
by the wireleSS transmitter and calibration transmitter, and 
received at SCS’s 10A, 10B and 10C, and processed using 
techniques previously described. During the location pro 
cessing, RF data from one SCS (e.g. 10B) is cross-correlated 
(in the time or frequency domain) with the data stream from 
another SCS (e.g. 10C) separately for each transmitter and 
for each pair of SCS’s 10 to generate TDOA estimates 
TDOA, and TDOA. An intermediate output of the location 
processing is a Set of coefficients representing the complex 
cross-power as a function of frequency (e.g., R23). 

0331 For example, if X(f) is the Fourier transform of the 
signal x(t) received at a first site and Y(f) is the Fourier 
transform of the signal y(t) received at a second site, then the 
complex cross-power R(f)=X(f)Y*(f), where Y is the com 
plex conjugate of Y. The phase angle of R(f) at any fre 
quency f equals the phase of X(f) minus the phase of Y(f). 
The phase angle of R(f) may be called the fringe phase. In 
the absence of noise, interference, and other errors, the 
fringe phase is a perfectly linear function of frequency 
within a (contiguous) frequency band observed; and slope of 
the line is minus the interferometric group delay, or TDOA; 
the intercept of the line at the band center frequency, equal 
to the average value of the phase of R(f), is called “the” 
fringe phase of the observation when reference is being 
made to the whole band. Within a band, the fringe phase may 
be considered to be a function of frequency. 

0332 The coefficients obtained for the calibration trans 
mitter are combined with those obtained for the wireless 
transmitter and the combinations are analyzed to obtain 
calibrated TDOA measurements TDOA and TDOA, 
respectively. In the calibration process, the fringe phase of 
the calibration transmitter is Subtracted from the fringe 
phase of the wireleSS transmitter in order to cancel System 
atic errors that are common to both. Since each original 
fringe phase is itself the difference between the phases of 
signals received at two SCS’s 10, the calibration process is 
often called double-differencing and the calibrated result is 
said to be doubly-differenced. TDOA estimate Tij is a 
maximum-likelihood estimate of the time difference of 
arrival (TDOA), between sites i and j, of the signal trans 
mitted by the wireleSS transmitter, calibrated and also cor 
rected for multipath propagation effects on the Signals. 
TDOA estimates from different pairs of cell sites are com 
bined to derive the location estimate. It is well known that 
more accurate TDOA estimates can be obtained by observ 
ing a wider bandwidth. It is generally not possible to 
increase the “instantaneous' bandwidth of the Signal trans 
mitted by a wireleSS transmitter, but it is possible to com 
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mand a wireleSS transmitter to Switch from one frequency 
channel to another So that, in a short time, a wide bandwidth 
can be observed. 

0333. In a typical non-wireline cellular system, for 
example, channels 313-333 are control channels and the 
remaining 395 channels are voice channels. The center 
frequency of a wireleSS transmitter transmitting on Voice RF 
channel number 1 (RVC 1) is 826.030 MHz and the center 
to-center frequency spacing of Successive channels of 0.030 
MHz. The number of voice channels assigned to each cell of 
a typical Seven-cell frequency-reuse block is about 57 (i.e., 
395 divided by 7) and these channels are distributed 
throughout the 395-channel range, Spaced every 7 channels. 
Note then that each cell site used in an AMPS system has 
channels that span the entire 12.5 MHz band allocated by the 
FCC. If, for example, we designate cells of each frequency 
Set in a re-use pattern as cells “A” through “G”, the channel 
numbers assigned to the “A” cell(s) might be 1, 8, 15, 22, . 
. . , 309; the numbers of the channels assigned to the “B” 
cells are determined by adding 1 to the “A” channel num 
bers, and So on through G. 
0334. The method begins when the wireless transmitter 
has been assigned to a voice RF channel, and the Wireless 
Location System has triggered location processing for the 
transmissions from the wireleSS transmitter. AS part of the 
location processing, the TDOA estimates TDOA and 
TDOA combined may have, for example, a standard devia 
tion error of 0.5 microsecond. The method combining mea 
surements from different RF channels exploits the relation 
between TDOA, fringe phase, and radio frequency. Denote 
the “true' value of the group delay or TDOA, i.e., the value 
that would be observed in the absence of noise, multipath, 
and any instrumental error, by T., Similarly, denote the true 
value of fringe phase by p, and denote the radio frequency 
by f. The fringe phase p is related to t and f by: 

0335 where p is measured in cycles, f in Hz and T in 
Seconds, and n is an integer representing the intrinsic 
integer-cycle ambiguity of a doubly-differenced phase mea 
Surement. The value of n is unknown a priori but is the same 
for observations at contiguous frequencies, i.e., within any 
one frequency channel. The value of n is generally different 
for observations at Separated frequencies. X can be esti 
mated from observations in a Single frequency channel is, in 
effect, by fitting a Straight line to the fringe phase observed 
as a function of frequency within the channel. The Slope of 
the best-fitting line equals minus the desired estimate of T. 
In the Single-channel case, n is constant and So Eq. 1 can be 
differentiated to obtain: 

depfdf--T (Eq. 2). 

0336 Independent estimates of t are obtainable by 
Straight-line fitting to the observations of p VS. f Separately 
for each channel, but when two separate (non-contiguous) 
frequency channels are observed, a Single Straight line will 
not generally fit the observations of p vs. f from both 
channels because, in general, the integer n has different 
values for the two channels. However, under certain condi 
tions, it is possible to determine and remove the difference 
between these two integer values and then to fit a single 
Straight line to the entire Set of phase data Spanning both 
channels. The slope of this straight line will be much better 
determined because it is based on a wider range of frequen 
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cies. Under certain conditions, the uncertainty of the Slope 
estimate is inversely proportional to the frequency span. 
0337. In this example, suppose that the wireless trans 
mitter has been assigned to voice RF channel 1. The radio 
frequency difference between channels 1 and 416 is So great 
that initially the difference between the integers n and in 
corresponding to these channels cannot be determined. 
However, from the observations in either or both channels 
taken Separately, an initial TDOA estimate to can be derived. 
Now the Wireless Location System commands the wireless 
communications System to make the WireleSS transmitter to 
Switch from channel 1 to channel 8. The wireless transmit 
ter's Signal is received in channel 8 and processed to update 
or refine the estimate to. From to the “theoretical' fringe 
phase (po as a function of frequency can be computed, equal 
to (-ft). The difference between the actually observed 
phase (p and the theoretical function (po can be computed, 
where the actually observed phase equals the true phase 
within a very Small fraction, typically /Soth, of a cycle: 

(p-po--ft-to)+n, or ns, depending on the channel (Eq. 3) 

0338 or 
Aqb=-Aft-in or ns, depending on the channel (Eq. 4) 

0339 where Acp=p-po and At-To. Equation (4) is graphed 
in FIG. 12B, depicting the difference, Ap, between the 
observed fringe phase (p and the value (po computed from the 
initial TDOA estimate to, versus frequency f for channels 1 
and 8. 

0340 For the 20 KHZ-wide band of frequencies corre 
sponding to channel 1, a graph of Aqp VS. f is typically a 
horizontal straight line. For the 20 KHZ-wide band of 
frequencies corresponding to channel 8, the graph of Ap VS. 
f is also horizontal Straight line. The slopes of these line 
Segments are generally nearly Zero because the quantity 
(fAT) usually does not vary by a significant fraction of a 
cycle within 20 KHZ, because At is minus the error of the 
estimate to. The magnitude of this error typically will not 
exceed 1.5 microSeconds (3 times the Standard deviation of 
0.5 microSeconds in this example), and the product of 1.5 
microseconds and 20 KHZ is under 4% of a cycle. In FIG. 
12B, the graph of Aq) for channel 1 is displaced vertically 
from the graph of Aq) for channel 8 by a relatively large 
amount because the difference between n and ns can be 
arbitrarily large. This vertical displacement, or difference 
between the average values of Aq) for channels 1 and 8, will 
(with extremely high probability) be within +0.3 cycle of the 
true value of the difference, n and ns, because the product 
of the maximum likely magnitude of AT (1.5 microSeconds) 
and the spacing of channels 1 and 8 (210 KHZ) is 0.315 
cycle. In other words, the difference n- n is equal to the 
difference between the average values of Ap for channels 1 
and 8, rounded to the nearest integer. After the integer 
difference n- n is determined by this rounding procedure, 
the integer Acp is added for channel 8 or subtracted from Ap 
for channel 1. The difference between the average values of 
Aqp for channels 1 and 8 is generally equal to the error in the 
initial TDOA estimate, to times 210 KHZ. The difference 
between the average values of Aq) for channels 1 and 8 is 
divided by 210 KHZ and the result is added to Tp to obtain 
an estimate of T, the true value of the TDOA; this new 
estimate can be significantly more accurate than to 
0341 This frequency-stepping and TDOA-refining 
method can be extended to more widely Spaced channels to 
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obtain yet more accurate results. If t is used to represent the 
refined result obtained from channels 1 and 8, to can be 
replaced by T in the just-described method; and the Wireless 
Location System can command the wireleSS communica 
tions System to make the wireleSS transmitter Switch, e.g., 
from channel 8 to channel 36; then t can be used to 
determine the integer difference ins- no and a TDOA esti 
mate can be obtained based on the 1.05 MHz frequency span 
between channels 1 and 36. The estimated can be labeled T; 
and the wireless transmitter Switched, e.g., from channel 36 
to 112, and So on. In principle, the full range of frequencies 
allocated to the cellular carrier can be spanned. The channel 
numbers (1, 8, 36,112) used in this example are, of course, 
arbitrary. The general principle is that an estimate of the 
TDOA based on a Small frequency span (starting with a 
Single channel) is used to resolve the integer ambiguity of 
the fringe phase difference between more widely separated 
frequencies. The latter frequency Separation should not be 
too large; it is limited by the uncertainty of the prior estimate 
of TDOA. In general, the worst-case error in the prior 
estimate multiplied by the frequency difference may not 
exceed 0.5 cycle. 
0342. If the very smallest (e.g., 210 KHZ) frequency gap 
between the most closely spaced channels allocated to a 
particular cell cannot be bridged because the worst-case 
uncertainty of the Single-channel TDOA estimate exceeds 
2.38 microseconds (equal to 0.5 cycle divided by 0.210 
MHz), the Wireless Location System commands the wire 
leSS communications System to force the wireleSS transmitter 
hand-off from one cell site to another (e.g. from one fre 
quency group to another), Such that the frequency Step is 
Smaller. There is a possibility of misidentifying the integer 
difference between the phase differences (Aqp's) for two 
channels, e.g., because the wireleSS transmitter moved dur 
ing the handoff from one channel to the other. Therefore, as 
a check, the WireleSS Location System may reverse each 
handoff (e.g., after Switching from channel 1 to channel 8, 
switch from channel 8 back to channel 1) and confirm that 
the integer-cycle difference determined has precisely the 
Same magnitude and the opposite Sign as for the "forward” 
hand-off. A significantly nonzero Velocity estimate from the 
Single-channel FDOA observations can be used to extrapo 
late acroSS the time interval involved in a channel change. 
Ordinarily this time interval can be held to a small fraction 
of 1 second. The FDOA estimation error multiplied by the 
time interval between channels must be Small in comparison 
with 0.5 cycle. The Wireless Location System preferably 
employs a variety of redundancies and checks against inte 
ger-misidentification. 

Directed Retry for 911 
0343 Another inventive aspect of the Wireless Location 
System relates to a “directed retry” method for use in 
connection with a dual-mode wireleSS communications SyS 
tem Supporting at least a first modulation method and a 
Second modulation method. In Such a Situation, the first and 
Second modulation methods are assumed to be used on 
different RF channels (i.e. channels for the wireless com 
munications system supporting a WLS and the PCS system, 
respectively). It is also assumed that the wireless transmitter 
to be located is capable of Supporting both modulation 
methods, i.e. is capable of dialing "911" on the wireless 
communications System having WireleSS Location System 
Support. 
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0344) For example, the directed retry method could be 
used in a System in which there are an insufficient number 
of base Stations to Support a WireleSS Location System, but 
which is operating in a region Served by a WireleSS Location 
System associated with another wireleSS communications 
system. The “first wireless communications system could 
be a cellular telephone system and the “second” wireless 
communications System could be a PCS System operating 
within the same territory as the first System. According to the 
invention, when the mobile transmitter is currently using the 
Second (PCS) modulation method and attempts to originate 
a call to 911, the mobile transmitter is caused to Switch 
automatically to the first modulation method, and then to 
originate the call to 911 using the first modulation method on 
one of the set of RF channels prescribed for use by the first 
wireleSS communications System. In this manner, location 
services can be provided to customers of a PCS or like 
system that does is not served by its own Wireless Location 
System. 

Conclusion 

0345 The true scope the present invention is not limited 
to the presently preferred embodiments disclosed herein. For 
example, the foregoing disclosure of a presently preferred 
embodiment of a WireleSS Location System uses explana 
tory terms, such as Signal Collection System (SCS), TDOA 
Location Processor (TLP), Applications Processor (AP), and 
the like, which should not be construed so as to limit the 
Scope of protection of the following claims, or to otherwise 
imply that the inventive aspects of the Wireless Location 
System are limited to the particular methods and apparatus 
disclosed. Moreover, as will be understood by those skilled 
in the art, many of the inventive aspects disclosed herein 
may be applied in location Systems that are not based on 
TDOA techniques. For example, the processes by which the 
WireleSS Location System uses the Tasking List, etc. can be 
applied to non-TDOA systems. In such non-TDOA systems, 
the TLP's described above would not be required to perform 
TDOA calculations. Similarly, the invention is not limited to 
Systems employing SCS’s constructed as described above, 
nor to Systems employing APS meeting all of the particulars 
described above. The SCS’s, TLP's and AP's are, in essence, 
programmable data collection and processing devices that 
could take a variety of forms without departing from the 
inventive concepts disclosed herein. Given the rapidly 
declining cost of digital Signal processing and other pro 
cessing functions, it is easily possible, for example, to 
transfer the processing for a particular function from one of 
the functional elements (such as the TLP) described herein 
to another functional element (such as the SCS or AP) 
without changing the inventive operation of the System. In 
many cases, the place of implementation (i.e. the functional 
element) described herein is merely a designer's preference 
and not a hard requirement. Accordingly, except as they may 
be expressly So limited, the Scope of protection of the 
following claims is not intended to be limited to the Specific 
embodiments described above. 

What is claimed is: 
1. An external calibration method for a TDOA wireless 

location System (WLS), comprising the steps of transmit 
ting a reference Signal, receiving the reference Signal at first 
and Second receivers, determining an error value, and using 
the error value to correct Subsequent TDOA measurements. 
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2. A method as recited in claim 1, further comprising 
transmitting a Second reference Signal, receiving the Second 
reference Signal, determining a Second error value, and 
combining the first and Second reference Signals for use in 
making corrections to Subsequent TDOA measurements. 

3. A method as recited in claim 3, wherein the first and 
Second error values are combined in a weighted average. 

4. A method as recited in claim 3, wherein the error values 
are combined using a time Series weighted averaging 
method. 

5. A method as recited in claim 4, wherein the time Series 
weighted average comprises a Kalman filter. 

6. A method as recited in claim 1, wherein the System 
monitors a rate of change of the error value and changes a 
rate of the calibration. 

7. A method as recited in claim 6, wherein the rate of 
calibration is changed by automatically paging reference 
transmitters. 

8. A method as recited in claim 1, wherein the first and 
Second receiver Systems have wideband receivers, and the 
first and Second reference Signals are narrowband at different 
carriers. 

9. A method as recited in claim 1, wherein the error values 
are Stored for each baseline. 

10. A method as recited in claim 1, wherein the error 
values are weighted by a quality factor prior to correcting 
Subsequent TDOA measurements. 

11. A method as recited in claim 10, wherein the quality 
factor is based on an output of a croSS correlation function 
of reference Signals received by first and Second receivers. 

12. A method as recited in claim 10, wherein the error 
values are used only if the quality factor exceeds a pre 
scribed threshold value. 

13. An internal calibration method for a receiver system 
characterized by a time- and frequency-Varying transfer 
function, wherein the receiver System is used in a wireleSS 
location System, comprising the Steps of injecting a stable, 
known wideband Signal into the receiver System; using the 
wideband Signal to estimate the transfer function acroSS a 
prescribed bandwidth of the receiver System; and using the 
estimate to mitigate the variation of the transfer function on 
Subsequent time measurements. 

14. A method as recited in claim 13, wherein the internally 
generated wideband Signal is a comb Signal. 

15. A method as recited in claim 14, wherein the comb 
Signal is characterized by multiple discrete frequencies and 
consistent amplitude and spacing between the discrete fre 
quencies. 

16. A method as recited in claim 13, wherein the estimate 
of the transfer function is weighted by a quality factor prior 
to mitigation of the effects of the transfer function. 

17. A method as recited in claim 16, wherein the estimate 
of the transfer function is used only if the quality factor 
exceeds a predetermined threshold value. 

18. A method as recited in claim 17, wherein the quality 
factor is based on a croSS correlation function before and 
after the transfer function. 

19. A method as recited in claim 13, wherein an antenna 
of the receiver system is first isolated from the receiver prior 
to injection of the known wideband Signal. 

20. A method as recited in claim 19, wherein an elec 
tronically controlled RF relay is used for isolation. 
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21. A method as recited in claim 20, wherein the known 
wideband Signal is routed to the receiver System using the 
electronic RF relay. 

22. An external calibration method for use with a wireless 
location System having first and Second receivers, wherein 
the location System estimates Velocity using frequency dif 
ference of arrival (FDOA), comprising: transmitting a first 
reference Signal, receiving the reference at the first and 
Second receivers, determining an error value, and utilizing 
the error value to correct Subsequent FDOA measurements. 

23. An external calibration method for use with a wireless 
location System including a receiver System characterized by 
a time- and frequency-Varying transfer function, comprising 
the Steps of transmitting a stable, known wideband calibra 
tion signal from an external transmitter, using the wideband 
calibration signal to estimate the transfer function acroSS a 
prescribed bandwidth; and using the estimate to mitigate 
effects of variation of the transfer function on Subsequent 
time measurements. 

24. A method as recited in claim 23, wherein the external 
transmission is of short duration and low power So as not to 
cause interference to a wireleSS System hosting the location 
System. 

25. A method as recited in claim 23, wherein the receiver 
System is Synchronized with the external transmitter So that 
the receiver System is programmed to receive and process 
the entire wideband of the calibration signal only at the time 
that the calibration signal is being Sent. 

26. A method as recited in claim 25, wherein the receiver 
System will not perform calibration processing at any other 
time except when in Synchronization with the external 
calibration transmissions. 

27. A method as recited in claim 25, wherein the receiver 
System and external calibration transmitter are Synchronized 
using GPS timing units. 

28. A method as recited in claim 27, wherein a wireless 
communications link is used between the receiver System 
and the external calibration transmitter to exchange com 
mands and responses. 

29. A method as recited in claim 23, wherein the external 
transmitter uses a directional antenna to direct the wideband 
Signal only at antennae of the receiver System. 

30. A method as recited in claim 29, wherein the direc 
tional antenna is a Yagi antenna. 

31. A method as recited in claim 29, wherein the method 
includes making the external transmission only when the 
directional antenna is aimed at the receiver System antennae 
and the risk of multipath reflections is reduced. 

32. A method as recited in claim 23, wherein the transfer 
function includes antennae, filters, amplifiers, and cabling 
asSociated with the receiver System. 

33. An external Synchronization System for a receiver 
System used in a wireless location System (WLS), compris 
ing a GPS receiver, an oven controlled crystal oscillator, and 
a phase-locked loop that generates various Signals required 
for use within the receiver System, each Signal being Syn 
chronized in time and frequency to a Signal output by the 
GPS receiver, and each generated Signal having a low phase 
noise. 

34. A System as recited in claim 33, wherein the generated 
Signals are characterized by phase noise that is less than 0.7 
degrees RMS. 

35. A system as recited in claim 33, wherein the phase 
locked loop is designed for low phase noise. 
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36. A system as recited in claim 33, wherein the GPS 
receiver comprises a receiver capable of receiving time 
signals from GPS satellites and additional circuitry and 
processing capability that removes the time varying effect of 
a selective availability function in the GPS satellites. 

37. A method for calibrating and correcting for station 
biases in a receiver System employed in a wireless location 
System (WLS), the receiver System comprising an antennae 
array, cabling, a filter, preamplifier, and a wideband receiver, 
and a station bias defined as the finite delay between when 
an RF signal from a mobile transmitter reaches the antennae 
and when that same Signal reaches the wideband receiver, 
comprising the Steps of measuring the length of cable from 
the antennae to the filter and determining the corresponding 
delay associated with the cable length; injecting a known 
Signal into the filter and measuring the delay from the filter 
input to the wideband receiver, combining the delayS and 
using the combined delays to correct Subsequent location 
measurementS. 

38. A method as recited in claim 37, wherein, when used 
with a GPS based calibration scheme, the method further 
comprises correcting for GPS cable lengths. 

39. A method as recited in claim 37, wherein an externally 
generated reference Signal is used to monitor changes in 
Station bias that may arise due to aging and weather. 

40. A method as recited in claim 37, wherein the station 
bias for each receiver system in the WLS is stored in tabular 
form for use in Subsequent location processing. 

41. An external calibration method for calibrating a loca 
tion System having a first receiver System and a Second 
receiver System, wherein the location System is operative to 
estimate the location of a mobile transmitter by, in part, 
determining a difference in time of arrival of a signal 
transmitted by said mobile transmitter and received by said 
first and Second receiver Systems, and wherein the accuracy 
of the location estimate is dependent, in part, upon the 
accuracy of time difference of arrival (TDOA) measure 
ments made by the location System, the method comprising 
the Steps of: 

(A) transmitting a first reference signal from a reference 
transmitter; 

(B) receiving said first reference signal at Said first and 
Second receiver Systems, 

(C) determining a first error value by comparing a mea 
Sured TDOA value with a theoretical TDOA value 
asSociated with the known locations of the receiver 
Systems and the known location of the reference trans 
mitter; and 

(D) utilizing said first error value to correct Subsequent 
TDOA measurements associated with a mobile trans 
mitter to be located. 

42. A method as recited in claim 41, further comprising 
the Steps of transmitting a Second reference Signal from a 
Second reference transmitter, receiving Said Second refer 
ence Signal at Said first and Second receiver Systems, deter 
mining a Second error value by comparing a Second mea 
Sured TDOA value with a second theoretical TDOA value 
asSociated with the known locations of the receiver Systems 
and the known location of the Second reference transmitter; 
and utilizing Said Second error value in combination with 
said first error value to correct Subsequent TDOA measure 
ments associated with Said mobile transmitter to be located. 
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43. A method as recited in claim 42, wherein said first and 
Second error values are combined in a weighted average. 

44. A method as recited in claim 42, wherein said first and 
Second receiver Systems include wideband receivers and 
Said first and Second reference Signals are narrowband 
Signals with different carrier frequencies. 

45. A method as recited in claim 41, wherein the error 
values arc Stored in tabular form for each baseline in the 
location System. 

46. A method as recited in claim 42, wherein the error 
values are stored in tabular form for each baseline in the 
location System. 

47. A method as recited in claim 43, wherein the error 
values are combined in a time Series weighted averaging 
method prior to being used to correct subsequent TDOA 
measurements associated with a mobile transmitter to be 
located. 

48. A method as recited in claim 47, wherein the time 
Series weighted averaging method is based on a Kalman 
filter. 

49. A method as recited in claim 41, wherein the error 
values are weighted by a quality factor prior to being used 
to correct Subsequent TDOA measurements associated with 
a mobile transmitter to be located. 

50. A method as recited in claim 42, wherein the error 
values are weighted by a quality factor prior to being used 
to correct Subsequent TDOA measurements associated with 
a mobile transmitter to be located. 

51. A method as recited in claim 49, wherein the quality 
factor is based upon the output of a cross-correlation func 
tion of a reference Signal received by the first and Second 
receivers. 

52. A method as recited in claim 49, wherein the error 
values are used by the location System only if the quality 
factor exceeds a prescribed threshold value. 

53. A method as recited in claim 47, wherein the location 
System monitors the rate of change of the error values and 
changes the rate of calibration, or time interval between 
calibrations, to exceed the rate of change of the error values. 

54. A method as recited in claim 53, wherein the rate of 
calibration is controlled by automatically paging the refer 
ence transmitters. 

55. An internal calibration method for calibrating a first 
receiver System, wherein Said first receiver System is char 
acterized by a time- and frequency-Varying transfer func 
tion, Said transfer function defining how the amplitude and 
phase of a received signal will be altered by Said first 
receiver System, and wherein the first receiver System is 
utilized in a location System that is operative to determine 
the location of a mobile transmitter by, in part, determining 
a difference in time of arrival of a Signal transmitted by a 
mobile transmitter and received by Said first receiver System 
and another receiver System, and wherein the accuracy of the 
location determination is dependent, in part, upon the accu 
racy of time measurements made by Said receiver Systems, 
the method comprising the Steps of 

(A) injecting an internally generated Stable, known wide 
band Signal into Said first receiver System; 

(B) utilizing the generated wideband Signal to obtain an 
estimate of the manner in which said transfer function 
varies across the bandwidth of said first receiver sys 
tem; and 
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(C) utilizing said estimate to mitigate the effects of said 
variation of the first transfer function on the time 
measurements made by the first receiver System. 

56. A method as recited in claim 55, wherein the internally 
generated Stable, known wideband Signal is a comb Signal 
having multiple discrete frequency elements of consistent 
amplitude and Spacing. 

57. A method as recited in claim 55, wherein the estimate 
of the manner in which the transfer function varies acroSS the 
bandwidth of the first receiver system is weighted by a 
quality factor prior to being used to mitigate the effects of 
the transfer function. 

58. A method as recited in claim 57, wherein the estimate 
of the transfer function is used by the location System to 
mitigate the effect of the transfer function only if the quality 
factor exceeds a prescribed threshold value. 

59. A method as recited in claim 57, wherein the quality 
factor is based upon the output of a cross-correlation func 
tion of the internally generated Stable, known wideband 
Signal and the same Signal after it has passed through the 
transfer function. 

60. A method as recited in claim 55, wherein the antenna 
is first isolated from the receiver System prior to the injection 
of the internally generated Stable, known wideband Signal. 

61. A method as recited in claim 60, wherein an elec 
tronically controlled RF relay is used to automatically 
isolate the antenna from the receiver System. 

62. A method as recited in claim 55, wherein the internally 
generated Stable, known wideband Signal is routed to the 
receiver System using an electronically controlled RF relay. 
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63. An external calibration method for calibrating a loca 
tion System having a first receiver System and a Second 
receiver System, wherein the location System is operative to 
estimate the location and Velocity of a mobile transmitter by, 
in part, determining a difference in frequency of arrival of a 
Signal transmitted by Said mobile transmitter and received 
by Said first and Second receiver Systems, and wherein the 
accuracy of the location and Velocity estimate is dependent, 
in part, upon the accuracy of frequency difference of arrival 
(FDOA) measurements made by the location system, the 
method comprising the Steps of 

(A) transmitting a first reference signal from a reference 
transmitter; 

(B) receiving said first reference signal at Said first and 
Second receiver Systems, 

(C) determining a first error value by comparing a mea 
Sured FDOA value with a theoretical FDOA value 
asSociated with the known locations of the receiver 
Systems and the known location of the reference trans 
mitter; and 

(D) utilizing said first error value to correct Subsequent 
FDOA measurements associated with a mobile trans 
mitter to be located. 


