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ABSTRACT

Location of an object to be tracked is determined by
measuring, at a receiver situated at the object, the propaga
tion time differences between the signals from a plurality of
GPS satellites, each of which is received by the receiver
situated at the object. The measured propagation time differ
ence values are transmitted to a central station where the

location of the object to be tracked is calculated based upon
the propagation time differences of the signals transmitted
from the satellites and data derived from a receiver apart
from the object but also receiving signals from the satellites.
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1.
REDUCED-POWER GPS-BASED SYSTEM
FORTRACKING MULTIPLE OBJECTS
FROM A CENTRAL LOCATION

Matter enclosed in heavy brackets

appears in the

original patent but forms no part of this reissue specifica
tion; matter printed in italics indicates the additions
made by reissue.

This application is a continuation of application Ser. No.
08/465.229 filed May 31, 1995 now abandoned.
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FIELD OF THE INVENTION

This invention relates to object tracking systems used to
locate and track multiple terrestrial (including water-based)
objects and, more particularly, to power efficient object
tracking systems based upon information obtained from sat

15

ellites.
BACKGROUND OF THE INVENTION

The tracking and location of assets such as railcars, ship
ping or cargo containers, trucks, truck trailers, automobiles,
etc. can be highly advantageous in commerce. Precise track
ing of Such vehicles and objects can facilitate their being
allocated and positioned in an efficient manner, and can pro
vide for immediate, accurate localization of lost, delayed or
damaged assets. The space-based global positioning system
(GPS) implemented by the United States Department of
Defense constitutes a convenient instrumentality for deter
mining geographical position in real time.
The GPS is a multiple satellite-based radio positioning
system in which each satellite transmits data that allows pre

25
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cise measurement of the distance from selected ones of the
GPS satellites to the antenna of a user's receiver so as to

enable the user to compute position, Velocity and time
parameters through known triangulation techniques. The
signals provided by the GPS can be received both globally
and continuously.
The GPS comprises three major segments known as the
space, control and user segments. The space segment con
sists of 21 operational satellites and three spare satellites.
The satellites are positioned in a constellation Such that typi
cally seven satellites, but a minimum of four, are observable
by a user anywhere on or near the earth's surface. Each
satellite transmits signals on two frequencies known as L1
(1575.42 MHz) and L2 (1227.6 MHz), using spread spec
trum techniques that employ two types of spreading func
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tions.

C/A (or coarse/acquisition code) and P (or precise)
pseudo random noise (PRN) codes are transmitted on fre
quency L1, and P code only is transmitted on frequency L2.
The C/A is available to any user, military or civilian, but the
P code is only available to authorized military and civilian

50

users. Both P and C/A codes contain data that enable a

receiver to determine the range between a satellite and the

55

USC.

Superimposed on both the Pand C/A codes is a navigation
(NAV) message. A NAV message contains the GPS signal
transmission time; a handover word used in connection with

the transition from C/A to P code tracking; ephemeris data
for the particular satellites being tracked; and almanac data
for all of the satellites in the constellation, including infor
mation regarding satellite health, coefficients for the iono
spheric delay model for C/A code users, and coefficients
used to calculate universal coordinated time (UCT).
The control segment comprises a master control station
(MCS) and a number of monitor stations. The monitor sta
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2
tions passively track all GPS satellites in view, collecting
ranging data and satellite clock data from each satellite. This
information is passed on to the MCS where the satellite's
future ephemeris and clock drift are predicted. Updated
ephemeris and clock data are uploaded to each satellite for
retransmission in each satellite's navigation message. The
purpose of the control segment is to ensure that the informa
tion transmitted from the satellite is as accurate as possible.
The GPS is intended to be used in a wide variety of
applications, including space, air, Sea and land vehicle
navigation, precise positioning, time transfer, altitude refer
encing and Surveying. A typical GPS receiver comprises a
number of Subsystems, including an antenna assembly, an
RF (radio frequency) assembly, and a GPS processor assem
bly. The antenna assembly receives the L-band GPS signal
and amplifies it prior to insertion into the RF assembly. A
significant factor affecting accuracy of the computed
position, Velocity or time parameters is the positional geom
etry of the satellite selected from measurement of ranges.
Generally, a best position Solution is obtained using satellites
having wide angles of separation. Considerable emphasis
has therefore been placed on designing antenna systems to
receive, with uniform gain, signals from any point on the
hemisphere.
The RF assembly mixes the L-band GPS signal down to a
convenient IF (intermediate frequency) signal. Using vari
ous known techniques, the PRN code modulating the L-band
signal is tracked through code-correlation at the receiver.
This provides the processing gain needed to achieve a
signal-to-noise (SNR) sufficient for demodulating the navi
gation data and signal transmission time. The Doppler shift
of the received L-band signal is also measured through a
carrier tracking loop. The code correlation and carrier track
ing function can be performed using either analog or digital
signal processing.
By differencing the signal transmission time with the time
of reception, as determined by the clock of the receiver, the
pseudo range between the receiver and the satellite being
tracked may be determined. The pseudo range includes both
the range to the satellite and the offset of the clock from the
GPS master time reference. The pseudo range and Doppler
measurements (and the navigation data) from four satellites
are used to compute a three dimensional position and Veloc
ity fix, which calibrates the receiver's clock offset and pro
vides an indication of GPS time.

In some known receivers, the receiver processor controller
(RPC) functions are performed using a computer separate
from that on which the navigation functions are performed.
In other known receivers, both types of functions are per
formed by a single computer. The RPC processing and
memory functions performed by a typical GPS receiver
include monitoring channel status and control, signal acqui
sition and reacquisition, code and carrier tracking loops,
computing pseudo range (PR) and delta range (DR)
measurements, determining data edge timing, acquisition
and storage of almanac and ephemeris data broadcast by the
satellites, processor control and timing, address and com
mand decoding, timed interrupt generation, interrupt
acknowledgment control and GPS timing.
U.S. Pat. No. 5.225,842 describes an apparatus and
method for computing the position and Velocity of multiple
low cost vehicle-mounted sensors, monitored and tracked by
a central control station. The receiver processor functions are
physically separated from the navigation functions and the
low rate data interfaces provided between the computers that
perform these functions, thus achieving cost saving in the
GPS sensor that is employed on board each vehicle.
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One type of known GPS receiver is described in U.S. Pat.
No. 4,114,155, wherein the position of a receiver responsive
to C/A signals derived from multiple, orbiting spacecrafts is
determined to an accuracy better than 300 meters. Each of
the C/A signals has the same carrier frequency and a
different, predetermined Gold code sequence that normally
prevents position determination from being more accurate
than to within 300 meters. C/A signals transmitted to the
receiver are separately detected by cross-correlating
received Gold code sequences with plural locally derived
Gold code sequences. Four of the detected C/A signals are
combined to compute receiver position to an accuracy of 300
meters. To determine receiver position to an accuracy better
than 300 meters, the relative phase of internally-derived
Gold code sequences is varied over the interval of one chip
(i.e., pulse) of each sequence, to derive second cross
correlation values indicative of received and locally-derived
Gold code sequences.
The basic approach followed most recently is to receive
and process the signals from several of the GPS satellites in
order to determine range to each satellite (and relative
velocity). With perfect knowledge of range to only three of
the GPS satellites, exact receiver position can be determined
from the intersection of the three 'spheres' induced by the
known satellite positions and the derived receiver ranges.
With receiver noise and imperfect knowledge of satellite
positions, the receiver-satellite ranges can only be estimated.
Typically, errors from receiver noise are reduced by
(effectively) averaging many range calculations.
In the above most recent approach, the range from a par
ticular satellite is estimated by reading a time stamp from the
satellite's data stream (the transmission instant), Subtracting
this from the reception time, and multiplying the time differ
ence by the speed of light. Any error in satellite and receiver
clock synchronization leads to proportional range errors.
Because the same clock is used in receiving from all
satellites, there is only one unknown receiver clock “bias’.
By using a fourth (or more) satellite, the clock bias and
ranges can be jointly estimated.
At the receiver, the reception time is determined by per
forming a cross-correlation of the received data with a local
replica of the known satellite Gold code, and noting the time
of a chosen correlation peak, and its position relative to the
time stamp. The satellite signal structures use Code Division
Multiple Access (CDMA) so that the above cross correlation
is part of the standard GPS receiver processing.
The above-described system that follows the most recent
basic approach assumes that each receiver must determine
its own position. In the system of the invention, there is a
central facility or station that needs the receiver positions
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SUMMARY OF THE INVENTION
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and can communicate with the receivers. Each tracked

object (e.g., a railcar) carries a GPS-based receiver that pro
cesses data from several of the visible GPS satellites.

However, the full position determination is not made at the
railcar. Instead, only partial processing is done at the railcar

55

and intermediate results are transmitted to the central sta

tion. The forms of both the partial processing and intermedi
ate results are chosen to minimize the complexity and energy
requirements at the railcars.
The standard GPS system requires that the transmit-time
stamps, satellite ephemeris and other correction data be

60

decoded from each satellite's data stream at the tracked

object. The receiver is thus required to process data from
each satellite long enough (between six and 150 seconds) to
synchronize with, and decode, these data. This consumes
significant power.

65

Briefly, in accordance with a preferred embodiment of the
invention, a method for identifying location of an asset or
object to be tracked comprises measuring data related to
propagation time differences between signals transmitted
from a plurality of satellites and received at the object to be
tracked, transmitting the data to a central station, and
calculating, at the central station, the location of the object to
be tracked based upon the transmitted data. The data
received at the object to be tracked may include data identi
fying a respective associated Satellite by, for example, a sat
ellite identification number, Such that the step of calculating
the location of the object to be tracked is thereupon based
further upon the satellite identification numbers.
In another preferred embodiment, a reduced-power GPS
based system for tracking location of an asset or object from
a central location comprises a central station at the central
location, and an object to be tracked which includes means
for receiving signals from at least four GPS satellites, first
processor means for processing data from the receiver means
propagation time differences for the signals, and transmis
sion means for transmitting the processed data to the central
station. Second processor means situated at the central sta
tion determine location of the object based upon the data
received from the transmission means.

In still another preferred embodiment, a reduced-power
GPS-based system for tracking multiple objects from a cen
tral location comprises a central station at the central
location, and a plurality of objects to be tracked. Each of the
objects includes receiver means containing an antenna for
receiving signals including data related to the propagation
time differences of the signals from at least four GPS
satellites, first processor means for calculating a receiver
code word phase for each of the satellites based upon the
signals received by the receiver means, and transmission
means for transmitting the code word phase to the central
station. Second processor means are provided at the central
station for determining the signal propagation times between
the plurality of satellites and each of the tracked objects
based on the receiver code word phase transmitted by the
respective object and for determining from the signal propa
gation times the location of each respective one of the
objects.
In another preferred embodiment, a reduced-power GPS
based system for tracking location of multiple objects from a
central location comprises a central station at the central
location, and an object to be tracked which includes means
for receiving signals including data related to propagation
time differences of said signals from at least four GPS
satellites, first processor means for calculating a receiver
code-time offset for each of the satellite signals and for
determining the receiver code period for each signal, and for
determining identification numbers of the at least four GPS
satellites, and transmission means for transmitting the
receiver code-time offsets, code periods, and identification
numbers to the central station. Second processor means at
the central station determine the signal propagation times
between the plurality of satellites and the tracked object and
determine location of the object based upon the receiver
code-time offsets, code period, and satellite identification
numbers transmitted by the transmission means.
In still a further preferred embodiment, a reduced-power
GPS-based system for tracking location of an object from a
central location comprises a central station at the central
location, and an object to be tracked which includes means
for receiving transmission signals from at least four GPS
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satellites, first processor means for calculating a receiver bit
phase for each of the satellite signals based upon the signals
received by the receiver means, means for keeping track of
time at the object, and transmission means for transmitting
the bit phase signals and time signals to the central station.
Second processor means are provided at the central station
for determining the signal propagation times between the
plurality of satellites and the object and for determining
location of the object based upon the bit phase and time
signals transmitted by the transmission means.
Utilizing the present invention, power consumption and
calculation complexity at the tracked object are reduced

6
FIG. 7 illustrates tracked object location-dependent com
munication delay; and
FIG. 8 is a block diagram of a system for evaluating GPS
algorithms in accordance with the present invention.
DETAILED DESCRIPTION

10

related to these time differences are transmitted to a central

relative to that for a standard GPS receiver. Arrival time

differences between satellite signals are measured at the
tracked object and this information is relayed to the central
station via the separate communications link. Satellite data
streams need not be decoded at the tracked object.
The central station thereby necessarily determines the
location of the object to be tracked. Because the receiver
front end and data processor use significant power only
when processing, the receiver power can be dramatically
reduced by being “active' only long enough to get accurate

15

time-difference measurements. This can be less than one

second and requires no GPS data-frame synchronization
because of the nature of the signals. For example, assuming
that the tracked object is a railcar, new railcar locations typi
cally are needed only as frequently as 15 minutes. Thus the
receiver energy used is reduced in direct proportion to the
reduction of “active' receiver time. Moreover, receiver com

plexity and cost can be reduced by replacing the advanced
microprocessor employed in current GPS receivers with a
simpler one that is matched to the arrival-time differencing
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BRIEF DESCRIPTION OF THE FIGURES

The features of the invention believed to be novel are set

forth in the appended claims. The invention, however,
together with further objects and advantages thereof, may
best be understood by reference to the following description
taken in conjunction with the accompanying drawing(s) in

45

used at the local station receiver;

FIG. 4 illustrates the time delay relationships of the trans
mitted and received signals;
FIG. 5 illustrates a plurality of intersecting time
difference solution regions on the surface of the earth;
FIG. 6 illustrates tracked object message timing diagrams
in accordance with the present invention;

parameters within its data stream. These allow a receiver to
ascertain the absolute transmission timing for each satellite
with respect to a common GPS standard time. A particular
satellite's clock may drift relative to those of other satellites.
The GPS system control monitors these offsets and periodi
cally includes them in the satellite's data stream. The clock
time offsets are not needed at the individual receivers and

can be determined at central station 16 by utilizing a stan
dard GPS receiver there or at a remotely controlled site.
As shown in FIG. 1A, railcar tracking unit 14 is actually
comprised of a railcar receiver 2 responsive to the signals
from GPS satellites 12, a processor 3, and a transmitter 4.
The received signals are processed in processor 3 to ascer
tain and utilize propagation time differences among the sig
nals received from GPS satellites 12. The processed signals
are furnished to transmitter 4 from whence they are
transmitted, as reduced order parameters, to central station
16.

As shown in FIG. 1B, central station 16 includes a

which:

FIG. 1 is a block diagram of a remote tracking system in
accordance with the present invention;
FIG. 1A is a block diagram of a railcar tracking unit on an
object to be tracked in accordance with the invention;
FIG. 1B is a block diagram of the transmitter at the central
station of the remote tracking system of the invention;
FIG. 2 illustrates the long time-scale data frame relation
ship between a GPS standard time mark and two satellite
data frames in accordance with the present invention;
FIG. 3 illustrates a typical Gold-code correlation output
signal on a short time scale when the proper code replica is

station where the majority of calculations required to deter
mine the receiver (railcar) location are performed. In the
preferred embodiments, a standard CDMA receiver is
employed with radio frequency/intermediate frequency (RF/
IF) front end and Gold-code cross correlators.
In FIG. 1, the invention is shown as comprising a plurality
of GPS satellites 12, an object to be tracked, such as a railcar
carrying a tracking unit 14, and a central station 16.
Although the invention is herein described in the context of a
railcar, the teachings of the invention are applicable to a
variety of objects which may be tracked by a GPS or
satellite-based system. With respect to the GPS signal
format, accurate timing of GPS signals is critical and is
monitored by central station 16.
Each satellite 12 includes its own set of clock correction

tasks.

In accordance with the invention, one object is is to pro
vide a GPS-based asset tracking system in which processing
is performed at a location remote from the tracked assets and
based upon specific recognizable variables.
Another object is to provide a GPS-based asset tracking
system which requires minimal energy at the tracked assets.

The present invention is directed to a system and method
for reducing the power and complexity requirements of a
local GPS receiver, which can be carried by a railcar, by
effectively requiring only measurement of arrival-time dif
ferences between a plurality of GPS satellite signals. Data

50

receiver 7 responsive to signals from transmitter 4 of track
ing unit 14 (FIG. 1A) and a processor 8 responsive to
receiver 7 for determining location of tracking unit 14.
In the long time scale data frame shown in FIG. 2, a, is the

frame time offset for satellite i. A value a-a, is the time

offset between transmitted signals from two satellites, i and
55
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J.

A Gold-code correlator output waveform r(t) for satellite
i is illustrated in FIG. 3 from the perspective of the railcar
receiver. Each correlation-peak location respectively marks
the beginning of a new Gold code cycle in the received
waveform. Each Gold code cycle is 1 ms long and comprises
1023 binary Gold code “chips”. Furthermore, there are 20
code cycles for each encoded navigation data bit. FIG.3 also
illustrates, by a dotted line, a typical bit-boundary position.
With respect to a particular time t at a railcar receiver, the
receiver code-time offset for satellite i is Y. The receiver
code-time offset is the time elapsed to a time t from the
beginning of the code word (cycle) in which to falls.

US RE40,642 E
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7
Similarly, the receiver bit-time offset B, is the time elapsed to
time t from the beginning of the bit in which to falls. The
satellite-railcar radial velocity component varies for differ
ent satellites and this results in a relative waveform expan
sion or compression (Doppler) at the railcar. Thus the
observed code and bit periods are satellite dependent. The
code and bit periods observed at the railcar for satellite i are

The corresponding satellite transmission times are needed to
properly determine the satellite locations needed in equation
(2). From equations (2), (3) and (4), the object coordinates X,

y, Z and the transmission time t, form the only unknowns.

designated as T, and T., respectively.

Frequently, the railcar receiver will use satellite signals
that are not visible from (i.e., cannot be received by) the
central station. This presents no problem because the satel
lite clocks drift slowly (less than five nanoseconds error per
hour). If, at the railcar receiver, time differences are calcu
lated using a satellite that is not visible at the central station,
then, at the central station, the last calculated clock offset for

that satellite can be used (or extrapolated, based on past drift
rate) until that satellite is again visible. As an alternative,
central station 16 (FIG. 1) could communicate with standard
GPS receivers strategically situated to guarantee satellite
visibility.
A key feature of the present invention is the provision of a
method for determining location of the object (here, a
railcar) to be tracked. In a first method (“method 1), the
object's location is accurately determined from propagation
time differences between at least five satellite signals
received at the tracked object. This method requires no mea
Surement of time at the tracked object. The propagation time
difference between signals from satellites i and j is defined

as A=t-T, where t, is the signal propagation time from
satellitei to the railcar. These propagation times are not

directly measured at the receiver but are calculated from
received code word or bit phases, as described below (see
equations 8 and 9). The satellite-railcar ranges and propaga
tion time differences are related by the equation

10

15

t=t-Ali.

(5)

The resultant values are utilized to determine the satellite

locations needed in equation (2). The nonlinear equations (4)
are readily solved with standard techniques using iteration. It
is not necessary that time to be measured at the railcar
25

receiver. This value can be found, if desired, at the central

station from the equation:
tr=t-R/C.

30
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is the range from the i'th satellite to the railcar receiver. Also,
X, y, and Z, are time-dependent coordinates for satellite i and
are specified by the satellite's ephemeris equations. For sat
ellite i, the signal received at time t=t was transmitted at

space as well as the unknown transmit time, t. The other
satellite transmission times t". ts', ta", and ts' are then

found from the equation:

35

where R,( ) is a function of the parameters in its argument
and is discussed below. In equation (1), t is the common time
at which the signals are measured at the receiver, C is the
speed of light, and

Yet the time delay differences in equation (1) do not have to
be calculated with reference to satellite (1); i.e., any satellite
pairing will be satisfactory as long as the four equations in
(1) utilize unique pairings.
Using these simultaneous equations at central station 16
(FIG. 1), four time delay differences determine a point at the
intersection of four hyperbolic sheets in three dimensional

(6)

In the present invention, the propagation time differences

A, are not directly measured at the railcar receiver. Instead,

only the code orbit phases associated with reception time t
are measured, and these data, or their differences including
the satellite identifications, are transmitted to the central sta
tion. This permits the railcar receiver to focus only on cross
correlation and to operate long enough to get a sufficient
SNR (Signal-to-Noise Ratio) through averaging. In general,
the averaging times are so brief that any Doppler shifts can
be considered as constants. Thus the bit and code periods are
constant during these periods. Railcar locations can be deter
mined at the central station by calculating the true differen
tial delays from the measured phases, as described below,
and using them in equations (1) through (5).
In determining the propagation time difference between
two satellite signals, it is assumed that the Doppler shift is
constant locally, i.e., that the satellite-railcar propagation
delay changes linearly with time. Using this assumption, a
particular relative position in a received code word or data
bit cycle corresponds to the same relative position in the
associated transmitted code word or data-bit cycle. From the
previous definitions, and as shown in FIG. 4, for each satel
lite i, j, etc.,
(7)

55

time t-t, which is now defined as t,'. Time t is identical
for all of the satellites. Furthermore, the propagation times
are related by

Pursuant to equation (7), t, is the time when the start of a
currently received frame was transmitted, m, is the integer
number of code periods between time t and the beginning
of the received data frame, and u, is the receiver code word
phase at time t and is defined as

60

(3)

where Y, is the receiver code-time offset at the receiver, and

For any particular measurement time t=t, equation (1)
can be rewritten as

R2(x,y,z,t-A12)-R1(x,y,z,t)=CA12

(4)

65

T, is the code period (at time t) in the received data frame.
T is the common code period at all transmitters. Because

the Doppler shift is constant, it is true that
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so the relative code word phase in the transmitted waveform
at time t-T, is equal to , that was measured at the receiver
at time t. From equation (7), the propagation time differ
ence between signals from satellites i and j is

which utilizes the equation t'=tes--a, for each i. At the
central station, a, a, and T are known, ties is the chosen
reference time, and LL, and l, are received from the tracked
object as measurements. The integers m, and m, are

unknown and yield ambiguity as discussed below. At the
receiver, time t can be chosen to align with the first satel
lite's received code word boundary. Then L=0 by conven
tion and the other four phases can be sent to the central
station. In this way, the central station can know the indi
vidual phase values as well as their differences. Knowledge
of each phase value at the central station constrains each

10
with GPS data, such sequences are very short, so that bit
edges are readily observed. Once a single bit transition has
been observed, the receiver bit phase for the chosen time t
is readily deduced because the code period is observed and
there are always 20 code cycles per bit period. Furthermore,
each bit boundary coincides with a code word boundary.
In order to solve equation (4) for the railcar receiver
location, the propagation time delay differences are first

found, as from equation (10). In equation (10), (m-m) is the

10

unknown integer part of the code orbit period offset between
the signals received from satellites i and j. For a given mea

surement of u, and u, equations (10) and (4) yield a different
location solution for each value of (m-m). Conceptually,
each integer value of (m,-m) must be tried, and the resulting
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position solution must be checked against known bounds for
validity. In earthbound (e.g., railcar) applications, altitude is
a simple bound against which each position solution can be

unknown associated transmission time to be on a lattice of

checked. Also, railcar Velocities are constrained, so that new

time points that have that phase value.

locations cannot be extremely different from previous loca

While the above discussion illustrates how the several sat

tions.

ellite propagation time differences can be deduced from
receiver code word phase measurements, as an alternative,
receiver bit phases can be measured. In this instance, u, of
equation (8) becomes the bit phase when Y, is replaced by B.

and T, is replaced by T. Such that u=B/T?. A relationship

Most of the ambiguous solutions are at invalid altitudes,
far from the earth's surface. To avoid wasteful calculation, it

is desirable to directly limit the values of (m-m) that are

25

used in equation (10). The GPS satellite-earth geometry con
strains each time t, to be between 58.5 and 79.9 milli
seconds (ms). This is true because GPS satellites orbit at

30

the delay from directly overhead is 58.5 ms while the delay
from a satellite on the horizon (nearly 4000 miles farther
away) is 79.9 ms. The delay difference between two satel
lites is therefore constrained to the interval -21.4, 21.4
milliseconds. At the central station, equation (10) is readily

similar to equation (9) also holds for bit phases. Finally, in
equation (10), m and m, become the unknown integer num

approximately 25x10 km above the earth's center so that

ber of bit periods. In either instance, the unknowns m, and m,

cause a periodic ambiguity in propagation time difference A
that must be resolved. This ambiguity has a period of
approximately one millisecond for code periods and 20 mil
liseconds for bit periods.
Because each possible propagation time difference value
induces a three-dimensional hyperbolic sheet for the railcar
location solution, the ambiguity in A induces multiple sheets

35

for each value of A. On an assumed flat earth, the sheets from

just one phase difference form a set of hyperbolas with the
positions of satellites i and j as the foci. Phase differences
from other satellite pairs induce difference hyperbola sets.
The only feasible railcar location solutions are those where
there is a congruence of one hyperbolic sheet from each
participating satellite pair. With ambiguous time differences
from four satellites, only a small set of possible joint ambi
guity images yield intersecting hyperbolas near the earth's
surface, and the set is further reduced as more satellites are

40

stream is NRZ coded.

Using an NRZ code sequence, a sequence of identical bits
has not transitions and bit locations are not visible. However,

of possible railcar locations will be much shorter.
To Summarize the foregoing object-tracking method
(“method 1), five satellite signals must be received. Five
receiver code word or bit phases are measured, as are the
associated satellite identification numbers, and these are sent

45

used.

Time-delay difference and satellite location accuracies are
Such that the location Solution regions from each satellite
pair are very narrow relative to the ambiguity spacing, as
shown in FIG. 5. Thus the several ambiguous time delay
differences yield a small set of possible railcar locations.
The use of bit-time differences provides advantages over
code-time differences because the former yield a smaller
number of possible location solutions. The 20 millisecond
period for bit-time differences always yields a location
ambiguity spatial period of at least 1500 miles at the earth
Surface, while for code-time differences the ambiguity spa
tial period is only 75 miles. This shortest ambiguity period
assumption is derived by assuming the two satellites
involved are on the horizon in opposite directions. For rail
car tracking applications, car locations will be known
a-priori to within 1500 miles, so a 1500 mile ambiguity is
not a problem. Receiver bit phases, however, are slightly
complicated to derive because the satellite's binary data

used to deduce values of (m-m) that satisfy this interval
constraint. If code phases are measured, there are approxi
mately 43 feasible values of (m-m) for each measured (1,LL). Thus there are 43 values for each A, in equation (4). If
bit phases are measured, there are only 2 or 3 feasible values
for each propagation time difference A, and the resulting list

50

to the central station. From these measurements a list of
feasible railcar locations is determined at the central station.

The basic steps are:
1. Phases L through us are measured along with their
corresponding satellite numbers and these data are sent to
the central station. The measured phases can be code word
phases in the simplest receiver, or data-bit phases in a
slightly more complex receiver. Bit phase could be specified
as code word phase plus an integer number of code words
offset from the bit transition.
2. A standard GPS receiver at the central station deter

55

mines satellite transmission offsets a through as that are
valid around the time the receiver measurements are

received at the center. Validity of each satellite ephemeris
equation is determined for the same time period.
3. At the central station, reasonable values for the integer
60
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offsets (m-m) for j from 2 through 5 are selected, and
equation (10) is used to calculate A, for j from 2 through 5.
4. At the central station, an initial value for t is chosen
and equation (5) is used to find corresponding values fort,
for i from 2 through 5. The value of t is constrained such
that the transmitted bit or codeword phase at t has the
measured phase, L. The integer m is indirectly specified
when choosing at that satisfies the above constraint. At the
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applied after each iteration. Equations (11) and (12) together
form a system of nonlinear equations with object location (X,
y, z) as the only unknowns, and these equations can be
Solved using standard iterative techniques.
In many railcar tracking applications (e.g., when the rail
car is traveling), extreme accuracy is not required. In Such

central station, the initial value for transmit time t, may be

set to an approximation of the receiver message time t, if
known. In a railcar-tracking application, time t could be
known to within several minutes at the central station

(without any communication of time values).
5. Standard iterative methods are used with equations (1)
and (2) in order to solve for the railcar receiver (x, y, z)

position and transmission time t. In equation (2), the

ephemeris equation for each satellite is included in the itera
tion. The last reported location can be used as the initial
values for X, y, and Z in the iteration.
6. Steps 3 through 5 are then repeated for each feasible

10

combination of integer offsets (m-m) from 2 through 5.

This yields a list of potential railcar receiver location solu
tions.

An advantage of the tracking method described above is
that requirements for receiver clock accuracy are minimal.
Railcar time is not part of the measurement set.
The present invention may alternatively employ a second
method (“method 2) for determining location of an object
being tracked. The second method is similar to the first
method, except that only four satellites are used and the
railcar receiver message time to must be made known to the
central station, (e.g., measured and transmitted to the central
station). By using four satellites, only three independent
propagation time differences can be obtained from the
receiver code word or bit-phase measurements. To determine
the railcar location, the time at which these propagation time
differences are valid must be known. More specifically, as

shown in FIG.4, the transmission times t, for i from 1 to 4,

must be determined so that the satellite position (associated
with the common reception time t) can be determined. In a
manner similar to the first tracking method, the railcar
receiver location is determined from the following three
equations:
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cases, t, can be approximated by t-(79.9-58.5)/2. As
stated earlier in the description of the first tracking method,
the GPS-signal transmission times (t') must lie between
to-79.9 ms and t-58.5 ms. This yields at tuncertainty of
21.4 ms if t is known. The satellites travel at approximately
3.49 km per second so that at, uncertainty of 21.4 ms yields
a satellite location (x, y or Z) uncertainty of at most, 74.8
meters, which translates directly to a similar uncertainty in
railcar receiver location. This may provide Sufficient accu
racy for most railcar-tracking applications. If greater accu
racy is desired, equation (12) can be included in the iterative
solution of equation (11) to determine location of the object

being tracked. The initial value fort can be set equal to to

and equation (11) iterated to solution for (x, y, z). This result

and the initial value for t can then be used to initialize an
value for t which can be used with the previous (x, y, z)
iteration for Solving equation (12). This yields an improved

25

Solution to initialize another iterative solution of equation
(11). This cascade of iterations will rapidly converge to the

correct railcar location, Subject to the (m-m) induced ambi
Small errors in to can be tolerated because t' must obey

guities.
30

35

the previously-mentioned lattice constraint. Thus if the
received codework or bit phases , are measured at time t.
but the measured time is actually reported as to plus some
errore, the railcar location will be accurately calculated for
time t if the value of e is less than one-half of the code word
(data-bit) period. If desired, the correct value for t can be
determined following completion of the iteration using the
following equation:
(13)

40

In equation 11, the A terms are derived from the measured
ing method. Also as in the first method, (ti-A) is the trans

code word orbit phases with ambiguities as in the first track

mission time from the i'th Satellite corresponding to recep
tion time t. This transmission time determines the satellite
location from the ephemeris equations, and the satellite loca
tions are needed to determine the ranges in equations (11).
The A values are known at the central station from the
received measurements and equation (10). Furthermore,

45

ence. As shown in FIG. 6, data transmitted from a GPS sat
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ellite at time t is detected at the railcar receiver at time
t=t, is transmitted to the central station at time t, and is
received by the central station at time t. The central station
maintains an accurate clock so that the value to can be deter
mined if both (t-t') and (t-t') are known. The delay (tT) can be easily recorded by an inexpensive timer located at

60

central station. The communication delay (t-t') is depen
dent upon the data communication network and may be
known at the central station where reception time to may
then be calculated using the formula:

50

time t is related to time to by

Here T is the GPS signal propagation delay from satellite 1
and depends, as shown, on location of the object being
tracked, and satellite location. The satellite location (x, y,

Z) depends, in turn, on time t. Therefore, if time to and the
satellite ephemeris equations are known, then time t

In performing this method of tracking an object, it is
assumed that the reception time to for the railcar receiver can
be accurately measured and used to find the relevant satellite
transmission times. This is easily done if the object being
tracked includes an accurate clock and its time reading at
t=t is sent to the central station. Alternatively, time t can be
determined at the central station by determining the time of
data arrival at the central station and using this as a refer

the railcar receiver and can be transmitted as data to the

depends only on the location of the object being tracked. For
a given location of the object being tracked, equation (12)

can be solved iteratively fort. After convergence, the value
oft can be modified to the nearest point of the time grid

induced by equations (8) and (9) and the known (measured)
value of L. So as to obey the previously mentioned lattice
constraint. To speed convergence, this constraint can be

As indicated in FIG. 7, there are some situations in which
65

the data communication may be made via a satellite link.
Assuming the use of a geostationary satellite 19 for the data
link, transmissions out to and back from the satellite will
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experience a delay which depends on the locations of central
station 16, railcar receiver 14 and satellite 19. This delay will
be bounded between (p=2R/C and (p=2(R+R)/C as can be
seen from FIG. 7, where C is the speed of light, R is the
distance from satellite 19 to the surface of the earth and R is
the earth's radius. With Rapproximately 38.623 km and R
approximately 6,437 km, the delay uncertainty is approxi
mately 46 ms. During this interval, the GPS satellites move
174 meters at their speed of 3.78 km per second. Thus the
railcar locations will have an additional error if this delay
uncertainty is not resolved.
If a more accurate railcar location is required, the uncer
tainty in geostationary satellite delay (due to uncertain rail
car location) can be eliminated with an iteration scheme
such as that discussed earlier (for the GPS signal delays).
Initially, the railcar location is calculated at the central sta
tion by assuming a particular feasible value for the commu
nication delay (t-t'). With the new railcar location and the
known satellite 19 and central station 16 positions, the com
munication delay is recalculated. This corrected delay is
then used in equation (14) to correct the value t. The new
value of t is used, as described earlier, to find a railcar
location. This iteration can continue until little change in

14
4. At the central station, reasonable values for the integer

offsets, (m-m) for j from 2 through 4 are selected, in view

of limitations on these offsets that are induced by satellite
earth geometry, prior object location, object Velocity limits,
etc. Equation (10) is used to calculate propagation time dif

ference A, for j from 2 through 4.
5. At the central station, an initial value for time t is

chosen based on L, and on limitations on the communica
tion delay (t-t') and bounds on the GPS signal travel

10

7. Standard iterative methods are then used to solve equa
tion (11) for railcar receiver location (x,y,z). Because the
15

t'. This can be done either after step 7 has converged, or
after each iteration of step 7.
9. Steps 6 through 8 are repeated, terminating after step 7
if the new position (x, y, z) is Substantially unchanged.
10. Steps 4 through 9 are repeated for each feasible com

bination of integer offsets, (m-m) for j from 2 through 4.
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This yields a list of potential railcar location solutions.
An advantage of this second method of object tracking is
that only four satellite signals must be received.
Furthermore, the iteration for finding railcar location is less
time-consuming because the search for the correct GPS
transmission times is substantially eliminated.

35

delay time cannot be determined with sufficient accuracy. In
Such cases, other methods for determining receiver and
transmission times must be used. One approach is to utilize a
unique mark (unique over a Sufficient period) in any one

25

For some communication methods, the communication

GPS satellite's data stream as a time reference at the tracked

described above will reduce the residual railcar location
error to Zero.

To Summarize this second object-tracking method
(“method 2), four satellite signals must be received. Four
receiver code word or bit phases are measured, as are the
associated satellite identification numbers and the single

40
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the railcar receiver, the data-storage time (t-t') at the rail
car receiver is sent instead of the actual measurement time.
55

60

3. A standard GPS receiver is used at the central station to

determine satellite transmission offsets a through a and the
satellite ephemeris equations that are valid near the mea
Sured reception time t. Because these parameters change
relatively slowly, and because the delay between a GPS sat
ellite and the object being tracked is short, these parameters
will be valid at the several satellite transmission times.

the known offsets a, at the central station. Utilizing equations
(11) and (13), the railcar receiver locations and associated
receiver times are calculated.

from a bit transition. If an accurate clock is not available at

2. If storage time is measured at the object being tracked
and sent to the central station, then the time of data reception
(t) at the central station is determined and used with storage
delay (t-t'), and with the known bounds on transmission
delay between the object being tracked and central station
(t-t'), to estimate the measured common reception time t
from equation (14).

object, and to measure reception or receiver time to relative
to this received mark. Because the mark is unique, it can be
found in the GPS signal received at the central station and its
transmission time can be determined accordingly. Hence the
transmission time associated with reception time t can be
found by adding the measured offset to the mark time. All

other satellite transmission times t, can then be found from

measurement time, and these are sent to the central station.

The basic steps are:
1. Code word orbit phases L through L and their associ
ated satellite numbers are measured at reception time t.
These data, including the measurement time t, are sent to
the central station. The bit phase can be specified as code
word phase plus an integer number of code words offset

values t, are fixed, the ephemeris equations are evaluated

only once during this iteration.
8. For higher accuracy, the new (x, y, z) result is used with
equation (12) to iteratively solve for an improved value of

railcar location is observable.

For accurate results from this approach, the data storage
delay (t-t') must be short enough Such that the railcar
receiver clock yields an accurate storage delay measure
ment. In a preferred embodiment, the railcar will collect
time-difference data approximately every 15 minutes and
report these data to the central station hourly. Thus the stor
age delay (t-t') for the first measurement set could be up to
60 minutes, or 3600 seconds. An inexpensive receiver clock
may keep time to one part in one million, so that a 3.6 ms
error may accrue in 3600 seconds. This error is directly
reflected in the measured value oft. If the residual error in
t, due to receiver clock drift, is kept to less than one-half of
the code word or data-bit period, the iteration method

delays (T,). An effective simple initial value is t-te.
6. Equation (5) is then used to calculate corresponding
values fort, for i from 2 through 4.

65

The GPS telemetry-word preamble (TWP) is a specific
eight-bit sequence (10001011) that is transmitted at the
beginning of every six-second subframe from each satellite
and is a standard synchronization mark. This sequence can
not be falsely replicated by any prefix or postfix of up to six
bits in length. If a short periodic receiver window is synchro
nized with a signal event such as the TWP from one of the
satellites whose data is to be processed, and this window is
used to occasionally “awaken” or activate the railcar receiver
for TWP-synchronized GPS signal processing, little or no
extra power will be required at the railcar receiver to support
learning the transmission times at the central station. This
TWP windowing scheme is useful if the uncertainty in satel
lite transmission times is less than six seconds. Initial win

dow synchronization may require up to a full six seconds of
GPS data processing to ensure TWP acquisition but, once
acquired, the window can easily be tracked by noting the
position of each TWP in its surrounding window and alter
ing the window timing to keep the TWP centered. With inex
pensive clocks at the railcar receiver, the window can drift on
the order of only 3.6 ms per hour. If the signal TWP region is
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also used for the time-difference processing, then the win
dow can drift only on the order of 3.6/4 ms over the 15
minute inter-measurement interval. Since the TWP sequence
is unique within +6 bit periods (120 ms), use of a 100 ms
window ensures that the TWP will not be missed or falsely
recognized.
If the transmission delay to the central station has uncer
tainty greater than six seconds, the TWP windowing scheme
can be augmented with GPS time-stamp decoding at the
receiver. The GPS time stamp is encoded in the data stream
at a fixed short delay from the TWP word. The TWP window
can be used to enable time-stamp decoding, and the time
stamp can be sent to the central station as an estimate of the
receiver time t. As an alternative, time t can be chosen at
the railcar receiver to coincide with the TWP word boundary
on satellite channel number 1, and the following time stamp

10

15

can be decoded and sent to the central station. The correct

value for time t is then easily found at the central station as

the value of the time stamp prior to that from the receiver.
The above railcar receiver windowing scheme need be
implemented only on one of the satellite signals in order to
determine receiver time t. However, if a separate TWP
receiver window is formed, respectively, for each satellite
signal, then all time-delay ambiguities associated with code
or bit periods are readily resolved by noting the TWP
relative time at the end of the correlation process for each
signal. This simplifies processing at the central station at the
expense of extra window processing and receiver “on” time

interface unit also collects decoded GPS almanac,

25

at the railcar receiver.

A further method for determining time is to broadcast
time signals via a separate channel accessible to the railcar
receivers. For example, time signals may be transmitted over
a separate geostationary satellite link on a one-second grid
or Smaller, thereby easing railcar receiver clock accuracy
requirements. This method results in a railcar-location
dependent delay from the central station to the railcar

16
receiver. The delay can be accounted for by using iterations
in a manner similar to that described above.
FIG. 8 illustrates a system for evaluating GPS-based
localization algorithms for low power tracking applications.
The system includes a standard GPS hardware unit 22 for
receiving GPS signals and developing standard GPS naviga
tion solutions for reference, and a data interface unit 24 and
computer workstation 26 for generating GPS navigation
solutions using the reduced-power GPS methods described
herein. Standard GPS hardware unit 22 uses a commercially
available multi-channel GPS receiver and GPS signal pro
cessor to develop standard navigation solutions. Data inter
face unit 24 collects intermediate GPS signal information
from hardware unit 22 (e.g., demodulated but unprocessed
GPS data streams), performs some data processing (e.g., cal
culate relative bit phases of the different GPS signals), and
passes the results to computer workstation 26. The data
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ephemeris, and clock correction data from the hardware unit
and passes these to the workstation. At the workstation, the
various reduced-power GPS tracking algorithms are devel
oped using the commercially available Matlab programming
language. Matlab is available from The Math Works, Inc.,
Natick, Mass. The tracked unit (railcar) and central-station
functions are performed separately in the computer worksta
tion.

While only certain preferred features of the invention have
been illustrated and described, many modifications and
changes will occur to those skilled in the art. It is, therefore,
to be understood that the appended claims are intended to
cover all Such modifications and changes as fall within the
true spirit of the invention.
Attached hereto, as Appendix A, is a source code listing
which may be utilized by the central station to calculate the
location of the object being tracked, pursuant to method 1
herein.
APPENDIX A

Source Code Listing
% ROGPS - Solves for user position and time based on ephemeris equations
% and on time-difference measurements for 5 GPS satellites.

% U (3x1) the users position
% time (1x1) seconds
% Ub (3x1) an initial guess at the users position
% dU (3x1) is the adjustment made on the initial guess
% sat (3x5) is the location of each satellite
% H (4x4) matrix differentiating r diff wrt (U,t)
% satO is the (3x5) matrix of 5 sat positions at beginning of
% interpolation interval.
% sat2 is the (3x5) matrix of 5 sat positions at end of interpolation interval.
% V is a (3x5) matrix of velocities for all 5 satellites.
% step 1: Guess an initial Ubar, and time.
U true = 1300748.12:-4500694.5:4313770.5:% Actual user location
Ub = 1200748.12:-4400694.5:4319770.5:% User location guess
time true = 483738.75;
time = 483638.75;
interval = 300; % Linear interpolation (half) interval for sats.
% select five satellites

% Files that contain ephemeris constants. These happen to be
% visible at the data collection time.

%

% Synthesize measurement vector
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APPENDIX A-continued
Source Code Listing
C is
i O
C rc
Omega
OMEGADOT
IDOT
Axis

= 3.91155e-08:
= 1.08737;
=338.7 19:
= –0.167314:
= -6.63885e-09;
= 1.2572e-10;
= 2.65585e+07:

l

= 0.000145871;

r1me2
OMEGA in
ODOT in

= 0.999891;
= -36.6281;
= -7.29278e-05;

param vec = It:
delta n;
ecc:

Sqrt a:
OMEGA 0;

i O;
Omega:

OMEGADOT:
IDOT:
C uc:
C us;
C rc.

C ic;
C is:
t Oe:

IODE:
30

What is claimed is:

1. A method for identifying location of an object to be
tracked, comprising:
measuring data related to propagation time differences
between signals transmitted from a plurality of GPS
satellites and received at said object to be tracked, said
data comprising code word phase measurements L, for

35

a satellite at a time t, where u,-Y/T., and defined as

time elapsed to time t from the beginning of a code
word in the signal from satellite i in which to falls, y,
being defined as the receiver code-time offset for satel

40

lite i and T. being defined as the code period for satel

lite i at time t in the signal received from satellite i.
said code word phase measurements being simulta
neously derived from the signals transmitted from said
plurality of satellites and received at the object to be

45

tracked;

transmitting said data to a central station; and
calculating at said central station the location of said
object to be tracked based upon the transmitted data
and data derived from at least one receiver apart from
said object to be tracked receiving said signals from
said plurality of satellites.
2. The method of claim 1 wherein the data transmitted to
the central station includes satellite identification data so that

50
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time at which the data are recorded and the time when

the step of calculating the location of said object to be
tracked is thereupon based further upon the satellite identifi

the data are transmitted to the central station; and

transmitting the measured delay to said central station.

cation data.

3. The method of claim 1 wherein the step of calculating
the location of said object comprises calculating a point of
intersection of curves defined by said propagation time dif
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tracked.

8. The method of claim 5 wherein the data transmitted to
the central station includes satellite identification data and

the step of calculating the location of said object to be
tracked is additionally based upon the satellite identification

ferences.

4. The method of claim 1 including the step of transmit
ting time signals to said object to be tracked over a separate
channel So as to maintain clock accuracy at said object to be

5. A method for identifying location of an object to be
tracked comprising:
measuring data related to propagation time differences
between signals transmitted from a plurality of GPS
satellites and received at said object to be tracked, said
data comprising bit phase measurements L, for a satel
lite i at a time t, where u-(3/T., B, being the receiver
bit-time offset for satellite i and defined as time elapsed
to time t from the beginning of a code word in the
signal from satellite i in which to falls, T. being
defined as the bit period for satellite i at time t in the
signal received from satellite i, said bit phase measure
ments being simultaneously derived from the signals
transmitted from said plurality of satellites and received
at the object to be tracked;
transmitting said data to a central station; and
calculating at said central station the location of said
object to be tracked based upon the transmitted data
and data derived from at least one receiver apart from
said object to be tracked receiving said signals from
said plurality of satellites.
6. The method of claim 5 and further including:
recording, at said object, the time at which the data are
simultaneously derived; and
transmitting the recorded time to said central station.
7. The method of claim 5 and further including:
measuring, at said object to be tracked, delay between the

data.
65

9. The method of claim 5 wherein the step of calculating
the location of said object comprises calculating a point of
intersection of curves defined by said propagation time dif
ferences.
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10. The method of claim 5 wherein the signals from said
GPS satellites are received at said object to be tracked, and
including the step of transmitting time signals to said object
to be tracked over a separate channel so as to maintain clock
accuracy at said object to be tracked.
11. A method for identifying location of an object to be
tracked comprising:
measuring data related to propagation time differences
between signals transmitted from a plurality of satel
lites and received at said object to be tracked, said data
comprising receiver code-time offsets for a satellite i
and defined as time elapsed to a time t from the begin
ning of a code word in the signal from satellite i in
which to falls, and code periods in the signal received
from satellite i in which time to falls, said plurality of
satellites comprising GPS satellites, and including the
additional step of simultaneously deriving said receiver
code-time offsets and code periods from signals
received from the plurality of satellites at said object to

34
14. A system for identifying location of an object to be
tracked, comprising:
means for measuring data related to propagation time dif
ferences between signals transmitted from a plurality of
GPS satellites and received at said object to be tracked,
each of said signals identifying an associated satellite,
said object to be tracked including:
receiver means for receiving signals from at least four
GPS satellites; and
10

15

identification data; and

be tracked;

transmitting said data to a central station; and
calculating at said central station the location of said
object to be tracked based upon the transmitted data
and data derived from at least one receiver apart from
said object to be tracked receiving said signals from
said plurality of satellites.
12. A method for identifying location of an object to be
tracked, comprising:
measuring data related to propagation time differences
between signals transmitted from at least four GPS sat
ellites and received at said object to be tracked, said
data related to propagation time differences comprising
bit phase measurements simultaneously derived from
said signals;
transmitting said data, including satellite identification

transmission means for transmitting the processed data to
said central station;
25
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17. A method system for identifying location of an

40

the data are transmitted to the central station;

transmitting the measured delay to said central station;
and
45

the satellite identification data, and data derived from at

least one receiver apart from said object to be tracked
receiving said signals from said plurality of satellites,
the calculating step comprising:
assuming a feasible value for a communication time
delay required for a signal transmitted from said
object to be tracked to reach the central station;
calculating the location of said object to be tracked based
upon the satellite identification data and the assumed
value of said communication time delay;
calculating a new value for said communication time
delay based upon the calculated location of said object

observable.

GPS satellites; and

i at a time to being defined as f/T,”, f, being the
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receiver bit-time offset for satellite i and defined as time

elapsed to time t from the beginning of a code word in

the signal from satellite i in which to falls, and T.’
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being defined as the bit period for satellite i at time Ts
in the signal received from satellite i:
receiver means apart from said object for receiving said
signals from said plurality of satellites;
a central station; and
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of:

iteratively repeating the calculating steps until little
change in location of said object to be tracked is

object to be tracked comprising:
means for measuring data related to propagation time dif
ferences between signals transmitted from a plurality of
GPS satellites and received at said object to be tracked,
each of said signals identifying an associated satellite,
said object to be tracked including:
receiver means for receiving signals from at least four
first processor means for calculating a receiver bit phase
for each of said satellites, said bit phase for any satellite

to be tracked; and

calculating a corrected location of said object to be
tracked based upon the calculated new value for said
communication time delay.
13. The method of claim 12 including the additional step

derived from said receiver means apart from said
object.
15. The system of claim 14 wherein said signal events
comprise a telemetry-word preamble signal event in a GPS
signal.
16. The system of claim 15 wherein said first processor
means further comprises means for decoding a satellite time
stamp from a predetermined one of the received GPS
signals, based upon the telemetry-word preamble signal
event.

measuring, at said object to be tracked, delay between the

calculating at said central station the location of said
object to be tracked based upon the transmitted data,

said system further including:
second processor means at said central station for deter
mining the location of said object based on the data
received from said transmission means and data

data, to a central station;
time at which the data are recorded and the time when

first processor means for processing data from the
receiver means at predetermined time intervals in
synchronism with received signal events, said data
being related to propagation time differences for said
signals;
receiver means apart from said object for receiving said
signals transmitted from said plurality of satellites;
a central station for calculating the location of said object
based upon the measured data, data derived from said
receiver means apart from said object, and the satellite
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transmission means for transmitting the calculated bit
phases to said central station;
said system further including:
second processor means at said central station for deter
mining signal propagation times between said plural
ity of satellites and said object and for determining
location of said object based upon the bit phases
transmitted by said transmission means and data
derived from said receiver means apart from said
object.
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18. A system for identifying location of an object to be
tracked, comprising:
means for measuring data related to propagation time dif
ferences between signals transmitted from a plurality of
GPS satellites and received at said object to be tracked,
each of said signals identifying an associated Satellite,
said object to be tracked including:
receiver means for receiving signals from at least four
GPS satellites, and

first processor means for calculating a bit-time offset
for each of said satellites and for determining a bit
period for each signal received from said satellites,
said bit-time offset for a satellite i being defined as
time elapsed to a time t from the beginning of a
code word in the signal from satellite i in which to
falls, said bit period for satellite i being determined at
time t in the signal from satellite i:
receiver means apart from said object for receiving said
signals from said plurality of satellites;

5

10

15

tracked

a central station; and

transmission means for transmitting time stamps, the cal
culated bit-time offsets and bit periods, and satellite
identification data, to said central station;

said system further including:
second processor means at said central station for deter
mining signal propagation times between said plural
ity of satellites and said object and for determining
location of said object based upon the bit-time off
sets and periods, time stamps, satellite identification
data transmitted by said transmission means, and
data derived from said receiver means apart from
said object.
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19. A system for identifiving location of an object to be
tracked comprising:
a receiver for measuring data related to propagation time
differences between signal transmitted from a plurality
of satellites and received at said object to be tracked,
said data comprising receiver code-time offsets for a
satellite i and defined as time elapsed to a time t from
the beginning of a code word in the signal from satellite
i in which to falls, and code periods in the signal
received from satellite i in which time to falls, said plu
rality of satellites comprising GPS satellites, said
receiver further being adapted to simultaneously derive
said receiver code-time offsets and code periods from
signals received from the plurality of satellites at said
object to be tracked and
processor apparatus for storing the measured data for a
predetermined length of time and for calculating, from
the measured data, the location of said object to be
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said receiver being adapted to be deactivated while the
measured data undergo processing.
20. The system of claim 19 wherein the processor appara
tus comprises a first processor for storing the measured data
for said predetermined length of time, and a second proces
sor for calculating, from the stored measured data, the loca
tion of said object to be tracked
wherein the first processor has a means for processing
data from the receiver means at predetermined time
intervals in synchronism with received signal events,
the data being related to propagation time differences
for said signal.

