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(57) Abstract

A circuit (10) is shown which utilizes signals transmitted from global positioning system satellites for reception by
antenna (12) to create change in phase signals. The change in phase signals are received by global positioning system
(GPS) receiver (16) connected to antenna (12) and measured over a predetermined time interval, one second, for storage in
storage units (18). The stored signals are applied to a Kalman filter (20) and back to the storage units (18) so that each one
second time interval includes the information from all previous time intervals. This accumulated information is referred to
as accumulated Delta-Range (DR) information which permits a more rapid determination of position by the circuit.
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ENHANCED GLOBAL POSITIONING
SYSTEM DELTA-RANGE PROCESSING

Field of the Inventien

The present invention relates to an apparatus and
method for improving the accuracy obtained from a global
positioning system which comprises a plurality of
satellites each broadcasting two or more navigational
signals.

Background of the Invention

The NAVSTAR Global Positioning System (GPS) is a
satellite-based radio-navigation system intended ¢to
provide highly accurate three-dimensional position and
precise time on a continuous global basis. When the
system becomes fully operational in late 1988, it will
consist of 18 satellites in six orbital planes, and three
active spares. '

Each satellite will continuously transmit
navigation signals at two carrier frequencies, L1 =
1575.42 MHz and L2 = 1227.6 MHz consisting of the P-code
ranging signal (a 10.23 MBPS pseudonoise code), the
C/A-code ranging signal (a 1.023 MBPS pseudonoise code),
and 50 BPS data providing satellite ephemeris and clock
bias information. Unbalanced Quadri-Phase Shift Keying
(UQPSK) modulation is utilized with the data bits added
to the ranging codes, the C/A-code signal lagging the
P-code signal by 90°; and the C/A-code signal power
nominally exceeding the P-code signal power by 3dB.

Navigation using GPS is accomplished by passive
triangulation. The GPS user equipment measures the
Pseudo-Range to four satellites, computes the position of
the four satellites using the received ephemeris data;
and processes the Pseudo-Range measurements and satellite
positions to estimate three-dimensional user position and
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precisé time.

GPS receiver signal processing can be partitioned £
into three parts: RF signal processing, estimation of
In-phase (I) and Quadrature-phase (Q) signals; and
subsequent processing of these I and Q signals to
implement code and carrier tracking, data demodulation,
SNR estimation, sequential detection, and lock detection
functions. Traditionally, all three parts are
implemented using analog signal processing techniques.

A paper briefly reviewing analog RF signal
processing implementation which describes three digital
signél processing (DSP) techniques for implementing the
I/Q generation function, and describes DSP algorithms for
implementing the subsequent procesing functions may be
found in the NTC '83 1EEE 1983 National Telesystems

Conference papers, entitled "Digital Signal Processing

Techniques For GPS Receivers," by Mark A. Sturza,
November 1983.

A Delta-Range (DR) measurement is derived from the
difference in carrier phase over a fixed time interval.
Position can be estimated using Delta-Ranges through the
change in the satellite position over the observation
interval. In the prior art, it would generally take
approximately 24 hours of processing Delta-Range
measurements to obtain a reasonable accuracy for the
location of the receiver utilizing a global positioning
system.

Accordingly, it is an object of the present
invention to reduce the amount of time required to
obtain an accurate location of the receiver utilizing

a global positioning system.
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Summary of the Invention

The present invention replaces the measurement of
the Delta-Range over a plurality of predetermined time
intervals with an improved configuration. Under the
improved configuration, the Delta-Range Measurement,
generally measured over a one-second period, is
accumulated for the first second. Thereafter, the
Delta-Range is accumulated for the first and second
second; followed by accumulation of the Delta-Range for
the first, second and thirgd second; and so on. The heart

of the invention is the realization that such accumula-
tion of all Delta-Range measurements for each new time

interval and all old time intervals eliminates many of
the errors created when measuring a Delta-Range for an
individual time pericd. By adding information from
previous Delta-Range measurements to the newest
Delta-Range measurement, it is pcssible to determine the
position of the receiver utilizing a global positioning
system in a much faster time time frame. For example, an
accurate position can be determined utilizing the global
positioning system and the pPresent invention in less than
eight hours. This is an improvement of better than 3:1.

Description of the Drawings

A Dbetter understanding of the benefits and
advantages of the present invention will be available
after a careful review of the following specification and
drawing, wherein:

Fig. 1 is a block diagram showing the enhanced
global positioning system Delta-Range positioning of the
present invention.

Description of the Preferred Embodiment
A GPS receiver makes a measurement of Pseudo-Range

(PR), the difference between the time of reception and
time of transmission of the GPS signal, from tracking the
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Pseudo Random Noise (PRN) codes modulated on the GPS
carrier. The Delta-Range (DR) measurement isg derived
from the difference in carrier phase over a fixed time
interval, generally one second, measured using a Phase
Locked Loop (PLL). The Pseudo-Ranges and Delta-Ranges
are related to user position erro'r, 'l.!'u, volocity error,

ff{l . and user clock and frequency offsets, Byand By

through equations 1.1 - 1.5.

b 4 k
11; - (Bu Esi) 1.1
- k k
| &5 Rgs |
K _ .k, .k .k 2k 1.2
ﬁii =1 (B-u - Bsi) + B,
A -
Da’i‘ = 5}’1‘ - ﬁ‘; 1 1.3
RE X k. gk, gk 1.4
~~' ~k
. A ko_ogk=ly o 7% 4 1% 0 7 4 aE% 15
D];-DR};-DR];'(.];i“}.i ) Eu"'ii -u u
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=1 LOS from user to ith satellite at time tk

R . Y
=4 Position of user.
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Y. Velocity of user.

2'1 Position of ith satellite.

PR: Pseudo Range to ith satellite at time t
DR} Delta-Range to ith satellite at time t .
B,  Users clock offet from GPS time.

Aau Change in user's clock offset over one sec.

LOS 1is an abbreviation for Line Of 8ight Vector
which incorporates the elevation angle and azimuth angle

-

of a satellite.

For static point positioning the user's velocity is
known to be zero and so equation 1.5 simplifies to

-~k X o, -~ -~
DRy = (1 = 1) R, + 4B} 1.6

The LOS vector to a GPS satellite doces not change
significantly over a one second interval, so to improve
the gecmetry of the navigation solution it is advan-
tageous to accumulate Delta-Ranges even longer time
intervals ‘to form a new measurement variable, Accumulated
Delta-Ranges (ADR).

Since the Delta-Ranges are formed from the
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difference between two phase measurements from the
carrier tracking phase-locked loops, it is important to
note that Accumulating Delta-Ranges to form a new s
measurement do not increase the measurement error.

X -1
Kk, o8 _ x-1_s
DRk-l(n *+355 -n i ) ) 1.7
X
X k=1
ADRF = T Dnj-x(n"-»’-?-nkl-%;
i=1
k=l k-2 _ ;k-2
k-1 e N -
+n + %? 3
1 0
1.8 03
L ] L] L] .+n +2~'-n ‘%)
3 0
o _ 4
wn"-l(nz‘+;~,-n --27) 1.8

Note, that the term nk represents an integer number
of cycles whereas the term ¢k represents the number of
radians in each part cycle of the phase shift. The term
nk-l, represents the number of integer cycles one second
before, whereas the term ¢k'l represents the number of
radians within the partial cycle from the sample the "
second before. These Delta-Range differences are added
together wherein the final Accumulated Delta-Range
includes all of the information from the initial start

through to the final measurement at n° time pericd.
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Defining the phase Measurement errors to be:

E(g?] = a'; E(g%g3] = o 4k

E(g] =0
Then

—
fad

- ~ % 2 SRkpRk-1 _ 2
R* =0, var fna_? = 20, , DR'DR oy 1.9

=% ~ ~k} 2 :
ADR -¢O7Var§wa - a, 1.10

Since adjacent Delta-Range measurements share a
common phase measurement, the phase errors associated
with these common measurements cancel out in the
Accumulated Delta-Range measurement. The Delta-Ranges
have zero mean error but are correlated betwegn adjacent
time intervals. Alternatively, the Accumulated
Delta-Ranges share a common bias error, the initial
carrier phase error, »Hut apart from this bias all samples
are uncorrelated. '

The measurement equation for the Accumulated Delta
Range measurement becomes



WO 86/02458

10

15

20

25

30

35

PCT/US85/01894

-8~

~

ADR" = App* . AD* « Q]; -19 5%, 3 ”g 1.11

As time increases, the satellite geometry for
estimating position error improves. Because of the
independence between each measurement, it is possible to
process an Accumulated Delta-Range every second from each
satellite tracked. This allows position to be determined
to far greater accuracy than by processing Pseudo-Range
Measurements as in the prior art.

As shown in equation 1.10 the Accumulated
Delta-Range measurements, generated every second, are
independent of each other and each have the same
Measurement noise as the one second Delta Range
Measurements. Four Accumulated Delta Ranges from four
satellites belng tracked are generated every second and
can be processed optimally using a Kalman filter to
estimate user position and satellite errors.

As is well-known, a Kalman filter is a device which
receives inputs from two or more variables and processes
those variables to produce an output which is a function
of the input variables. - For example, if pressure and
temperature were known inputs, it would be possible to
feed this information into a Kalman filter to produce an
output representing altitude. A similar process is used

£
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here. Wherein the Accumulated Delta~-Range Measurements
from the four satellites are applied to a Kalman filter
which produces an output representing the Position of the
receiving station.

The most significant error sources are the
satellite ephemeris errors and the satellite clock error.
These errors can be modeled by including four additional
states per satellite in addition to the four user
position and clock frequency offset states, as shown in
Table 1. The observation equation now becomes

The clock errors are all lumped together in one clock
offset term per satellite which estimates the change in
the relative user and satellite clock error over the
accumulation time interval.

ip, = (1’3‘:‘l - Bg) - (Ez - 33) 1.13
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TABLE 1 - KAIMAN FILTER STATES

s

State Description Initial State
No. Variance Noise
1 Xy - Position Error 1000m -
2 Yu - Position Error 1000m -
3 Zu - Position Error . 1000m -
4 ABu - Clock Frequency 1000m 0.67mm
5,9,13,17 AB Change in Clock Offset 0 2mm
over accumulation inverval
6,10,14,18 Along Track Satellite 0.8 -
) Error
7,11,15,19 Radial Satellite Error 6.3 -
8,12,16,20 Cross Track Satellite 3.0 -

Error

This term can also be used to include noise terms

to model the range errors introduced by atmospheric

effects.

The relative clock offset,

B; 1s propagated

using the estimate of the users clock frequency offset

every second.

State Propagation ABi

k+1l _ AB§ +

3
AB,

1.14

i
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The measurement equation can be written in vector
format, as shown for the second satellite tracked.

ADR, = [A_lg o} o} 1817 ¢ QT Q_T]; 1.15

Q;Nis the delta LOS vector from the satellite to the
user, ( lk - lo), expressed in local level coordinates.

é&ois ;he ;;me vector but expressed in orbital frame
coordinates for the second GPS satellite gelected; that
is with XO in the Along Track Direction, Yb in the Radial
direction and ZO in the Cross Track direction.

Processing the Accumulated Delta-Ranges using this
Kalman filter gives position to significantly greater
accuracy than that normally achievable by GPS, even for
P-code users. After tracking for two hours at lower
latitudes the Root 8um Square (RSS) position error drops
to around 1.0 m RSS and continues to improve gradually,
reaching about 0.3 m RSS after about seven hours. At
higher latitudes the position accuracy degrades slightly
due to the different satellite geometry, but approxi-
mately 1 m RSS is achievable in around five hours.

Referring now to the drawing, Fig. 1 shows a
receiver 10 which receives transmitted navigational
signals from the satellites that comprise the global
positioning system via an antenna 12. The transmitted
signals are applied to a satellite select circuit 14
which selects the most desirable satellites to be tracked
by the global positioning system receiver 16. Once each
satellite has been selected, the storage units 18 for
each selected satellite are set to zero or cleared of any
stored information contained therein. The global
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positioning receiver then tracks the particular
satellites selected and receives the carrier frequency
signals from each. After measuring the phase of each of
the received carrier signals, the change of phase in the
carrier signals is stored within the information storage
units 18. 1In the preferred embodiment, this information
is stored over a one second time interval. The Delta-
Range measurements are accumulated within the storage

units 18 so that the first Delta-Range determined by the

first one second interval is accumulated with the
Delta-Range information from the second time interval and

so on. The outputs of the storage units 18 are applied

to a Kalman filter 20 and back to the input of storage
units 18 to create Accumulated Delta-Range information.
At each time interval, the step of reapplying the output
of the storage unit 18 to its input is repeated so there
is an accumulation of the Delta-Range information. These
steps are repeated as often as necessary until the
position information at the output 22 of the Kalman
filter represents the accuracy desired.

It will be understood that the present invention
may be practiced through the utilization of software or
hardware; hardware being represented by the block diagram
of Fig. 1.

'Rad
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I CLAIM:

l. A method for enhancing the information received
from a global positioning system which includes a
plurality of satellites each transmitting at least two
carrier frequency signals, comprising the Steps of:

a) identifying a Plurality of selected satellites;

b) setting information storage units for
accumulated Delta-Range information for each selected
satellite to zero;

c) tracking the Selected satellites;

d) receiving said carrier frequency signals from -
said selected satellites;

e) measuring the phase of said carrier frequency
signals from saig Selected satellites;

f) storing changes ' in phase of said carrier
frequency signals over a predetermined time interval in
said storage units to create a Delta-Range Mmeasurement
for each selected satellite;

g) accumulating the Delta-Range measurement by
adding the above-mentioned accumulated Delta-Range
information for each satellite to the Delta-Range
measurement from step £ for each satellite:

h) Processing the accumulated Delta-Range
information fram each selected satellite through a filter
which receives saigd input information and produces said
information into output information, said output informa-
tion being position information; and

1) repeating steps £, g and h until said position
information is refined to the accuracy desired.

2. A methed, as claimed in claim 1, wherein:
Step a includes the selection of four satellites.

3. A method, as claimed in claim 1, wherein:
step f includes a one second time interval.



WO 86/02458

10

15

20

25

30

35

PCT/US85/01894

4. A method, as claimed in claim 1, wherein:
step h includes the use of a Kalman filter.

5. Apparatus for enhancing the information
received from a global positioning system which includes
a plurality of satellites each transmitting at least two
carrier frequency signals, comprising:

a) means for selecting a plurality of satellites
whose transmitted signals are to be received;

b) means for storing;

c) means for setting each means for storing to
zero;

d) means for receiving said carrier frequency
signals from said selected satellites;

e) means for measuring the phase of said carrier
frequency signals received frem said selected satellites:

f) means for measuring changes in rphase of said
carrier frequency signals over a predetermined time
interval;

g) means for placing said measured changes in
phase in said means for storing over said time interval
to create a Delta-Range measurement for each selected
satellite;

h) means for accumulating said Delta-Range
measurement by adding the above mentioned accumulated
Delta-Range information for each satellite to said Delta-
Range measurement:;

i) filter means for processing said accumulated
Delta-Range information from each selected satellite for
producing an output represeﬁting position information.

6. Apparatus, as claimed in claim 1, wherein:
said plurality of satellites includes four satellites.

7. Apparatus, as claimed in claim 1, wherein:
said time interval includes a one second time interwval.

ey

§0B
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8. Apparatus, as claimed in claim l, wherein:
said filter means includes a Kalman filter.
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