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PORTABLE HYBRID LOCATION 
DETERMINATION SYSTEM 

This patent application is a continuation of the patent 
application entitled “Portable Hybrid Location Determina 
tion System”, US. Ser. No. 08/191,984, ?led on Feb. 4, 
1994, abandoned, and assigned to the assignee of this patent 
application. 

FIELD OF THE INVENTION 

This invention relates to use of tWo or more location 

determination systems, Where one of these systems may use 
radio carrier or subcarrier Waves, to determine the location 
of a mobile user of the systems. 

BACKGROUND OF THE INVENTION 

In recent years, several individual location determination 
systems have been proposed and applied to provide esti 
mates of varying accuracy for location of an object in special 
circumstances. For an object located outdoors and aWay 
from obstructions such as groups of buildings, a satellite 
based LD system such as the Global Positioning System 
(GPS) or the Global Orbiting Navigation Satellite System 
(GLONASS) or other similar system can be used to provide 
location estimates With associated inaccuracies as loW as ten 
meters or less. A ground-based system, such as Loran, 
Omega, Tacan, Decca, JTIDS Relnav or PLRS, can provide 
location estimates With associated inaccuracies as loW as 60 
meters or less in the same situations, using triangulation 
based on intersections of hyperbolic surfaces. These systems 
provide object location estimates over regions With diam 
eters of hundreds of kilometers (km) but do not Work Well 
Where some of the signal sources are obscured by structures 
outdoors, or When the object to be located is positioned 
indoors. 
Some cellular telephone-based systems also provide esti 

mates of location, using comparison of signal strengths from 
three or more sources. FM subcarrier signals can be used 
over smaller regions to estimate the location of an object 
inside or outside a building or other structure, even Where 
the signal sources have no line-of-sight to the object. Use of 
cellular-based systems and FM subcarrier systems for loca 
tion determination tends to be limited to smaller regions,. 
With diameters of the order of 20—50 km. 
FM subcarrier signals and AM carrier signals have been 

used for some types of radio Wave communications. In US. 
Pat. No. 3,889,264, Fletcher discloses a vehicle location 
system in Which the unsynchroniZed AM carrier signals 
from three or more AM radio stations form hyperbolic 
isophase grid lines that are used to determine location of a 
vehicle. The vehicle must be equipped With a three-channel, 
tunable receiver, and its location must be referenced to an 
initial knoWn location by counting the number of isophase 
lines crossed after the vehicle leaves the initial location. 
Isophase drift is compensated for by subtraction from the 
count. 

Dalabakis et al, in US. Pat. No. 4,054,880, disclose a 
radio navigation and vehicle location system employing 
three loW frequency subcarrier signals received from three 
radio stations at a three-channel, tunable receiver located on 
the vehicle. Isophase lines crossed are counted after the 
vehicle leaves an initial knoWn location. This system, like 
the Fletcher system, is a delta-position system that deter 
mines vehicle location only relative to an initially knoWn 
location. 
US. Pat. No. 4,646,290, issued to Hills, discloses use of 
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2 
(SCA) FM subcarrier signals for one Way transmission. This 
patent discloses transmission of a plurality of messages, 
Which may be delivered to the transmitter at a Wide range of 
bit rates, to be transmitted at a single bit rate that is at least 
as large as the highest bit rate for message delivery. This 
method alloWs for doWnstream insertion of additional data. 
An integrated radio location and communication system 

for a mobile station is disclosed by MartineZ in US. Pat. No. 
4,651,156. Each mobile station carries a transceiver that 
issues radio signals that are received by tWo or more signal 
transceiver reference sites having ?xed, knoWn locations. 
The transceivers at the mobile station and the reference 
stations are continuously phase locked to the RF carrier 
signal from a nearby commercial radio station. The radio 
station and the mobile station each transmit a brief, distin 
guishable range tone at a knoWn sequence of times, and the 
range tone from each station is received by each reference 
station. From an analysis of the differences in arrival times 
of the range tones received from the radio station and from 
the mobile station, the reference stations determine the 
tWo-dimensional location of the mobile station. The mobile 
station uses the beat signal betWeen tWo RF subcarrier 
frequencies to generate its range tone signal and to distin 
guish that mobile station transmissions from the transmis 
sions of any other mobile station. 
Young et al, in US. Pat. No. 4,660,193, disclose use of 

tWo SCA FM subcarrier signals, the ?rst being amplitude 
modulated and the second being phase modulated, to pro 
vide a digital data transmission system. A subcarrier signal 
Within this system may also be modulated to carry audio 
signals. 
A multichannel FM subcarrier broadcast system that 

provides a sequence of relatively closely spaced channels, 
using independent sidebands of suppressed carriers, is dis 
closed by Karr et al in US. Pat. No. 4,782,531. The sideband 
signals are generated in pairs and are phase shifted before 
transmission. Upon receipt of the transmitted signals, the 
process is reversed. An earlier patent, US. Pat. No. 3,518, 
376, issued to Caymen and Walker, discloses a similar 
approach Without use of signal phase shifting of pairs of 
sideband signals. 

In US. Pat. No. 4,799,062, Sanderford et al disclose a 
radio location method that uses a central processing station, 
a plurality of signal repeater base stations With ?xed, knoWn 
locations, and a mobile station With a knoWn location at any 
time. The central station transmits a master grid synchroni 
Zation pulse, Which serves as a time reference, to the other 
stations at a selected sequence of times. A roving station 
With unknoWn location transmits a pulse that is received by 
three or more base stations and is retransmitted to the central 
station. The central station determines the location of the 
roving station using the differences in time of arrival at each 
base station of the pulse transmitted by the roving station. 
The mobile station (With knoWn location) also transmits a 
pulse from time to time, and its knoWn location is compared 
With its computed location by the central station to deter 
mine any multipath compensation required to reconcile the 
knoWn and computed locations of the mobile station. The 
multipath compensation for a mobile station adjacent to the 
roving station is applied to correct the computed location of 
the roving station. 
Ma, in US. Pat. No. 4,816,769, discloses receipt of SCA 

FM subcarrier signals for digital data paging at a radio 
receiver. The system measures signal-to-noise ratio of an 
output amplitude of a Costas loop, used to phase lock to the 
FM subcarrier frequency, to determine if the signal is 
suf?ciently strong to be processed. 
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A system for detection of radio Wave propagation time, 
disclosed by Ichiyoshi in US. Pat. No. 4,914,735, uses 
detection of phase differences for transmission of the signal 
over M (22) different knoWn signal paths to a target 
receiver. The transmitted signal includes a subcarrier signal, 
having a frequency that is higher than the transmitter clock 
frequency, modulated With a knoWn modulation signal. The 
receiver has M demodulators for the signals received by the 
M different paths and has a phase comparator to compare the 
computed phases for each of these received signals. The 
phase differences are proportional to the signal path length 
differences, if compensation for transmission line distortions 
is included. 

US. Pat. No. 5,023,934, issued to Wheeless, discloses a 
system for communication of graphic data using radio 
subcarrier frequencies. The data are broadcast on a subcar 
rier channel and received by a radio receiver that is con 
nected to a computer. The computer receives the subcarrier 
signals, displays the graphic data on a computer screen, and 
performs other functions, such as transmission error check 
ing and modi?cation of the displayed graphic data. The 
system is intended for Weather data communication and 
display. 

Westfall, in US. Pat. No. 5,073,784, discloses a system 
for location of a transmitter (“unknown”) at large distances, 
using a large netWork of pairs of spaced apart radio Wave 
receivers Whose locations are knoWn and Whose relative 
phases are synchroniZed. A signal, broadcast by the 
unknoWn transmitter at less than HF frequencies, is received 
at different time and space points by pairs of receivers. 
Simple geometrical computations alloW determination of the 
location of the unknoWn transmitter by comparing times of 
arrival of the transmitted signal. 
US. Pat. No. 5,170,487, issued to Peek, discloses use of 

FM sub-carrier signals for a pager system for mobile users. 
Aplurality of transmitters are used, each of Which transmits 
an FM subcarrier signal or a carrier signal modulated With 
a chosen message signal, slightly offset in time. Each 
page-receiving unit is assigned a time slot, during Which the 
receiving unit dials through the set of frequencies corre 
sponding to the FM subcarrier and modulated-carrier signals 
to determine if a page message has been sent for that mobile 
user. 

A system that alloWs determination of an absolute loca 
tion of a vehicle is disclosed by Kelley et al in US. Pat. No. 
5,173,710. FM subcarrier signals are received from three 
radio stations With knoWn locations but unknoWn relative 
phases by signal processors at the vehicle and at a ?xed 
station With knoWn location relative to the three radio 
stations. The ?xed station processor determines the relative 
phases of the three radio stations FM subcarrier signals and 
broadcasts this relative phase information to the vehicle. The 
vehicle processor receives this relative phase data and 
determines its absolute location, using the phases of the FM 
signals it senses at its oWn location. 

Chon, in US. Pat. No. 5,193,213, discloses an FM 
broadcast band system for receipt of relatively high fre 
quency FM subcarrier signals. A tunable high pass receiver 
?rst circuit receives the carrier and a tunable loW pass 
second circuit receives the subcarrier signal. Each signal can 
then be separately processed. 
A navigation and tracking system using differential 

LORAN-C or differential Decca signalling is disclosed by 
Duffett-Smith in Us. Pat. No. 5,045,861. Areference station 
transmits a reference signal to a mobile station and to three 
or more local LORAN-C or Decca (?xed) stations having 
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4 
knoWn locations relative to the reference station. The ?xed 
stations retransmit the reference signal to the mobile station, 
Where the phase received signal differences are compared to 
determine the location of the mobile station. 
Most of these systems use a single communication 

system, rather than integrating tWo or more communication 
systems to provide location or navigation information for a 
mobile user.The systems that use FM signals are limited to 
a region With a diameter of about 50 km or less. Any LD 
system that uses a plurality of radio carrier or subcarrier 
signals to determine location of a user must, at some point, 
determine the relative phases of these signals in order to 
estimate, by triangulation or related techniques, the user 
location. If the apparatus that determines these relative 
phases is ?xed in location, this limits the ?exibility and the. 
siZe of the region over Which the LD system can be 
deployed. What is needed is apparatus: (1) that permits 
accurate estimation of the location of an object Wherever the 
object is located on or near the Earth’s surface and over 
regions of diameter hundreds or even thousands of km in 
diameter; (2) that is mobile or portable; (3) that can Work 
indoors or outdoors; (4) that can provide estimates of 
location With inaccuracies no greater than ten meters, and 
more preferably no greater than one meter; and (5) that can 
determine the relative phases of radioWave carrier or sub 
carrier signals used as part of a hybrid LD system to 
determine the location of a mobile user. Preferably, the 
system should alloW a choice betWeen location information 
provided by tWo or more location determination systems, 
based on a comparison of one or more parameters that 
measure signal robustness and/or signal quality and/or sys 
tem location for the signals received and analyZed by each 
communication system. Preferably, in one mode of opera 
tion the system should alloW determination of location using 
three ?xed signal sources and a mobile phase detection 
source. 

SUMMARY OF THE INVENTION 

These needs are met by the invention, Which provides an 
integrated, mobile or portable system for location determi 
nation that combines bene?cial features of tWo or more LD 
systems. The invention is method and apparatus for deter 
mining the location of an object or user, or of a signal 
antenna or receiver carried or transported by the user. The 
system includes three or more spaced apart transmitters of 
radioWaves (e.g., FM carrier or subcarrier), operating With 
different radio carrier frequencies or With subcarrier fre 
quency displaced from the carrier frequency fC by a selected 
amount or a multiple thereof, With each radio transmitter 
being positioned at ?xed, knoWn locations, such as nearby 
radio stations. The system also includes a portable radio 
carrier or subcarrier signal antenna and receiver/processor, 
located at the user Whose location is to be determined, that 
receives and analyZes the radio carrier or subcarrier signals 
and determines the location of the FM antenna at selected 
times. FM subcarrier signals can be received at substantially 
all locations outside or inside a building or structure, if the 
FM subcarrier signal transmitter is Within a selected distance 
of no more than about 50 km from the FM antenna and 
receiver. Each of the transmitted radio LD signals has an 
associated phase that may be knoWn initially but that may 
change from time to time. This radio LD system may operate 
in a manner parallel to, but different from, the FM subcarrier 
signal system disclosed by Kelley et al in US. Pat. No. 
5,173,710, discussed above. 
The system also includes a second mobile or portable LD 

system, referred to here as an “outdoor LD system” and 
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integrated With the radio LD system, that may be a GPS, 
GLONASS or other satellite-based positioning system 
(SATPS) or a ground-based system such as Loran, Omega, 
Tacan, Decca, JTIDS Relnav or PLRS. The outdoor LD 
system has an LD signal antenna and receiver/processor that 
receives LD signals and is positioned at the location of the 
user. The outdoor LD system operates independently of the 
radio LD signal system, and each of these systems can 
determine the present location of the user at selected times. 
The outdoor LD system includes a mobile radio signal 
monitor that receives the radio LD signals and determines 
the relative phases of these radio LD signals from time to 
time as part of the LD process. 

The radio LD system and the outdoor LD system are 
electrically connected by an LD controller that (1A) deter 
mines a signal quality parameter (e.g., signal strengths or 
signal-to-noise ratios) of the LD signals used With each LD 
system or (1B) estimates the user location, using at least one 
of the LD systems, and (2) selects the more appropriate LD 
system, based upon relative signal quality or estimated user 
location, to provide the user location and displays visual or 
audible indicia of this user location. 

Determination of the location of a mobile user by employ 
ing signals from tWo or more LD systems offers the advan 
tage that each of these LD systems can be utiliZed in 
situations Where that system is most likely to provide an 
accurate estimate of the location. The invention uses a 
combination of radiofrequency carrier or subcarrier Waves 
and another source of electromagnetic (em) Waves to alloW 
location determination for a mobile user inside a building or 
other structure as Well as outside such structures. Where 
radiofrequency carrier or subcarrier Waves are used for 
location determination of the user(e.g., inside a building or 
other structure), the LD signals are received from three or 
more radio signal sources With ?xed, knoWn locations. A 
mobile radio LD signal monitor, part of the outdoor LD 
system, determines the relative phases of the radio signals 
from time to time as part of the LD process here. 

In one mode of operation, the radio LD system and the 
outdoor LD system are positioned adjacent to each other and 
form a single, integrated, hybrid LD package or system that 
can be moved around With the user. The outdoor LD system 
includes a radio LD signal monitor that receives the radio 
LD signals, determines the relative phases of these radio LD 
signals, and provides this relative phase information for use 
by the radio LD system. 

In another mode of operation, the radio LD system is 
portable, moves With the user, and is not physically attached 
to the mobile outdoor LD system, Which may also be 
portable or mobile. The outdoor LD system again includes 
a radio LD signal monitor that receives the radio LD signals, 
determines the relative phases of these radio LD signals, and 
provides this relative phase information for use by the radio 
LD system, using a cable or Wireless link betWeen the 
outdoor LD system and the radio LD system. Here, the radio 
LD system and the outdoor LD system are physically 
separated and can move independently of each other, but 
these tWo systems form an integrated, hybrid LD system. 

The outdoor LD unit can serve solely as a radio LD signal 
monitor that determines its oWn location and provides radio 
LD signal relative phase information for the radio LD unit. 
Alternatively, the outdoor LD unit can provide a separate 
determination of user location and complement the radio LD 
unit’s LD process. In this latter approach, the integrated 
system compares a signal robustness parameter, such as 
received signal strength, or a signal quality parameter, such 
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6 
as signal-to-noise ratio, or estimates location to determine 
Whether the radio LD signals or the outdoor LD signals Will 
be used to determine the present location of the object or 
user that carries the apparatus. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

FIGS. 1, 3, 4 and 5 schematically illustrate use of the 
invention in three embodiments. 

FIG. 2 is a graphical vieW of a representative FM sub 
carrier signal spectrum used in the invention. 

FIGS. 6 and 7 are schematic vieWs of an LD unit 
according to tWo embodiments. 

FIGS. 8 and 9 are How charts of suitable procedures for 
location determination using only radio LD signals, and 
using radio LD signals and outdoor LD signals, respectively. 

DESCRIPTION OF BEST MODES OF THE 
INVENTION 

In FIG. 1, a hybrid LD system 11 is carried or transported 
by or attached to a user 12 and includes a radio LD unit 13. 
The radio LD unit 13 preferably includes an FM carrier or 
subcarrier signal antenna 15 and FM subcarrier signal 
receiver/processor 17. The radio LD unit 13 receives radio 
LD signals from three or more radio LD signal sources 21, 
23 and 25 that have ?xed locations With.knoWn location 
coordinates (Xm, ym, Zm) for radio LD signal source no.m 
(m=21,23,25). 
An FM subcarrier signal may have an associated fre 

quency of about fC:19 kHZ, Where fC is the FM carrier 
frequency that lies in the range 88—108 MHZ. Alternatively, 
a higher order displacement from the carrier frequency (e. g., 
fcz38 kHZ or fcz57 kHZ) may be used, as permitted by 
F.C.C. regulations. The sources of these FM subcarrier 
signals may be a plurality of FM broadcasting stations 
located in or near the user 12. In this event, the subcarrier 
signals are obtained by ?ltering and sequentially demodu 
lating the total FM signals (carrier signal plus message 
signal plus subcarrier signal) to remove all but a subcarrier 
signal of a chosen frequency. The FM subcarrier signal 
antenna 15 receives the FM subcarrier signals and passes 
these signals to the associated receiver/processor 17 for 
determination of the estimated present location of the FM 
antenna 15. 

The relative phases of the radio signals transmitted by the 
sources 21, 23 and 25 may change from time to time. When 
the radio LD unit 13 is provided With a recent measurement 
of these relative phases, the radio LD unit can determine the 
location of its antenna 15, using intersections of three or 
more hyperboloids that are de?ned by the relative times of 
arrival of the three radio LD signals at the antenna. The 
receiver/processor 17 also receives radio LD signal phase 
information that is used in determination of the estimated 
present location of the radio LD antenna 15. The embodi 
ment shoWn in FIG. 1 also includes a second (outdoor) LD 
system 31 that is a satellite-based positioning system 
(SATPS), such as GPS, GLONASS or a similar system. 

FIG. 2 illustrates the full FM signal spectrum and the 
useful portion of the signal that remains (fC:19 kHZ) after 
frequency ?ltering. FM subcarrier signals can be used for all 
monitoring of the present location of a user 12, Which may 
be a person or an inanimate object such as a controllable 

ambulatory machine or robot, inside and outside buildings 
and other structures. This approach has the advantage of 
simplicity: only one set of radioWaves is used for location 
determination. FM signals are less subject to noise and other 
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interference than are other signals, such as AM signals. 
Alternatively, an FM carrier or subcarrier signal can be 
replaced by an AM carrier or subcarrier signal, obtained by 
?ltering an AM signal at a frequency referenced to the AM 
carrier frequency. Alternatively, determination of the present 
location of the user 12 can be made using a radio LD unit 
that receives and analyZes radio LD signals transmitted from 
tWo or more radio LD signal sources. 

The hybrid LD system 11 shoWn in FIG. 1 includes a 
satellite-based outdoor LD unit 31, also carried or trans 
ported by or attached to the user 12. This outdoor LD unit 
31includes an outdoor LD signal antenna 33 and associated 
outdoor LD signal receiver/processor 35 that receive out 
door LD signals from three or more satellites 41, 43, 45 
Whose locations at any time are knoWn With acceptable 
accuracy. The antenna 33 receives the outdoor LD signals 
and the receiver/processor 35 determines the present loca 
tion of this antenna, using Well knoWn techniques. The 
Global Positioning System (GPS) and the Global Orbiting 
Navigation Satellite System (GLONASS)are tWo suitable 
eXamples of satellite-based outdoor LD systems and are 
discussed in detail beloW. 

The outdoor LD unit 31 in FIG. 1 includes a radio LD 
signal antenna and receiver/processor 37 and controller/ 
interface 39 that also receives radio LD signals from the 
radio LD sources 21, 23 and 25, determines the relative 
phases of these radio LD signals, and provides this relative 
phase information With little or no time delay for use by the 
radio LD unit 13. In FIG. 1, the radio LD unit 13 and the 
outdoor LD unit 31 are adjacent to each other and are both 
carried by, transported by, or attached to the user 12. The 
outdoor LD unit 31 determines the (approximate) location of 
itself and of the adjacent radio LD unit 13 and uses this 
information in determining the relative phases of the radio 
LD signals transmitted by the sources 21, 23 and 25. Use of 
a mobile outdoor LD unit 31 to receive radio LD signals and 
to determine the relative phases of such signals is an 
important feature of the invention. 

In one mode of operation in FIG. 1, the outdoor LD unit 
31 serves only as a mobile radio LD signal monitor 37, for 
Which present location can be approximately determined. In 
another mode of operation, the outdoor LD unit 31 also 
complements the radio LD unit 13 by providing an inde 
pendent determination of location of the hybrid LD unit 11. 

FIG. 3 schematically illustrates a second mode of opera 
tion of the invention, in Which the radio LD unit 13 is made 
portable and moves With the user 12, independently of 
movement of, and spaced apart from, the outdoor LD unit 
31. The radio LD unit 13 and the outdoor LD unit 31 are 
parts of an integrated hybrid LD system, as before, but these 
tWo units no longer are part of a single package. In the mode 
shoWn in FIG. 3, the outdoor LD unit 13 includes a radio LD 
signal phase information antenna 16 that receives informa 
tion on the relative phases of the radio LD signals transmit 
ted by the radio LD sources 21, 23 and 25. These radio LD 
signals are received by a radio LD signal monitor 37 that 
may be part of the outdoor LD unit 31, and the relative 
phases of these signals are determined by the monitor 37, as 
before. The outdoor LD unit 31 transmits this relative phase 
information to the radio LD signal phase information 
antenna 16, using another antenna and transmitter 36. The 
radio LD unit 13 can then determine its present location, as 
before. In this mode, the outdoor LD unit 31 serves only as 
a mobile radio LD signal monitor that can determine its oWn 
location. Here, the mobile outdoor LD unit 31 is positioned 
at a convenient location and communicates With the portable 
radio LD unit 13 carried by the user 12. 
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8 
FIG. 4 schematically illustrates use of the invention With 

a ground-based outdoor LD unit 51, attached to or carried by 
the user 12, replacing the satellite-based outdoor LD unit 31 
in FIG. 1. This outdoor LD unit 51 includes an outdoor LD 
signal antenna 53 and associated outdoor LD signal receiver/ 
processor 55 that receive outdoor LD signals from three or 
more ground-based LD signal sources 57, 58 and 59, Whose 
locations at any time are knoWn With acceptable accuracy. 
The antenna 53 receives the outdoor LD signals and the 
receiver/processor 55 determines the present location of this 
antenna, using Well knoWn techniques. Suitable ground 
based outdoor LD systems include Loran, Omega, Tacan, 
Decca, JTIDS Relnav and PLRS, each of Which is discussed 
beloW. All other components shoWn in FIG. 4 are as in FIG. 
1. 

FIG. 5 is analogous to FIG. 4, eXcept that the outdoor LD 
unit 51 is physically separated from the portable radio LD 
unit 13, Which is carried by the user 12. Here, the outdoor 
LD unit 51 also includes a radio LD signal monitor and 
associated antenna 52 that receives the radio LD signals, 
determines its oWn present location, and determines the 
relative phases of the radio LD signals transmitted. The 
outdoor LD unit 51 then transmits this relative phase infor 
mation to the phase information antenna 16 on the radio LD 
unit 13, as Was done in FIG. 3. 

Information contained in the radio LD signals and/or in 
the outdoor LD signals may be fully processed at the 
respective receiver/processor for those signals. 
Alternatively, information from the radio LD signals and/or 
the outdoor LD signals may be transmitted, unprocessed or 
partly processed or fully processed, to a central processing 
station 29 (optional), located at or near the site R, to alloW 
determination of the present location of the user 12 at 
selected times (e.g., second-by-second, or more or less often, 
if desired). If all signal processing of the radio LD signals 
and/or the outdoor LD signals occurs at the central station 
29, the FM radio LD signal receiver/processor 17 and/or the 
outdoor LD signal processor 35 or 55 may be deleted in 
FIGS. 1, 3, 4 or 5. The central station 29 may be deleted if 
all processing, use and display of the present location 
information occurs at the hybrid LD unit 11 or at the radio 
LD unit 13. 

If the user 12 is outdoors or is Within any building or other 
structure that is not electromagnetically isolated, the LD 
signals may have any frequency, and GPS, GLONASS, 
Loran, Omega, Tacan, Decca, JTIDS Relnav or PLRS 
signals, FM subcarrier signals, or other radioWave signals 
may be used. If the user 12 is Within an electromagnetically 
isolating structure, FM subcarrier or other radio LD signals 
may often still be received Within the structure Without 
disabling signal attenuation or signal distortion, as long as 
the structure does not form a complete Gaussian surface. 

In the embodiments illustrated in FIGS. 1, 3, 4 and 5, the 
invention uses three FM subcarrier signals (or other radio 
LD signals) emitted by three or more spaced apart radio LD 
signal sources 21, 23 and 25, positioned at ?xed, knoWn 
locations, together With a mobile radio LD signal monitor 32 
or 52, located at a variable but determinable location that is 
separated by a large distance from a plane P(21,23,25) 
de?ned by the locations of the three radio LD signal sources 
21, 23 and 25. This mobile radio LD signal monitor 32 or 52 
might be located on a tall hill, for example, relative to the 
heights of the transmitting antennas of the radio LD signal 
sources 21, 23 and 25. The user 12 carries or is attached to 
the portable LD unit 13 and is assigned an identifying 
indicium that is included in any transmission by that LD unit 
to the central station 29. 
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In normal circumstances, the relative phases of the radio 
LD signal sources 21, 23 and 25 Would not change, or Would 
change at most a feW times in any 24-hour period. HoWever, 
the invention provides for the possibility that these relative 
phases can change often and/or quickly. At or around a given 
time t=t0, the radio LD signals broadcast by the sources 21, 
23 and 25 are assumed to be 

Where mm and (pm are the radio LD signal frequency and 
present phase of the radio LD signal source number m. The 
radio LD signal frequencies mm are preferably distinct from 
and spaced apart from one another. Optionally, the radio LD 
signal Sm(t) may itself be modulated With a knoWn signal to 
produce a signal Sm)m0d(t) that is different for each source 
(m) and that alloWs identi?cation of each source signal, 
independently of Whether the frequencies are distinct. The 
radio LD signals are received at the radio LD unit 13 as 
time-varying signals of the form 

Where c‘ is the average propagation velocity in the trans 
mission medium (mostly air) and 

is the distance from the radio LD signal source number m to 
the hybrid LD unit 11 or to the radio LD unit 13, Whose 
present location coordinates (X, y, Z) are as yet undeter 
mined. 

If the phases (pm are knoWn, the distances dm can be 
determined from Eq. From any three physically realistic 
three distances, such as d21, d23 and d25, tWo candidate 
location coordinate triples (X,y,Z) can be found that, in 
principle, satisfy Eqs. (2) and (3) for measured distances dm 
(or phases (pm). Preferably, the radio LD signal monitor 
should be spaced far apart from the plane de?ned by the 
locations of any three other radio LD signal sources 21, 23 
and 25. This formalism can be used for radio LD signals and 
for outdoor LD signals. This formalism can also be used 
With the FM carrier or subcarrier signals replaced by AM 
carrier or subcarrier signals. 

In one cycle of an FM subcarrier signal of frequency 
fm=fqmil9 kHZ (m=21, 23, 25), an electromagnetic Wave 
Will move a distance equal to one Wavelength )t=c‘/u)m, or 
about 15.8 kilometers (km) in a vacuum. Thus, the distance 
of the FM subcarrier LD unit 13 from each FM signal source 
is knoWn modulo 15.8 km. This distance ambiguity can be 
removed by initialiZation techniques. For eXample, if the 
region R Within Which the user 12 operates has a diameter 
that is <<15.8 km, the present location of the user can be 
determined at one location on the site R, With one set of FM 
signal source phases, and can be used for all locations on or 
adjacent to the site R by determining phase changes for each 
signal relative to this initial location. That is, the phase (pm 
is initially determined at a time t=t0 for each PM or other 
location signal transmitter, using Eq. (2) or another suitable 
relation to determine the absolute or relative phases of the 
signals arriving from the signal source m at a knoWn 
location, the initial location of the user 12 in the region R. 
Assume that radio LD signal source number m (m=21, 23, 

25) has knoWn coordinates (Xm, ym, Zm). From the deter 
minable phase differences of the signals arriving from each 
radio LD signal source at a selected location With as-yet 
undetermined coordinates (X,y,Z) (such as the present loca 
tion of the user 12), source number m is determined to lie at 
a distance dm from the selected location. Three radio LD 
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10 
signals, emitted from radio LD sources 21, 23 and 25 With 
synchroniZed phases, Would arrive at the selected location 
(radio LD signal monitor) With measurable differences of 
phase 4),. and q>k(i¢1<; i, l<=21, 23, 25) that are determined by 

(12) 

Equation (6) de?nes a three-dimensional hyperboloid. The 
Weighted phase differences Aik (i#k; i,k=21, 23, 25) de?ne 
three intersecting hyperboloids or similar quadratic surfaces, 
each having tWo sheets. In general, the common intersec 
tions of each of these three groups of sheets should de?ne a 
point or segment of a curve, Where the tWo points (or curve 
segments) I1 and I2 shoWn in FIG. 1 are mirror images of 
each other With respect to the plane P(21,23,25) de?ned by 
the coordinates (Xi,yi,Zl-) of the three transmitters of the radio 
LD signals. The radio LD signal monitor, because it is 
displaced from and does not lie on the plane P(21,23,25), 
receives radio LD signals that have tWo distinct phase 
differences at the intersection points or segments I1 and I2. 
The radio LD signal monitor can thus distinguish betWeen I1 
and I2 and alloW determination of the correct coordinates 
(X,y,Z) for the selected location. This assumes that the phases 
of the three radio LD signals are synchroniZed, With Zero 
phase differences or knoWn phase differences betWeen any 
tWo of these signals. In practice, each of the three radio LD 
signal sources Will have a phase that may drift With time or 
change abruptly at particular times. 
Where the three radio LD signals have different phases as 

issued at their respective sources, the source phase differ 
ences ACIDZ-k must be determined and removed before Eq. (6) 
can be used to determine the location coordinates (X,y,Z) of 
the selected location. The radio LD signal monitor 32 (FIG. 
1) receives the three radio LD signals and determines the 
phase differences ACIJLk (i,k=1,2,3). The radio LD signal 
monitor 32 uses its knoWledge of the separation distances 
betWeen itself and the radio LD signal sources, plus the 
measured initial (and, optionally, subsequent) signal phase 
differences at the monitor. As noted above, the phase dif 
ferences ACIJLk may vary With time, through drift, abrupt 
change, or both. The radio LD signal monitor 32 then 
broadcasts the phase differences ACIJLk, preferably With a 
different carrier frequency than the radio LD signal frequen 
cies. These phase differences are received and stored and/or 
processed by a phase information antenna and receiver 19 at 
the radio LD unit 13. The radio LD unit 13 also receives the 
radio LD signals (e.g., FM carrier or subcarrier signals) and 
determines the “raW” or uncompensated phase differences 
A<|>ik at its location (i, k=21, 23, 25). A signal processor 
associated With this receiver then forms the “true” or com 
pensated phase differences 
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Where only tWo of these equations are independent. This 
compensates for non-synchronization and possible drifting 
of the radio LD signals transmitted by the radio LD signal 
sources. 

Use of a stationary FM signal monitor With ?xed and 
knoWn location, Which does not otherWise participate in 
determination of the selected location coordinates (X,y,Z), to 
determine the phase differences A<|>ik (i,k=21, 23, 25) is 
disclosed in US. Pat. No. 5,173,710 issued to Kelley et al, 
discussed above and incorporated herein by reference. The 
FM source phase differences ACIJZ-k can be measured using a 
digital phase-locked-loop at the additional FM receiver/ 
transmitter, as disclosed in FIGS. 4—11 and the accompany 
ing teXt in the Kelley et al patent. 

In the subject invention, the radio LD signal monitor 32 
is mobile, not stationary, and this monitor determines its 
oWn location in order to determine the relative phases. The 
location coordinates (X,y,Z) of the radio LD unit 13 carried 
by or attached to the user 12 are noW knoWn. 

The central station 29 can serve as a reference station With 
accurately knoWn location for differential position compu 
tations for determining the present location of the outdoor 
LD signal antenna (33 in FIG. 1 and 53 in FIG. 4) or of the 
radio LD signal antenna (15 in FIGS. 1 and 4). Differential 
position techniques use the knoWn location of the reference 
station to remove some of the errors contained in signals 
received by a mobile station, such as the user 12, that is 
located Within a feW tens of kilometers from the reference 
station. Differential GPS techniques are discussed in Tom 
Logsdon, The NAVSIHR Global Positioning Svstem, Van 
Nostrand Reinhold, 1992, pp. 76—90, and differential Loran 
techniques are discused in US. Pat. No. 5,045,861, issued to 
Duffet-Smith, both of Which are incorporated by reference 
herein. Thus, the radio LD signal monitor 32 can include an 
outdoor LD signal antenna 33 and associated outdoor LD 
signal receiver/processor, to receive the outdoor LD signals 
and to determine any location error values contained in these 
signals by comparison of the calculated location With the 
knoWn location of the reference station. The radio LD signal 
monitor 32 in FIG. 1 can also include a transmitter to 
transmit these error values to a receiver/processor at the 
outdoor LD signal unit (31 in FIG. 1 and 51 in FIG. 3) so that 
the calculated present location of the outdoor LD signal 
antenna can be adjusted by removal of outdoor LD signal 
errors that have been determined from the signals received 
at the radio LD signal monitor 32. Compensation for outdoor 
LD signal errors can be provided at the central station 29 or 
at the outdoor LD unit (31,51). 

FIG. 6 illustrates one embodiment of a hybrid LD unit 11 
constructed according to the invention. The hybrid LD unit 
11 includes a radio LD unit 71, an outdoor LD unit 81 and 
an controller-interface unit 91. The radio LD unit 71 
includes a radio LD signal antenna 73, and a radio LD signal 
receiver/processor 75 associated With and connected to the 
LD signal antenna 73. The radio LD signal antenna 73 
receives the radio LD signals from the LD signal sources 21, 
23 and 25 shoWn in FIG. 1, compares the signal strength, 
signal quality or other suitable signal indicium Imd With a 
threshold indicium lmdjhr, and passes these signals to the 
radio LD signal receiver/processor 75 for signal analysis 
and/or processing. The radio LD signal receiver/processor 
75 uses the relative phase information it receives in Eq. (6) 
or (13) or in similar equations and estimates the location of 
the radio LD signal antenna 73, preferably based upon 
common intersections of hyperbolic surfaces. 

The outdoor LD unit 81 includes an FM subcarrier signal 
antenna 83, an outdoor signal receiver/processor 85 associ 
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12 
ated With and connected to the outdoor antenna 83, and a 
phase information antenna 87. The phase information 
antenna and receiver 87 receives the radio LD signals from 
the radio LD signal sources and passes these signals to the 
outdoor LD signal receiver/processor 85 for determination 
of the relative phases of the radio LD signal sources. This 
relative phase information is then passed to the radio LD unit 
71 through the controller interface 91. The outdoor antenna 
83 receives the outdoor signals from the outdoor LD signal 
sources, compares the signal strength, signal quality or other 
suitable signal indicium I0,” With a threshold indicium 
loam”, and passes these signals to the outdoor LD signal 
receiver/processor 85 for LD signal analysis and/or 
processing, preferably based on common intersections of 
hyperbolic surfaces. 
The interface-controller unit 91 includes a controller 

module 93, an interface 95 betWeen the radio LD signal 
receiver/processor 75 and the controller, an interface 97 
betWeen the outdoor LD receiver/processor 85 and the 
controller, and an optional visual or audible display unit 99. 
The controller 93 receives the present location coordinates 
(Xu,yu,Zu)md of the user 12 from the radio LD signal 
receiver/processor 75, receives the present location coordi 
nates (Xu,yu,Zu)out of the user 12 from the outdoor LD signal 
receiver/processor 85, and receives the indicia Imd and low, 
for comparison With the respective indicia thresholds ImdJh, 
and loam”. The interface unit 91 optionally includes an 
input/output port that alloWs communication With another 
transmitter or receiver (not shoWn). 

In one embodiment, the I/O port includes a cellular 
communication means 101 With associated cellular antenna 
103 for communicating With another person or facility by 
cellular telecommunications, the cellular means being con 
nected to the controller module 93. At one or more selected 
times, or upon receipt by the controller module 93 of a 
command by radioWave signals or telecommunication 
signals, the controller module causes the cellular commu 
nication means 101 to send information on the present or 
recent location of the LD unit 11 to a person or facility 
spaced apart from this LD unit. 

In another embodiment, the I/ O port includes a radioWave 
communication means 105 and associated radio antenna 
107, connected to the controller 93, for communicating With 
another person or facility by radio at frequencies such as 
88—108 MHZ in a manner similar to the manner used for 
communicating by the cellular means 101. 

If lmdilmdjhr and lomiloumhr, the controller module 93 
is free to choose the coordinates (Xu,yu,Zu)md or the coor 
dinates (Xu,yu,Zu)0m as the present location of the user 12. 
Differences in accuracy betWeen these tWo determinations of 
present location Would lead the controller to choose one of 
these triples as the coordinates of the user’s present location. 
For example, if the outdoor LD system is GPS or GLO 
NASS or another system Whose inaccuracies are much loWer 
than the inaccuracies of a radio LD system such as the FM 
subcarrier system, the controller module 93 Would probably 
choose (Xu,yu,Zu)0m as the present location coordinates of the 
user 12. If lmdilmdjhr and I0m<I0m>thw the controller 
chooses the coordinates (Xu,yu,Zu)md as the present location 
coordinates of the user. If lmd<lmd>thr and lomiloumhr, the 
controller module 93 chooses the coordinates (Xu,yu,Zu)0m as 
the present location coordinates of the user. If lmd<lmd>thr 
and I0m<I0umhw the controller module 93 chooses neither set 
of coordinates as the present location coordinates of the user, 
and the controller module noti?es any interested person or 
facility that the methods used for location determination 
have an unacceptably high errors associated With them and 
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should not be used, or should be used With caution. One or 
both of the threshold indicia ImdJhr and Ioumhr can be 
alloWed to vary With the situation, rather than being ?xed for 
all time. 
One possible choice of the indicia Imd and I0,” is signal 

strength received by the LD unit 11. Because the radio LD 
signals and the outdoor LD signals are processed by different 
receiver/processors 75 and 85 (FIG. 4), a given signal 
strength Smd for the radio LD signal unit 71 may produce 
approximately the same location accuracy as a given 
(possibly different) signal strength S0m=f(Smd) for the out 
door LD signal unit 81, Where f is a monotonically increas 
ing function of the variable shoWn, Smd. The function f may 
be approXimable by an analytic function, such as a truncated 
poWer series in the variable Smd, namely 

P (14) 

f(S) = Z WSW’. 

Where P is a non-negative integer, K0 is a real number and 
the coef?cients ak are also real. One possible choice for this 
function is 

Which alloWs a simple correspondence betWeen Smd and S0“, 
to be made and used. Assuming that SmdZSradJhr and 
SOMZSOMJM, Where Smd’thr and Soumhr are threshold values 
of the respective signal strengths, beloW Which the location 
inaccuracies are unacceptable, an indicium ratio can be 
de?ned by the relations 

V=f(Snzd)/Sn1d=g(Sn1d)> (1 7) 

Where g is another function, de?ned by Eq. (17). The radio 
LD antenna location is selected by the controller if u<v, the 
outdoor LD antenna location is selected by the controller if 
u>v, and other criteria are used by the controller to select 
Which unit Will supply the user location if u=v. If Smd<Smd) 
thr and SOMZSOMJM, the controller selects the antenna loca 
tion provided by the outdoor LD system. If SmdZSradJhr and 
SOMZSOMJM, the controller selects the antenna location 
provided by the radio LD system. If Smd<Smd>?W and 
SOM<SOMJW the controller selects neither system and noti 
?es the user that each of the radio LD system location and 
the outdoor LD system location has unacceptable inaccuracy 
to be used. 

Another possible choice for each of the indicia is 

Iran’:(Srad/Srad,thr)K1(Sn1d; Srad,thr)=O (Snzd<Sn1d,thr)> (1 8) 

Ivar:(Sout/Sout,thr)K2(Sout;Sout,thr)=O (Sout<Sout,thr)> (19) 

Where Smd’thr and Soumhr are threshold values of the respec 
tive signal strengths, beloW Which no accurate determination 
of antenna location can be made, and K1 and K2 are positive 
constants. One noW forms the ratio 

r=Iuut/In1d' (20) 

The controller selects the radio LD system location if r<1 
and selects the outdoor LD system location if r>1. 
A signal quality parameter, such as the instantaneous 

signal-to-noise ratio SNR, for an incoming signal can be 
used in place of a signal robustness parameter such as signal 
strength S. The parameters SNRmd and SNR can be out 
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14 
substituted for the respective signal strength parameters Smd 
and S0,” in Eqs. (14)—(20), and the indicia Imd and low can 
be rede?ned in terms of these SNR parameters. 

The indicium may be de?ned for the radio LD unit or for 
the outdoor LD unit as a Whole. Where signal strength S is 
the parameter of interest, the signal strength of the unit as a 
Whole may be de?ned as folloWs. Let S1, S2, . . . , SQ be the 
measured signal strength values (20) from each of the 
(radio LB or outdoor LD) signals, Where this set of sources 
is the minimal set for Which that LD unit can determine the 
location of that unit’s antenna. The signal strength SA for that 
radio LD unit or that outdoor LD unit may be de?ned as a 
minimum 

An alternative choice for the signal strength SA is a Weighted 
average 

(22) 

for that LD unit, Where the Weighting coef?cients aq are 
non-negative, With at least one coef?cient positive, and may 
be uniform-valued or non-uniform-values. The Weighting 
coef?cients aq may be chosen and ?Xed initially, or these 
coef?cients may be determined dynamically by that LD unit, 
assigning larger positive Weights to the coef?cients that 
correspond to LB signal sources that are more important in 
the determination of location of that unit’s antenna. Another 
alternative choice is the uniformly Weighted arithmetic 
average 

Q (23) 
SA = ZSq/Q 

q:l 

Another alternative choice is a Weighted geometric or prod 
uct average 

l/P (24) 
SA = a 

Q (25) 
P = Z p(q) (p(q) z 0; at least one coefficient positive), 

q:l 

Which includes the uniformly Weighted geometric average 
With p(q)=1/Q. 

The preceding choices compare the indicium for each LD 
unit With each other to determine Which LD unit (radio LD 
unit or outdoor LD unit) Will be used for the estimate of 
location of the user. As an alternative to this approach, the 
indicia for each FM signal source and for each outdoor LD 
signal source can be determined and ranked in a single 
interleaved list, ordered by the magnitude of each indicium. 
For eXample, if the indicia for the radio LD signals are 
designated as S1(rad), S2(rad), S3(rad) and the indicia for the 
outdoor LD signals are designated as S1(out), S2(out), 
S3(out), S 4(out), the ranking at a particular moment might be 
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Where Soumhr and Soumhr are the threshold values of the 
indicia for the radio LD and outdoor LD units, respectively. 
In this alternative, the controller receives LD signals (seven 
such signals in the example shoWn in Eq. (26) ), determines 
the indicium for each LD signal, ranks these signals, and 
chooses a subset of J signals With the greatest indicia to 
estimate the present location of the user, Where J is a selected 
positive integer. If J=4 and the example shoWn in Eq. (26) 
is used, the signals from outdoor LD sources no. 3 and 4 and 
the signals from radio LD sources 2 and 3 Would be selected. 
If tWo or more LD signals have the same indicium value and 
at least one of these signals is part of the J signals With the 
highest indicia, the subset of signals With the J largest indicia 
can be extended to include a larger subset of J‘ (ZJ) of 
signals including all or a selected subset of these signals With 
equal indicia, if desired. The indicium ratios rj-(rad or out) 
can be replaced by indicium differences S]-(rad)—Smd),h, and 
S]-(out)—S0mJh, in the ranking process above, if commensu 
rate indicia are used. 

In this alternative, the controller uses a hybrid location 
determination model that accepts LD signals from a single 
type of LD source or from tWo types of LD sources and 
provides an estimate of the present location of the user from 
these signals. Each signal indicium is compared With a 
corresponding threshold indicium value SW, and if the 
indicium is not at least as large as this threshold value the 
signal corresponding to this indicium is not included in the 
candidate set of signals to be used to estimate the present 
location of the user. If the number of signals in the candidate 
set is less than the minimum number J of signals needed to 
accurately estimate the present location of the user, the 
system noti?es the user or another person or facility that the 
user’s present location cannot be determined from the pres 
ently available data. Because a larger number of signals is 
being provided, draWn from the radio LD sources and from 
the outdoor LD sources, it is more likely that at least J such 
signals can be found With indicia values above the corre 
sponding indicia thresholds Smith, and Seam”. 
Where signals from radio LD sources and from one or 

more outdoor LD sources are blended, Kalman ?ltering can 
be used to provide optimal blending of these signals in 
several Well knoWn manners. Use of Kalman ?ltering for 
such purposes is discussed by R. G. BroWn in Introduction 
To Random Signal AnalysisAnd Kalman Filtering, Wiley & 
Sons, 1983, pp. 181—272, the information from Which is 
incorporated by reference herein. 

FIG. 7 is similar to FIG. 6, except that the radio LD unit 
13 and the outdoor LD unit 31 (or 51) are noW physically 
separated from, and move independently of, each other. The 
radio LD unit 11 is portable and moves With the user 12. The 
outdoor LD unit 31 includes an outdoor LD signal antenna 
101 that receives outdoor LD signals and passes these 
signals to an outdoor LD signal receiver/processor/ 
transmitter 103. The outdoor LD receiver/processor/ 
transmitter 103 analyZes these outdoor LD signals and (1) 
estimates a location of the outdoor LD antenna 101, (2) 
determines one or more signal indicia I0,” representing 
signal quality and/or signal robustness for these incoming 
signals and (3) passes this information to a signal transmitter 
that is also part of the outdoor LD receiver/processor/ 
transmitter. Aradio LD signal antenna 105 receives the radio 
LD signals transmitted by the radio LD signal sources 21, 23 
and 25 (FIG. 1) and passes these signals to the LD receiver/ 
processor/transmitter 103, Where the relative phases of the 
received radio LD signals are determined from a knoWledge 
of the ?xed locations of these sources and a knoWledge of 
the location of the outdoor LD signal antenna 101. Equation 
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(6) or (13) is used to determine the relative phases of the 
radio LD signals, Where the coordinate triples (u,v,W) and 
(ll1,V1,W1) are noW knoWn. 
The outdoor LD unit 31 also determines the phases (pm 

(m=21, 23, 25) of the radio LD signals, “as received” at 
outdoor LD unit, and transmits this information to the radio 
LD unit 13. The radio LD unit optionally compares the “as 
received” phases at the radio LD unit 13 With the “as 
received” phases at the outdoor LD unit 31 and determines 
the displacement coordinates of the radio LD unit relative to 
the outdoor LD unit, using Eq. (6) or Eq. (13). Adding the 
location coordinates of the outdoor LD unit 31 to the 
displacement coordinates of the radio LD unit 13 relative to 
the outdoor LD unit produces another estimate (x‘md,y‘md, 
Z‘md) of the location coordinates of the radio LD unit. The 
radio LD unit 13 then compares the signal quality or 
robustness parameters I0,” and Imd for the outdoor LD unit 
and the radio LD unit, respectively, and determines Which 
estimate of location coordinates Will be used for the radio 
LD unit 13. Thus, Whether the radio LD unit and the outdoor 
LD unit are attached together or move separately and 
independently, tWo estimates for the location coordinates of 
the radio LD unit are available. 
The estimated location of the outdoor LD antenna 101, the 

outdoor LD signal parameter(s) 10m, and the relative phases 
of the radio LD signals are transmitted by a communications 
link 107 to a controller 115 in the radio LD unit 13 for 
further processing. The communications link 107 can be 
provided by a cable or Wire or by a Wireless link, as desired. 
A radio LD antenna 111 in the radio LD unit 13 receives 

radio LD signals from the radio LD signal sources 21, 23 and 
25 and passes these signals to a radio LD signal receiver/ 
processor 113. The radio LD receiver/processor 113 also 
receives the information transmitted by the outdoor LD 
receiver/processor/transmitter 103 and (1) estimates the 
location of the radio LD signal antenna 111, (2) determines 
one or more signal quality or robustness indicia 1”“ for the 
radio LD signals, and (3) passes this information to the 
controller 115. The controller 115 (1) compares the signals 
indicia IO,” and Imd With each other and (2) determines 
Whether the outdoor LD signals or the radio LD signals or 
neither group of signals should be used to determine the 
present location of the radio LD unit 13, from a comparison 
of the indicia Imd and I0,” of these groups of LD signals With 
each other and With certain threshold indicia Imd’thr and 
loam”. Recall that the radio LD unit is carried or transported 
by or attached to the user 12. The controller 115 selects the 
appropriate group of LD signals (radio LB or outdoor LD) 
for determination of the present location of the user 12 or 
rejects both groups of signals as inadequate, based in part on 
the parameters Imd and 10",. 

For any location determination unit (FM subcarrier, GPS, 
Loran, etc.) or combination of such units, the measured 
pseudorange, based on measurements at time t0, for times 
t>t0, can be expressed as 

PR(t; t0; ij') =RU+¢mVn F4)”, may j+8TU+81 U+8e, (29) 

R,-]-=actual range from receiver no. i to signal source no. j, (30) 

q),cv,yi/c=clock offset from source time for receiver i, (31) 

¢SUWC€J/c=clock offset from source time for source j, (32) 

8Ti’j/c=signal propagation time delay in troposphere, (33) 

8IiYj/c=signal propagation time delay in ionosphere, (34) 

8e=residual measurement errors, including multipath error, (35) 

c=propagation velocity of light. (36) 
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Where the signal source is a ground-based signal source, 
the ionospheric time delay 61w- Will be Zero, but the tropo 
spheric time delay 6TH may be non-Zero. For a satellite 
based signal source, such as GPS or GLONASS, the iono 
spheric and tropospheric time delays may both be non-Zero. 
The ionospheric and tropospheric time delay terms may be 
combined into a single atmospheric time delay term 6am. 

One suitable set of equations that the system can seek to 
comply With is 

Ci=estimate of three-dimensional coordinates of receiver no. i, (38) 

Xj=knoWn three-dimensional coordinates of signal source 
no. j, (39) 

PR(t;tO;i;j)=measured pseudorange from signal source no. jto sig 
nal receiver no. i(user), (40) 

b,-/c=clock offset for receiver no. i, (41) 

Where the unknoWn offset coef?cients bi are often the 
parameters to be determined. 

Equation (37) can be used to determine the parameters bi 
by minimization of mean square error of the errors inherent 
in Eq. (24), using the error quantity 

M: 5(b1, b2, ---, bL) = Z 
1 

L 

:1] 

Where L is the number of receivers at the user location and 
2 oij- is the statistical variance associated With signals 

received from source number j by the receiver number i. The 
error quantity e(b1, b2, . . . , bL) is minimiZed With respect 
to choice of the clock offset parameters bi in Eq. (42). If the 
statistical variances oil-2 do not depend on the receiver 
numbers i (oil-@012), the sum over the indeX i in Eq. (42) can 
be deleted and the individual error terms 

can be minimiZed With respect to choice of the clock offset 
parameters bi. 

The number J‘ of signal sources summed over in Eq. (42) 
may be larger than the minimum number J needed for 
location determination and may depend upon the particular 
receiver that receives these signals. If the sum in Eq. (42) 
or Eq. (43) is restricted to the minimum number J, each set 
of J terms Will yield an error e or at, and the magnitudes of 
these errors may vary greatly With the choice of the mini 
mum set of signal sources. Preferably, Where the number J‘ 
of available signal sources eXceeds the minimum number J, 
only those signal source sets for Which the error e or ei is less 
than a selected number should be used to determine the 
present location of the user; the number in such a signal 
source set may be equal to J or be greater than J (J‘>J). 
Where J‘ eXceeds J, the redundancy present can be used to 

evaluate the integrity of the LD system. One method of 
evaluating system integrity is set forth by Mark SturZa, in 
“Navigation System Integrity Monitoring Using Redundant 
Measurements”, Navigation, vol. 35 (1988—1989) pp. 
483—501, incorporated by reference herein. The SturZa 
approach divides the measurement space (of dimension J‘) 
into a smaller space of dimension J, representing the state 
vectors required for determination of the location, and a 
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“parity space” of dimension J‘—J, then develops measures of 
system integrity based on this decomposition. 
The radio LD signals indicated in FIGS. 1, 3, 4 and 5 may 

be used outside as Well as inside a building or other structure 
to alloW determination of the present location of the user 12. 
Alternatively, radio LD signals may be used for inside-the 
building location reporting and may be supplemented for 
outside-the-building location reporting by supplemental sig 
nal sources. As noted above, one suitable outdoor LD signal 
system is a Global Positioning System (GPS) or Global 
Navigation Orbiting Satellite System (GLONASS) or simi 
lar satellite-based location determination system 
(collectively referred to as GPS herein). A Global Position 
ing System is discussed in detail in Tom Logsdon, The 
NAVSTAR Global Positioning System, Van Nostrand 
Reinhold, 1992, pp. 17—90, Which is incorporated by refer 
ence herein. Use of the GPS and GLONASS signals is also 
discussed in detail beloW. 

Because the GPS and other outdoor LD signals use a high 
frequency carrier (of the order of 1 GHZ), these signals may 
be severely attenuated and/or distorted if such signals are 
received inside a building or other structure that is partly or 
fully electromagnetically insulating. For this reason, a GPS 
or other outdoor LD system may be unsuitable for determi 
nation of the present location of an outdoor antenna that is 
positioned 5 Within such a building or similar structure. 
HoWever, the combined use of radio LD signals for location 
determination inside a building or similar structure (e.g., a 
deep shaft mine or tunnel under or through the Earth) plus 
outdoor LD signals for location determination outside a 
building or similar structure can provide a satisfactory LD 
system in most urban and non-urban communities. 

Alternatively, the GPS or GLONASS signals may be 
replaced by Loran-C signals produced by three or more 
Loran signal sources positioned at ?xed, knoWn locations, 
for outside-the-building location determination. A Loran-C 
system relies upon a plurality of ground-based signal toWers 
(57, 58, 59 in FIGS. 4 and 5), preferably spaced apart 
100—300 km, that transmit distinguishable electromagnetic 
signals that are received and processed by a Loran signal 
antenna 53 and Loran signal receiver/processor 55. A rep 
resentative Loran-C system is discussed in Loran-C User 
Handbook, Department of Transportation, US. Coast 
Guard, Commandant Instruction M16562.3, May 1990, 
Which is incorporated by reference herein. Loran-C signals 
use carrier frequencies of the order of 100 kHZ and have 
maXimum reception distances of the order of hundreds of 
kilometers. The combined use of FM signals for location 
determination inside a building or similar structure plus 
Loran-C signals for location determination outside a build 
ing or similar structure can also provide a satisfactory LD 
system in most urban and suburban communities. 

Other ground-based radioWave signal systems that are 
suitable for use as part of an LD system include Omega, 
Decca, Tacan, JTIDS Relnav (US. 

Air Force Joint Tactical Information Distribution System) 
and PLRS (US. Army Position Location and Reporting 
System) and are summariZed by Logsdon, op. cit., pp. 6—7 
and 35—40, incorporated by reference herein. 

Other radioWave signals, such as emergency band signals 
in the frequency ranges such as 12.23—13.2 MHZ, With 
suitable signal timing and a signal indicium included 
therein, can be used as a source of LD signals for outdoors 
locations. For convenient reference, a satellite-based or 
ground-based location determination system that can be 
used to determine the location of an LD unit 11 over 
relatively long distances (50 km or more) outside a building 
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or other structure over the region R is referred to herein as 
an “outdoor LD system”. 

FIG. 8 is a How chart of a procedure that can be used to 
determine the present location of the hybrid LD unit 11, if 
only a radio LD unit, such as an FM subcarrier system, is 
used in combination for all location determinations inside 
and outside buildings and other structures in a region R. In 
step 151, the hybrid LD system 11 is activated and made 
ready to determine the present location of an LD unit. In step 
153, the radio LD signal and outdoor LD signal sources 
transmit LD signals, Which are received by the radio LD 
units and the outdoor LD units in step 155. In step 157, the 
outdoor LD unit (1) estimates its oWn present location, (2) 
determines the relative phases of the radio LD signals, and 
(3) provides this information for use by a controller asso 
ciated With the radio LD unit. In step 159, the controller 
determines Whether the radio LD signals are adequate to 
alloW determination of the location of the radio LD unit 
antenna, relying in part on indicia associated With those 
signals. If the radio LD signals are adequate, the radio LD 
unit determines the present location of the radio LD unit or 
of the user 12. Optionally, the hybrid LD system 11 then 
processes the radio LD signals further, or transmits or stores 
or displays the location of the user 12, in step 163. If the 
hybrid LD system determines, in step 159, that the radio LD 
signals are not adequate to provide the location of the hybrid 
system, the system recycles and seeks neW incoming radio 
LD signals for this determination and optionally advises the 
user that the radio LD unit cannot provide adequate signals 
for determination of the location of the hybrid LD system, 
in step 165. 

FIG. 9 is a How chart of a procedure that can be used to 
determine the present location of the hybrid LD unit 11, if 
a radio LD unit, such as an FM subcarrier system, and an 
outdoor LD unit, such as a GPS, are used in combination for 
all location determinations inside and outside buildings and 
other structures in a region R. In step 171, the hybrid LD 
system 11 is activated and made ready to determine the 
present location of an LD unit. In step 173, the radio LD 
signal and outdoor LD signal sources transmit LD signals, 
Which are received by the radio LD units and the outdoor LD 
units in step 175. In step 177, the outdoor LD unit (1) 
estimates its oWn present location, (2) determines the rela 
tive phases of the radio LD signals, (3) determines one or 
more signal quality or signal robustness indicia IO“, for the 
outdoor LD signals received, and (4) provides this informa 
tion for use by a controller associated With the radio LD unit. 
In step 179, the controller determines Whether the outdoor 
LD signals, or the radio LD signals, or both, or neither, is 
adequate to alloW determination of the location of the 
associated LD unit antenna, relying in part on the indicium 
or indicia associated With that signal or signals. If the 
outdoor LD signals are adequate and the outdoor LD unit is 
selected, in step 181, to determine the location, the system 
(or controller) uses the outdoor LD unit information to 
determine the present location of the user. If the radio LD 
signals are adequate and the radio LD unit is selected, in step 
183, to determine the location, the system (or controller) 
uses the radio LD unit information to determine the present 
location of the user. In step 185, the controller uses the 
selected LD signals to determine the location of the hybrid 
LD system 11, or of the radio LD unit, and thus of the user 
12. Optionally, the hybrid LD system 11 then processes the 
LD signals further, or transmits or stores or displays the 
location of the hybrid LD system, in step 187. If the hybrid 
LD system determines, in step 179, that neither the radio LD 
signals nor the outdoor LD signals is adequate to provide the 
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location of the hybrid system, the system recycles and seeks 
neW incoming radio LD signals and outdoor LD signals for 
this determination and optionally advises the user that 
neither LD unit can provide adequate signals for determi 
nation of the location of the hybrid LD system, in step 189. 

If a given LD unit is speci?ed in the interrogation signal, 
that LD unit automatically determines, in step 179 of FIG. 
9, Whether the LD information should be provided by the 
outdoor LD unit, by the FM subcarrier unit, or by neither, 
based upon the present location of that LD unit and/or one 
or more indicia for each radio LD signal and for each 
outdoor LD signal that indicates Which of the tWo signals is 
likely to provide the most accurate location under the 
circumstances. An indicium for each signal preferably is a 
measure of the signal robustness, such as signal strength, or 
the signal quality, such as signal-to-noise ratio. Use of such 
indicia are discussed above. In some circumstances, neither 
the radio LD signals nor the outdoor LD signals may provide 
acceptable signals for location determination, and the LD 
unit optionally advises the user of this circumstance. 

If the LD unit is located outside of and aWay from all 
buildings and structures, the LD unit can use the outdoor LD 
unit to provide LD information on its present location, or can 
use the radio LD unit for this purpose. If the LD unit is 
located inside a building or other structure or in another 
location that is inaccessible to outdoor LD system signals, 
the radio LD unit provides present location information for 
the LD unit, as in step 183 in FIG. 9. 

Optionally, the controller or the hybrid LD system 11 can 
transmit all the radio LD signal information and all the 
outdoor LD signal information, unprocessed, partly pro 
cessed or fully processed, to a central processing station, 
preferably including a label, tag or other indicium that 
identi?es the transmitting LD unit. The central station then 
evaluates the adequacy of the signals and, if possible, 
determines the present location of the user 12. Optionally, 
the controller or the hybrid LD system 11 can transmit the 
LD signal information to the central station at an arbitrary 
time or in one or more allocated time slots (each of length 
10—200 msec) for this response. Optionally, the central 
station then processes, stores and/or visually or audibly 
displays the present location of the user. 
When the radio LD unit 13 is activated, the relative phases 

of the radio LD signals must be initialiZed and the carrier or 
sub-carrier bias corrected, preferably using the relative 
phase information obtained by the outdoor LD unit 31 in 
FIG. 1, 3, 4 or 5. If the outdoor LD unit 31 is also activated 
at this time, the location that the outdoor LD unit senses for 
itself may not be very accurate for an initial outdoor LD 
signal acquisition interval; and inaccuracies in the outdoor 
LD unit location coordinates Will produce corresponding 
inaccuracies in the calculated relative phases of the radio LD 
signals. The outdoor LD unit location coordinates Will have 
an estimated overall inaccuracy given by eOm(t)=PDOP(t) 
~PR(t), Where PDOP(t) is the (dimensionless) position dilu 
tion of precision, based on the current geometrical con?gu 
ration de?ned by the outdoor LD signal sources used to 
determine the outdoor LD unit location. 

If the outdoor LD signal sources are stationary, such as 
?Xed ground-based sources, The PDOP parameter Will be 
approximately constant and Will not vary appreciably With 
time. If one or more of the outdoor LD signal sources is 
satellite-based, the PDOP parameter Will vary With time in 
a predictable manner as long as the same outdoor LD signal 
sources provide the outdoor LD signals. The calculated 
location coordinates of the outdoor LD unit may be ignored 
or not accepted until a standard deviation 0 (t) associated 
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With the error variable e0m(t) falls below a selected threshold 
eoumhr. However, the inequality e0m(t)§e0m)thr may not be 
satis?ed for a time interval of substantial length, such as 
"c(thr)=60—180 sec. 

One alternative here is to activate the radio LD unit 13 but 
not begin the calculation of radio LD unit location (or of 
outdoor LD unit location) until the outdoor LD unit has 
acquired a location ?x With reasonable estimated accuracy: 

€Out(t)§€0ut,thr' 
Another alternative is to use a linear predictor, based on 

least mean squares analysis or another suitable statistical 
approach, to predict the “stable” location coordinates for the 
outdoor LD unit. This approach may sharply reduce the time 
required to achieve “stable” values for these coordinates and 
to begin providing radio LD signal relative phase informa 
tion for the radio LDS unit. 

The radio LD signal sources are generally located at ?xed 
positions With elevations no higher than about 8 kilometers 
(km), Which is Well Within the troposphere (altitude 2 10—20 
km). Introduction of an average time delay of about 1.6 
msec/km propagated for radio LD signal propagation in the 
troposphere can be introduced to provide an average com 
pensation for time-delayed radio LD signals received at the 
radio LD units and at the outdoor LD unit. If the radio LD 
unit and the outdoor LD unit are transported together, the 
time delay for a given radio LD signal source Will be the 
same for the radio LD unit and the outdoor LD unit. If the 
radio LD unit and the outdoor LD unit are separated and 
move independently, the time delay for each radio LD signal 
source must be estimated separately for each of these LD 
units. 
We claim: 
1. Apparatus for determining the present location of a 

mobile user that carries the apparatus inside or outside 
buildings and structures, the apparatus comprising: 

a radio location determination (LD) module that receives 
radio LD signals from Q1 (Q1 23) terrestrial radio LD 
signal sources having knoWn locations, that determines 
present location of the radio LD module from knoWl 
edge of relative phases of the radio LD signals as 
transmitted from the radio LD signal sources, that 
determines a radio LD signal indicium Imd that is a 
measure of at least one of signal strength and (ii) 
signal quality of each of the radio LD signals received, 
and that issues radio LD module present location 
information and the radio LD signal indicium as radio 
LD output signals; 

an outdoor LD module that receives outdoor LD signals 
from outdoor LD signal sources carried on Q2 (Q2Z3) 
satellites With knoWn orbits, that determines present 
location of the outdoor LD module from the outdoor 
LD signals received, that determines an outdoor LD 
signal indicium I0,” that is a measure of at least one of 
(i) signal strength and (ii) signal quality of each of the 
outdoor LD signals received, and that issues outdoor 
LD module present location information and the out 
door LD signal indicium as outdoor LD output signals; 

a controller mechanism, including a microprocessor, that 
receives the radio LD output signals and the outdoor 
LD output signals, that compares Imd With a selected 
threshold value ImdJhr, that compares low with a 
selected threshold value loam”, and that selects at most 
one of the radio LD signal present location information 
and the outdoor LD signal present location information 
to determine a present location of a user that carries the 
radio LD module and the outdoor LD module, based on 
the comparisons of Imd and low; 
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Where the indicium Imd is determined by strengths Sj-(rad) 

(j=1, . . . , Q1) of signals received from the Q1 radio LD 

signal sources and is draWn from the class of indicia 
consisting of: 

[rad : min{S1 (rad), S2(rad), ..., SQ1(rad)}; 

Q1 

q’Il 

Where the coef?cients aq are selected non-negative 
numbers and at least one coef?cient a q is positive; and 

(i) 

(ii) 

qIl 

(iii) 

the parameters p(q) are non-negative numbers, and at 
least one parameter p(q) is positive; and 

Where the indicium I0,” is determined by strengths 
S]-(out)(j=1, . . . , Q2) of signals received from the Q2 

outdoor LD signal sources and is draWn from the 
class of indicia consisting of: 

(i) 

(ii) 

Where the coefficients b q are selected non-negative 
numbers and at least one coef?cient bq is positive; and 

(iii) 

the parameters r(q) are non-negative numbers, and at 
least one parameter r(q) is positive. 

2. The apparatus of claim 1, Wherein said radio LD signals 
are FM subcarrier signals. 

3. The apparatus of claim 1, Wherein said outdoor LD 
sources are draWn from a class of telecommunication signal 

sources consisting of Global Positioning System and the 
Global Orbiting Navigation Satellite System. 

4. The apparatus of claim 1, Wherein said outdoor LD 
means and said radio LD means are spaced apart from each 
other by a distance of no more than a feW meters. 

5. The apparatus of claim 1, Wherein said outdoor LD 
signal module determines said present location of said 
outdoor LD module by a procedure that includes the steps 
of: 

measuring a pseudorange PR(t;t0;j) associated With said 
outdoor LD signal received at said outdoor LD signal 
module from an outdoor LD signal source number j 

(j=1, 2,. . ., J; J23); 

determining a parameter b by minimiZing an error sum 
de?ned by the relation 
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