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[571 ABSTRACT 

The invention includes the concepts of early-prompt 
delay tracking, multipath correction of early-prompt 
delay tracking from correlation shape and carrier phase 
multipath correction. In early-prompt delay tracking, 
since multipath is always delayed with respect to the 
direct signals, the system derives phase and pseudo- 
range observables from earlier correlation lags. In mul- 
tipath correction of early-prompt delay tracking from 
correlation shape, the system looks for relative varia- 
tions of amplitude across the code correlation function 
that do not match the predicted multipath-free code 
cross-correlation shape. The system then uses devia- 
tions from the multipath-free shape to infer the magni- 
tude of multipath, and to generate corrections pseudo- 
range observables. In carrier phase multipath correc- 
tion, the system looks for variations of phase among 
plural early and prompt lags. The system uses the mea- 
sured phase variations, along with the general principle 
that the multipath errors are larger for later lags, to 
infer the presence of multipath, and to generate correc- 
tions for carrier-phase observables. 
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MULTIPATH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOISE REDUCTION FOR SPREAD 
SPECTRUM SIGNALS 

ORIGIN OF THE INVENTION 5 

The invention described herein was made in the per- 
formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 
202) in which the Contractor has elected not to retain 
title. 

BACKGROUND OF THE INVENTION 

1. Technical Field 
The invention is related to spread spectrum signal 

acquisition and in particular to spread spectrum signal 
acquisition in the presence of multipath fading and 
noise, and to improved techniques for reducing such 
multipath noise. 

15 

20 2. Background Art 

References 

The invention and its background will be described 

1. Van Dierendonck, A., Fenton, P. and Ford, T., 25 
1992. “Theory and Performance of Narrow Corre- 
lator Spacing in a GPS Receiver.” Presented at the 
Institute of Navigation National Technical Meet- 
ing, San Diego, Calif. 

2. Meehan, T., et al, 1992, “The TurboRogue GPS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3o 

Receiver”, Presented at the Sixth International 
Symposium on Satellite Positioning. 

3. Buennagel, L., et al, 1984, “SERIES Project Final 
Report”, Jet Propulsion Laboratory Technical 

with reference to the following publications: 

Publication 84-16. 35 

Discussion 

Multipath errors originate with contamination of 
GPS signals by delayed versions of these signals. For 
some applications using either pseudorange or carrier 40 
phase observabks, multipath is the dominant error 
source. The most direct approach for reducing this 
error is to select an antenna site distant from reflecting 
objects, and to design antenna/backplane combinations 
to further isolate the antenna from its surroundings. In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45 
some cases, however, antennas must be located in rela- 
tively poor sites, and other techniques for multipath 
reduction are required. This specification will describe 
on-receiver processing which reduces carrier-phase and 
pseudorange multipath. Processing techniques for de- 50 
tecting and reducing the effects of these errors will be 
discussed. Demonstrated multipath-error reduction is 
shown using test data and simulations. 

GPS receivers commonly use broad antenna gain 
patterns so that satellites can be tracked to low eleva- 55 
tion angles. This makes the GPS system susceptible to 
reflections of the satellite signals coming from objects 
around the antenna. Unfortunately, location of antennas 
in sites that are free from reflecting objects is frequently 
not possible. One approach for the reduction of multi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 
path has been to design antennas for steep gain drop off 
at low elevation angles, while preserving circular polar- 
ization characteristics. In order to achieve rapid gain 
drop off, antenna dimensions must be increased, which 
is sometimes impractical. Also, elimination of low-ele- 65 
vation data makes it more difficult to estimate tropo- 
spheric delays, a requirement for applications of high- 
est-accuracy GPS. 

In the following sections, various techniques for the 
reduction of multipath error are briefly described. As 
part of research in progress at the Jet Propulsion Labo- 
ratory (JPL), some of these techniques are being tested 
with the new TurboRogue GPS receiver [Meehan et al, 
19921. Results of simulations and tests are given. 

Some Techniques for Reduction of Multipath Error 

Several options for multipath error reduction, in ad- 
dition to the use of clear sites and antenna designed for 
low gains at low elevation angles, are given below. A 
simple depiction of specular multipath characteristics 
for a GPS antenna above a horizontal reflecting surface 
is illustrated in FIG. 1. 

1. One much-used technique is the use of temporal 
averaging, which does a good job of removing 
short period (<few minutes) carrier-phase multi- 
path signatures from distant (>few meters) ob- 
jects. This does not work’well for low frequency 
multipath from nearby objects, however, and is of 
limited effectiveness for pseudorange multipath 
errors, which are not zero mean. 

2. In order to calibrate multipath at an antenna site, 
temporarily install a second GPS antenna at a 
nearby low-multipath location. Use residuals from 
the a priori baseline, after clock estimation, to de- 
termine both carrier and pseudorange multipath for 
the single-differenced (one satellite, two receivers) 
observable. If multipath from the calibration an- 
tenna is not negligible, it can be estimated by mov- 
ing it one half GPS wavelength (for L1 and L2) 
from reflecting surfaces to separate its multipath 
contribution from the antenna under test. This can 
be used to calibrate the bias and variations caused 
by multipath in phase and pseudorange observ- 
ables. 

3. Variations in pseudorange multipath can be cali- 
brated by using a linear combination of carrier 
phase observables to remove geometric, media, and 
clock effects from the pseudorange observable, 
leaving pseudorange multipath plus system noise. 
This approach does not determine the overall bias 
due to multipath, which is usually the most damag- 
ing part of the pseudorange multipath error. 

4. The next procedure requires the use of an antenna 
with a well-calibrated gain pattern. Rotate the 
antenna about its phase center. As relative gain 
towards the satellite and multipath sources 
changes, there will be a variation in the observ- 
ables, which can be used to estimate the amount of 
multipath from each source, which can be esti- 
mated and removed analytically. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5. Use the P-code multipath variations determined 
from 3. to predict carrier multipath. This approach 
requires a knowledge of the mapping from multi- 
path amplitude and delay to the receiver observ- 
ables, that is, the pseudoranges and carrier phases. 
This relationship has been described for the Tur- 
boRogue receiver in previous work. In order for 
this approach to work well, the geometry of sur- 
rounding reflectors should be simple and well 
known. This would be the situation on most zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair- 
craft or satellite applications. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6. In the case of simple, well known geometries, the 
multipath effects could also be modeled directly, 
using electromagnetic scattering theory. It is be- 
lieved that this approach would require calibra- 
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tions from observed pseudorange multipath to pro- delay tracking error in such a manner as to reduce the 
vide reliable calibrations. deviation. 

7. Derive the phase and pseudorange observables The correlator computes the cross-correlation func- 
simultaneously using different signal processing, tions by accumulating respective product signals over a 
for example, code and delay-and-multiply process- 5 sampling interval of length T and computes successive 
ing [Buennagel et al, 19841 Because multipath af- cross-correlation functions in successive cycles of per- 
fects the two processing techniques with different iod T. The predetennined lag is the period T and the 
amplitudes, a multipath correction signal can be multiples ofthe 1% are one and two for the prompt and 
formed from the difference in the code VS. codeless early model code sequence Versions respectively. 
observables. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 The predetermined relationship is a predetermined 

8. As described in References 1 and 2 above, for ratio between the quadrature components of the prompt 
certain ranges of multiDath delay, the amount of and early cross-correlation functions prevailing in the 
pseudorange multipath'error depends on the re- 
ceiver lag spacing. In particular, the use of nar- 
rower lag spacing will give reduced multipath. 
This technique is particularly effective for the C/A 
code, as pointed out by Van Dierendonck, et al. 

SUMMARY OF THE DISCLOSURE 

There are three basic concepts in the invention, 
namely early-prompt delay tracking, multipath correc- 
tion of early-prompt delay tracking from correlation 
shape and carrier phase multipath correction. 

In early-prompt delay tracking, since multipath is 
always delayed with respect to the direct signals, the 
system derives phase and pseudorange observables from 
earlier correlation lags. 

In multipath correction of early-prompt delay track- 
ing from correlation shape, the system looks for relative 
variations of amplitude across the code correlation 
function that do not match the predicted multipath-free 
code cross-correlation shape. The system then uses 
deviations from the multipath-free shape to infer the 
magnitude of multipath, and to generate corrections for 
pseudorange observables. 

In carrier phase multipath correction, the system 
looks for variations of phase among early, prompt, and 
late lags. The system uses the measured phase varia- 
tions, along with the general principle that the multi- 
path errors are larger for later lags, to infer the presence 
of multipath, and to generate corrections for carrier- 
phase observables. 

Early-Prompt Delay Tracking 

In a receiver for receiving an incoming signal consist- 
ing of a carrier tone modulated by a spread spectrum 
code sequence, the receiver being of the type which 
generates a local model of the carrier tone and a local 
model of the code sequence, the system maintains phase 
lock with the carrier tone of the incoming signal in the 
presence of multipath distortion in the incoming signal 
by generating early and prompt versions of the model 
code sequence delayed by respective multiples of a 
predetermined lag, generating an early and prompt 
product signal by a multiplication of the incoming sig- 
nal by the model carrier tone and a respective one of the 
early and prompt model code versions. A correlator 
computes respective early and prompt cross-correlation 
functions from respective ones of the early and prompt 
product signals. A phase lock loop controls the phase of 
the model carrier tone relative to the carrier of the 
incoming signal in response to the prompt cross-correla- 
tion function. A delay error tracker computes a delay 
tracking error corresponding to a deviation from a pre- 
determined relationship between the early and prompt 
cross-correlation functions, and then changes the phase 
of the model code sequence in accordance with the 

absence of multipath distortion in the-incoming signal. 
The phase lock loop responds to the in-phase and quad- 

15 rature components of the prompt cross-correlation 
function. The delay error tracker measures an actual 
ratio between the quadrature components of the prompt 
and early cross-correlation functions and producing an 
error signal which is a function is the deviation of the 

20 actual ratio from the predetermined ratio. If the incom- 
ing signal is from a global positioning satellite, the de- 
vice transmits the delay tracking error as a correction to 
an estimated pseudo-range value computed during a 
previous cycle. 

Multipath Correction of Early-Prompt Tracking from 
Correlation Shape 

In another embodiment of the invention, an early 
cross-correlation function is also produced correspond- 

30 ing to an early lag time. In this embodiment, a shape 
corrector computes a correction to the delay tracking 
error corresponding to a deviation from a second prede- 
termined relationship between the late and prompt 
cross-correlation functions, the correction being de- 

35 weighted relative to the delay tracking error, and 
changes the phase of the model code sequence so as to 
minimize the delay tracking error and the de-weighted 
correction. In this case the multiples of the lag are zero, 
one and two for the late, prompt and early model code 

40 sequence versions, respectively. The second predeter- 
mined relationship is a predetermined ratio between the 
quadrature components of the prompt and late cross- 
correlation functions prevailing in the absence of multi- 
path distortion in the incoming signal. The correction 

45 obtained from the shape corrector is de-weighted rela- 
tive to the delay tracking error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

25 

Carrier Phase Multipath Correction 

In a third embodiment of the invention, carrier phase 
50 lock is maintained by generating prompt and plural 

early versions of the model code sequence delayed by 
respective multiples of a predetermined lag, generating 
prompt and plural early product signals by multiplying 
the incoming signal by the model carrier tone and by a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

55 respective one of the prompt and plural early versions 
of the model code. A correlator computes respective 
prompt and plural early cross-correlation functions 
from respective ones of the prompt and plural early 
product signals, and a carrier phase corrector computes 

60 a carrier phase error corresponding to a deviation of the 
prompt cross-correlation function from a behavior pre- 
dictable from the plural early cross-correlation func- 
tions. A phase lock loop controls the phase of the model 
carrier tone relative to the carrier of the incoming signal 

The correlator computes the cross-correlation func- 
tions by accumulating respective product signals over a 
sampling interval of length T and computes successive 

65 in response to the carrier phase error. 
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correlation functions in successive cycles of period T. FIG. 15 is a block diagram of an implementation of 
In one simplified implementation of the invention, the the carrier phase multipath correction in accordance 
predetermined lag is the period T, there are two early with the’ third embodiment of the invention. 
versions of the model code sequence and the multiples FIG. 16 is a graph illustrating the in-phase and quad- 
of the lag are one, two and three for the prompt and 5 rature outputs of the correlators of FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 as a function 
plural early model code sequence versions, respec- of lag time of each correlator. 
tively. FIG. 17 is a diagram illustrating a concept underlying 

The predictable behavior is defined in the absence of the tracking error processing in the third embodiment 
multi-path distortion in the incoming signal. Preferably, of the invention. 
the predictable behavior is defined relative to a curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 
obtained by associating phase angles of the plural early DETAILED DESCRIPTION OF THE 
cross-correlation functions with lag times of the respec- PREFERRED EMBODIMENT 
tive early cross-correlation functions, the predictable Introduction: TurboRogue Baseband Processing 
behavior being that the curve intersects the phase angle 

The TurboRogue GPS receiver digitally processes of the prompt cross-correlation function at the lag time 15 
all baseband tracking data. The receiver can simulta- of the prompt cross-correlation function. 
neously measure the Ll-C/A, L1-P and LZP phases The carrier phase corrector employs curve fitting to 

compute a lag time at which the curve meets the ampli- and pseudoranges of eight GPS satellites. All tracking 

tion, and establishes therefrom the carrier phase error. 20 MHz) ‘perations are performed in a vLsl (very Large 

carried out inside the VLSI chip is illustrated in FIG. 2. 

tude of the phase of the prompt cross-correlation func- 

The phase angle of each cross-correlation function is 
computed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the arcemgent of the ratio of in-phase and 

In this embodiment, the phase of the model code 

loops are ’Oftware ‘Ontrolled and “high-speed” (20 

Scale Integration) chip designed at Jet Propulsion Lab- 
Oratory in Pasadena, calif. The GPS signal processing 

Several features of TurboRogue processing are signifi- 
sequence is preferably controlled by the tracking pro- 25 cant with regard to the topic of on-receiver multipath 

quadrature components thereof. 

cessor of either the early-prompt tracking (the first 
embodiment summarized above) or by the tracking 
processor of the early-early prompt tracking (the sec- 
ond embodiment summarized above). 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram illustrating the problem of multi- 
path signal distortion in satellite signal reception. 

FIG. 2 is a simplified block diagram of a global posi- 
tioning satellite signal receiver of the prior art. 

FIGS. 3 and 4 a graphs of multipath lengths measured 
over time for long and short correlator lag lengths, 
respectively. 

FIG. 5 is a graph of multipath length corresponding 
to FIG. 4 but for a different spread spectrum code. 

FIG. 6 is a diagram illustrating the fall-off of cross- 
correlation magnitude with delay offset or lag. 

FIG. 7 is a graph comparing pseudo-range error as a 
function of multipath delay obtained with early-prompt 
tracking in accordance with the first embodiment of the 45 
invention and obtained in the prior art. 

FIGS. 8 and 9 are graphs of multipath length as func- 
tion of elapsed time obtained in the prior art and in the 
early-prompt tracking of the invention, respectively. For this test, a TurboRogue was configured to track 

FIG. 10 is a graph of multipath length as a function of 50 the same satellite on two channels. Channel 1 of Tur- 
elapsed time obtained in a second embodiment of the boRogue receiver was set to maintain 500 ns delay (lag) 
invention in which the early-prompt tracking of the first spacing for the C/A delay measurements. Meanwhile, 
embodiment is refined by a correlation shape correc- channel 2 was allowed to track with the default 50 ns 
tion. lag spacing. Both channels also tracked the P-code 

FIG. 11 is a diagram illustrating the placement of two 55 signal. Pseudorange multipath can easily be observed in 
early lags relative to a prompt lag in a third embodiment the data by differencing the pseudorange measurement 
of the invention employing carrier phase multipath with a linear combination of L1 and L2 phase measure- 
correction. ments. Because the phase measurements are signifi- 

FIG. 12 is a graph comparing carrier phase error as a cantly less noisy, the resulting observable is essentially 
function of multipath delay measured with and without zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 receiver system noise plus multipath. A multipath free 
the carrier phase multipath correction of the third em- plot of this observable should appear as random noise 
bodiment of the invention. scatter about a horizontal line. For all of these plots the 

FIG. 13 is a block diagram of an implementation of data has been averaged (by the receiver) for 120 sec- 
the early-prompt tracking of the first embodiment of the onds, thereby minimi.r.ing the effect of receiver system 
invention. 65 noise. C/A multipath for 500 ns delay spacing (channel 

FIG. 14 is a block diagram of an implementation of 1) is shown in FIG. 3. The data from channel 2 (FIG. 4) 
the multipath correction of correlation shape of the shows significantly reduced scatter (33 cm vs 72 cm 
second embodiment of the invention. RMS) which can be explained as follows: 

reduction. They are: 
1. Independent correlator-accumulators for early, 

late and prompt (I and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ) correlation sums. Delay 
processing of correlation sums is under full soft- 
ware control, allowing a wide variety of tech- 
niques to be employed. 

2. Complete initialization of carrier and code parame- 
ters (phase and rate) can be performed by the soft- 
ware at the nominal phase feedback rate (50 Hz). 
This feature is especially useful for accurately 
“mapping” the receiver cross-correlation function 
after satellite and receiver filtering has been applied 
by sweeping the model delay in very small (< < 1 
chip) increments. This allows more accurate simu- 
lation OfmultiPath effects and Provides an accurate 
correlation shape for multipath correction. 

3. All data (C/A, P1 and P2) are processed at the 20 
Mhz rate. The C/A correlators are set for 500 ns (2 
MHz) delay spacing for signal acquisition. Follow- 
ing acquisition, the software adjusts the C/A corre- 
lator spacing to 50 ns (20 MHz). 

30 

35 

40 

Narrow Lag Spacing 

’ 
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The narrower delay spacing takes advantage of 
greater noise correlation between correlation lags. This 
lowers the system noise on the C/A pseudorange mea- 
surement wan Dierendonck et al, 19921. However, the 
system noise on TurboRogue C/A pseudorange data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
(120 sec average) is already insignificant with respect to 
multipath. Narrower delay spacing also reduces the 
effects of multipath on the delay measurement. The 
explanation for this is that for multipath delays greater 
than the lag spacing, the differential multipath effect on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 

the early and late lags is directly proportional to the lag 
spacing p a n  Dierendonck et al, 19921. 

The P-code multipath results are shown in FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and 
are similar to FIG. 4 but show less of an effect due to an 
insensitivity to multipath with delays greater than 1.6 15 
P-code wavelengths. 

Early-Prompt Delay Tracking 

GPS receivers typically employ some form of “null” 
tracking to maintain delay lock. By this is meant that the 20 

delay lock loop adjusts the model delay so that the early 
and late correlation sums have the same amplitude. Two 
examples are the so-called “early and late” (EL) track- 
ing and the “prompt and early minus late” (ELP) track- 
ing illustrated in FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. 25 

Example 1: 

Delay tracking error=k.(E--L)/(E+ L)  @=OS for 
B W =  m) 

30 
Example 2: 

Delay tracking error= k.(E-L)/P (k=O.5 for 
B W =  a) 

The Rogue GPS receiver, an earlier JPL develop- 35 
ment, employs the ELP technique. However, it is cer- 
tainly possible to maintain lock without balancing two 
of the correlation sums. For example, delay error could 
also be obtained using only E and P correlation sums as 
follows: 40 

Delay tracking error-k.(E-K.P)/P 

For the infinite bandwidth case, K=0.5 but k is sign 
dependent. For the 9.6 MHz bandwidth case, K-0.7 45 
and k-1. Pseudorange measurements using this ap- 
proach incur an increase in system noise error. How- 
ever, preliminary analysis shows that when bandwidth 
effects and correlation between lags are considered, the 
relative increase in system noise over ELP tracking is 50 
about 10%. The reduction of multipath greatly out- 
weighs this system noise penalty. 

As mentioned earlier, multipath signals are always 
delayed with respect to the main signal. This explains 
why early, prompt (EP) tracking is less attacked by and 55 
therefore less sensitive to multipath. Simulation data 
(FTG. 7) indicates that the early-prompt tracking 
method is significantly less sensitive to multipath with 
delays greater 0.1 chips (3 m for P-code). Actual P-code 
tracking data from a rooftop (FIGS. 8 and 9) shows that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 
earl y-prompt tracking has reduced multipath effects by 
about a factor of 1.6 (ELP= 14 cm; EP=9 cm). 

Multipath Correction from Correlation Shape 

torts the cross-correlation function. This distortion can 
be detected with a variety of approaches provided some 
model of the correlation function (including filter ef- 

Multipath causes pseudorange errors because it dis- 65 

fects) is available. The approach presented here em- 
ploys EP tracking to initially reduce multipath errors. 
This makes the late correlation sum available for multi- 
path estimation of further pseudorange errors due to 
multipath. These pseudorange error values are then 
subtracted from the EP measured pseudorange values 
and a “before and after” comparison made. As shown in 
FIG. 10 this method further reduces the RMS pseudo- 
range error. 

Carrier Phase Multipath Correction 

For geodetic applications, carrier phase is the princi- 
pal observable. Although relatively small (few mm 
max.), carrier phase multipath can be the dominant 
error source of geodetic measurements. One possible 
method for detecting and correcting carrier phase mul- 
tipath employs the non-prompt quadrature correlation 
sums as indicators of the sign and magnitude of carrier 
phase multipath. The basic scheme, as depicted by FIG. 
11, shows the correlation sums (lags) configured in a 
prompt, early, earliest (PEE) mode. 

The carrier loop (a phase-locked loop) uses only the 
prompt I and Q correlation sums to measure phase. This 
represents a complex sum of the direct plus multipath 
signals. With this configuration, multipath will have the 
most affect on the prompt signal and the least on the 
earliest. This results in a phase offset (or error signal) 
between adjacent correlation sums. The technique de- 
scribed here, simply measures the slope of the error 
signals on the two early lags and forms an error signal 
for the prompt lag by extrapolation. Simulation results 
for this technique are shown in FIG. 12. 

Implementation of Early-Prompt Tracking: 

FIG. 13 illustrates a preferred implementation of the 
early-prompt tracking embodiment of the present in- 
vention discussed earlier. An incoming signal consists of 
a digital code modulating a carrier frequency. The ear- 
lier prompt tracking apparatus of FIG. 13 includes a 
model carrier generator 100 producing a local model of 
the carrier of the incoming signal and a model code 
generator 105 producing a local model of the spread 
spectrum code carrier by the incoming signal. A pair of 
delays 110, 115 produce successively delayed versions 
of the model code. 

A first multiplier 120 multiplies the incoming signal 
by the model carrier signal, to produce what may be 
thought of as a demodulated signal. A prompt multi- 
plier 125 multiplies the demodulated signal from the 
fust multiplier 120 by the version of the model code 
which has been delayed by the first delay 110 by 50 
nanoseconds. An early multiplier 130 multiplies the 
demodulated signal from the first multiplier 120 by the 
version of the model code signal which has been de- 
layed an additional 50 nanoseconds by the second delay 
115. The prompt and early multipliers 125,130 produce, 
respectively, prompt and early cross-correlation prod- 
ucts. The prompt cross-correlation products are 
summed by a prompt correlator 135 to produce a 
prompt cross-correlation function. The early cross-cor- 
relation products are summed by an early correlator 14.0 
to produce an early cross-correlation function. The 
early and prompt cross-correlation functions satisfy the 
conventional definition and are therefore complex 
quantities consisting of in-phase (I) and quadrature (Q) 
components (or, alternatively, real and imaginary 
parts). Therefore, each correlator 135,140 has I and Q 
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outputs providing, respectively, in-phase and quadra- 
ture correlation sums. 

The I and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ outputs of the prompt correlator 135 
control a phase-lock loop (PLL) 145 governing the 
phase of the model carrier signal from the model carrier 
source 100 using the output of the multiplier 120 as 
feedback, in accordance with well-known techniques in 
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAart. 

A tracking processor 150 computes a multipath delay 
tracking error from the I outputs of both the early and 
prompt correlators 135, 140. In the embodiment illus- 
trated in FIG. 13, the tracking processor 150 has a mem- 
ory 155 storing a constant k. A multiplier 160 multiplies 
the I output of the prompt correlator 135, Le., Ip, by k 
to produce Upand an adder 165 subtracts the resulting 
product from IE, the I output of the early correlator 
140, the resulting difference, IE- kIp, being divided at a 
divider 170 by the I output of the prompt correlator 
135. The final result, WdIE-kIp)/Ipis obtained by a 
multiplier 180 multiplying the output of the divider 170 
by an “early” weight factor WE. The final result is the 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 

15 

20 

delay tracking error. As indicated in the drawing of 
FIG. 13, this delay tracking error is applied as a phase 
correction simal to the model code generator 105. If 25 
the apparam-is used in the GPS system as a receiver, 
then the delay tracking error is also transmitted to fur- 
ther processing devices (not shown) for use as an error 
correction term to the latest calculated value of the 
pseudo range. 

The system of FIG. 13 operates preferably at 20 MHz 
in cycles of 50 nanoseconds in length. During each 
cycle or time frame, the correlation products are accu- 
mulated by the correlators 135,140 and at the end of the 
cycle each correlator outputs the magnitude of the 
in-phase and quadrature (I and Q) components of the 
correlation function. The tracking error processor 150 
then computes from the early and prompt in-phase com- 
ponents the correction to the model code phase and 
applies this correction to the model code generator 105. 
This corrects the model code phase for multipath delay 
changes in the incoming signal since the previous cycle. 
After this, the entire foregoing process is repeated. 

The in-phase outputs of the correlators 135, 140 are 
employed by the tracking error processor 150 (as op- 
posed to the quadrature outputs) because it is the quad- 
rature components which are most affected (delayed) 
by multipath effects while the in-phase components are 
the least affected. 

In the absence of multipath distortion or noise, there 

30 

35 

40 

45 

50 

is a certain measurable ratio between the magnitudes of 
IE and Ip, the in-phase components of the early and 
prompt correlation functions. We may refer to this ratio 
as a fiducial ratio. The selection of k as 0.5 assumes that 
ratio to be 0.5, which assumption can be tested by mea- 
suring IE and Ip under ideal multipath-free conditions. 
The multipath distortion can be directly inferred by 
measuring the actual ratio between IE and Ip and corn- 
paring it with the fiducial ratio. In fact, this comparison 
is precisely what the delay tracking error produced by 
the tracking error processor reflects. As long as IE=- 
kIp, the correction applied to the model code phase is 
zero. Thus, delay tracking error is computed using only 65 
those correlation sums ( I ~ a n d  Ip) which are most reli- 
able in the presence of multipath, as discussed earlier 
herein. 

55 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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10 
Preferred Implementation of Multipath Correction of 

Correlation Shape: 

FIG. 14 illustrates an enhancement to the system of 
FIG. 13 in which a shape correction feature is added to 
the tracking error processor 150, based upon a de- 
weighted contribution of the cross-correlation function 
obtained from a “late” correlator 185. For this purpose, 
a late multiplier 190 multiplies an undelayed version of 
the model code by the demodulated incoming signal to 
produce late cross-correlation products, which the late 
correlator 185 sums to produce a late cross-correlation 
function. The in-phase component Ir. of the late cross- 
correlation function (the I output of the late correlator 
185) is processed by the tracking error processor 150 in 
the same manner as the tracking error processor 150 
processes the IE component as described in FIG. 13, 
with a key difference that the final result is de-weighted. 
Specifically, the correlation shape correction feature 
added to the tracking error processor includes a mem- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ory 155’ storing the constant k. A multiplier 160’ multi- 
plies the I output of the prompt correlator 135, i.e., Ip, 
by k to produce kIpand an adder 165’ subtracts the 
resulting product from IL, the I output of the late corre- 
lator 140. The resulting difference, 1~-kIp, is divided at 
a divider 170 by Ip, the I output of the prompt correla- 
tor 135. The final result, Wr.(IL-kIp)/Ipis obtained by 
a multiplier 180 multiplying the output of the divider 
170 by a “late” weight factor WL smaller than the 
“early” weight factor WE. The result is the multipath 
correlation shape correction, and is subtracted at a sum- 
ming node 195 from the delay tracking error whose 
computation was described herein with reference to 
FIG. 13. 

In the preferred embodiment, WE= 1, W ~ = 0 . 3  and 
k=0.585. This reflects the fact that in the absence of 
multipath distortion, both IEand IL are equal to 0.585 Ip, 
which can be confirmed by measuring these quantities 
under ideal multipath-free conditions. Thus, the correc- 
tion to the model code phase computed by the delay 
tracking processor 150 in the embodiment of FIG. 14 is 
zero as long as both IEand Ir. are each equal to 0.585 Ip. 
The correction is a linear function of the deviation from 
this ratio. However, since the measurement of IL is not 
as reliable under multipath conditions, the correction 
obtained therefrom is treated as a minor correction for 
correlation shape distortion due to multipath and signif- 
icantly discounted (to less than a factor of one-third) 
relative to the correction obtained from Ip. 

Preferred Implementation of Carrier Phase Multipath 
Correction: 

FIG. 15 illustrates the preferred implementation of 
carrier phase multipath correction in accordance with 
the invention. The embodiments of FIGS. 13 and 14 
described above concern a tracking error processor 150 
controlling the phase of the model code generator 105. 
In contrast, the embodiment of FIG. 15 concerns a 
carrier phase correction processor 198 controlling the 
phase of the model carrier generator 100 through the 
phase lock loop 145. The embodiment of FIG. 15 has a 
structure analogous to that of the apparatus of FIG. 14, 
with the following exceptions: The carrier phase cor- 
rection processor 198 is added. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn additional or third 
delay 200 provides a third version of the model code 
delayed by 150 nanoseconds. A multiplier 205 multiplies 
this third delayed version by the demodulated incoming 
signal to produce an “early-early” cross-correlation 
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sum, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhich is accumulated in an “early-early” correla- than 2. A conventional curve-fitting routine in the car- 
tor 210 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto provide an “early-early” cross-correlation rier phase correction processor 198 constructs a curve 
function, whose in-phase and quadrature components +(t) from all of the phases zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ of the early cross-correla- 
are labelled I.EE and QEE, respectively. tions and extrapolates this curve to the Y-axis. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs stated 

The carrier phase correction processor 198 uses the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 above with reference to FIG. 17, the error is the dis- 
in-phase and quadrature components IP, QE k, QZ and tance along the X axis between the intercept of P ywith 
Im, QEEprovided by the three correlators 135, 140 and the curve +(t) and the origin. Simple calculus tech- 
210 resPectiveb’~ to compute a Phase error to control niques are employed by the carrier phase correction 
the phase of the model carrier generator loo* Advanta- processor 198 to compute this distance from the Curve 
geously? no ‘‘late’’ cross-correlation need be em- 10 +(‘) provided by the curve-fitting routine and from Pr. 

Such routines typically must know an a priori nominal 
curve to which a fit is to be made. For this purpose, a 
preliminary plot +(t)idealof the n early cross-correlation 
phases is first be obtained under ideal conditions in 

ployed in this embodiment. 
FIG. 16 illustrates the amplitudes of the I and Q out- 

puts of the three correlators 135, 140 and 210 during a 
given sampling interval, with the amplitudes being 
placed along the “lag time” or delay axis in accordance 15 

quadrature components are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall off-set along the lag time 
or delay axis with respect to the in-phase components Other implementations of the invention may be 
by a certain amount corresponding to the m&ipath 2o readily constructed in view Of the foregoing. For exam- 
delay. ple, the order of the multiplication step may be re- 

The function performed by the carrier phase correc- versed. Specifically, in FIG. 13 the multiplication by 
tion processor 198 in the embodiment of FIG. 15 is the prompt and early model code (by the multipliers 
illustrated in FIG. 17. In the graph of FIG. 17, the 125,130) may be performed before the multiplication by 
horizontal axis denotes lag time or delay relative to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 the model carrier (by the multiplier 120). The same is 
reference frame of the prompt correlator 135 control- true in FIG. 14, in which the multiplication (120) by the 
ling the model carrier phase. The term + denotes the model carrier may occur after the multiplication (125, 
phase computed from the I and Q components provided 130, 190) by the prompt, early and late versions of the 
by a given one of the three correlators, where +=arc- model code. Likewise, in FIG. 15, the multiplication 
tan WQ1. In FIG. 17, by plotting the phases +EE, 413, 3o (125, 130, 205) by the prompt, early and early-early zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+p of the three cross-correlations from the three corre- versions of the model code may precede multiplication 
lators 135, 140 and 210 respectively, at the respective (120) by the model carrier. 
1% time locations On the graph, a curve may be Moreover, in the embodiment of FIG. 15 in which 
interpolated. In the graph of FIG. 17, the hOrizOntal the model carrier generator 100 is controlled through 
axis is 1% time or delay in code Chips while the Vertical 35 the phase lock loop 145 by the carrier phase correction 
axis is the value Of the Phase 4. in l7 processor 198, the tracking error processor 150 control- 
4.E is displaced to the left of +P by one delay 1% (50 ling the model code generator 105 may be either that of 
nanoseconds) while +EEis displaced to the left by two FIG. 13 or that of FIG. 14 or else conventional tech- 

axis, denoting zero for the phase Of the prompt phase. preferably, however, in the embodiment OfFIG. 

The intercepts of each of the three phases +E& +E, +P While the invention has been described in detail by 

with the lag of the corresponding Correlator. FIG. 16 
shows that in the presence of multipafi distortion, the 

which no m‘ltipath distortion is present, and +(t)ideUl is 
stored for use the fitting routine during real- 
time Operation. 

lags. The prompt phase dJP is On the vertical 01 

cross-correlation under ideal multipath-free conditions. 

with the horizontal Or axis are denoted by sub- 
scripts while their vertical intercepts with the Y axis are 
denoted by Y subscripts in FIG. 17. 

Under ideal conditions in the absence of multipath 
distortion, the tracking error is zero, and the curve +(t) 

In the presence of multipath distortion, the curve 4(t) is 

horizontal (time) axis of the intersection of this line 

approximation, +(t) is a straight line passing through mdtipath comprising: 

simple algebra from the values of the X and Y intercepts 55 
of +EE, +E and +pas  follows: 

niques may be used to control the model code generator 

15 the error processor 1 5 ~  is that of FIG. 14. 

specific reference to preferred embodiments, it is under- 
stood that variations and modifications thereof may be 

45 made without departing from the true spirit and scope 
of the invention. 

What is claimed is: though #‘.E.Eand +.EiS a horizontal line intercepting +P* 
1. ln a receiver for receiving an incoming signal con- 

a slope as shown in FIG. 17 and misses +P. The tracking 
error is the distance between the projection along the 50 ‘Ode sequence* the receiver being Of the 

with the amplitude of Qpand the origin. To a first order 

4,93and +E, so that the error may be approximated with 

sisting Of a carrier tone modulated by a spread spectrum 
which 

generates a local model of the carrier tone and a local 
Of the code sequence, for 

for generat@ Plural versions of said model 
by Of a 

predetermined delay time; 
means for generating plural product signals by a mul- 

tiplication of said incoming signal by one of (a) said 
model carrier tone and (b) a respective one of said 
plural model code versions, and then multiplying 
the result of said multiplication by the other of (a) 

correlator means for computing respective cross-cor- 
relation functions from respective ones of said plu- 
ral product signals; and 

measuring means for computing an error correspond- 
ing to a deviation from a predetermined relation- 
ship among said respective cross-correlation func- 

error=(Py-Ev)[(.E~-EE~)/(EEx)/(Ey-EEyll -.Ex 

However, such a simple calculation does not take into 60 
account the non-linearities inherent in the behavior of 

of the carrier phase correction embodiment, rather than 
only two early delay lags (E and EE) and only two 
early correlators 140,210, n early delay lags are defined, 65 
which may be equally spaced along the X axis of FIG. 
17, requiring n early correlators and the corresponding 
multipliers, where n is an integer significantly greater 

the phase +(t). In fact, in a more robust implementation and (b); 
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tions, and for outputting said error as a measure- 
ment of multipath distortion in said incoming sig- 
nal. 

2. The apparatus of claim 1 further comprising means 
for reducing said deviation comprising means for 
changing the phase of said model code sequence in 
accordance with said error. 

3. The apparatus of claim 1 further comprising means 
for reducing said deviation comprising means for 
changing the phase of said model carrier in accordance 
with said error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4. The apparatus of claim 1 wherein: 
said plural versions of a model code sequence corre- 

spond to two different multiples of a predetermined 
delay time, whereby said respective cross-correla- 
tion functions comprise an early cross-correlation 
function and a prompt cross-correlation function. 

5. The apparatus of claim 4 further comprising a 
phase lock loop controlling the phase of said model 
carrier tone relative to the carrier of said incoming 
signal in response to said prompt cross-correlation func- 
tion. 

6. The apparatus of claim 4 wherein said correlator 
means computes said cross-correlation functions by 
accumulating respective product signals over a sam- 
pling interval of length T and computes successive 
cross-correlation functions in successive cycles of per- 
iod T. 

7. The aDDaratus of claim 6 wherein said Dredeter- 
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25 

mined de1a;time is said period T and said m&ples of 30 
said delay time are one and two for said prompt and 
early model code sequence versions respectively. 

8. The apparatus of claim 4 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components, 
said predetermined relationship is a predetermined 

ratio between a selected one of the in-phase and 
quadrature components of the prompt and early 
cross-correlation functions. 

9. The apparatus of claim 4 wherein said predeter- 40 

35 

mined ratio is the ratio between the in-phase compo- 
nents of said prompt and early cross-correlation func- 
tions prevailing in the absence of multi-path distortion. 

10. The apparatus of claim zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 wherein said measuring 
means comprises means for measuring an actual ratio 45 
between said in-phase components of said prompt and 
early cross-correlation functions and wherein said error 
is a function of the deviation of said actual ratio from 
said predetermined ratio. 

signal is from a global positioning satellite and wherein 
said error comprises a correction to a previously esti- 
mated pseudo-range value. 

11. The apparatus of claim 1 wherein said incoming 50 

12. The apparatus of claim 1 wherein: 
said plural versions of a model code sequence corre- 55 

spond to three different multiples of a predeter- 
mined delay time, whereby said respective cross- 
correlation functions comprise an early cross-cor- 
relation function, a prompt cross-correlation func- 
tion and a late cross-correlation function; and 

said predetermined relationship comprises a first pre- 
determined ratio between corresponding values of 
a selected component of said early and prompt 
cross-correlation functions and a second predeter- 
mined ratio between corresponding values of the 65 
selected component of said late and prompt cross- 
correlation functions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

60 

13. The apparatus of claim 12 wherein: 

said cross-correlation functions are complex and 
comprise in-phase and quadrature components; 

said first and second predetermined relationships are, 
respectively, a predetermined ratio between a se- 
lected one of the in-phase and quadrature compo- 
nents of the prompt and early cross-correlation 
functions and a predetermined ratio between said 
selected one component of the prompt and late 
cross-correlation functions. 

14. The apparatus of claim 13 further comprising 
means for controlling the phase of said model carrier in 
accordance with the in-phase and quadrature compo- 
nents of said prompt cross-correlation. 

15. The apparatus of claim 13 further comprising 
correction means for reducing said error comprising 
means for correcting the phase of said model code se- 
quence in accordance with said error. 

16. The apparatus of claim 15 wherein said first and 
second predetermined ratios are ratios between the 
in-phase components of said early and prompt cross- 
correlations and between said late and prompt cross- 
correlations observable in the absence of multi-path 
distortion in said incoming signal. 

17. The apparatus of claim 16 wherein said error 
measuring means comprises means for measuring an 
actual ratio between said in-phase components of said 
prompt and early cross-correlation functions and pro- 
ducing a first error signal which is a function of the 
deviation of said actual ratio from said first predeter- 
mined ratio. 

18. The apparatus of claim 17 wherein said correction 
means further comprises means for measuring an ratio 
between said in-phase components of said prompt and 
late cross-correlation functions and producing a second 
error signal which is a function of the deviation of said 
actual ratio from said second predetermined ratio 
weighted with respect to said first error signal such that 
the weight of the second error signal is less than a 
weight given the first error signal and for combining 
said first and second error signals. 

19. The apparatus of claim 1 wherein: 
said plural versions of a model code sequence corre- 

spond to plural different multiples of a predeter- 
mined delay time, whereby said respective cross- 
correlation functions comprise plural early cross- 
correlation functions and a prompt cross-correla- 
tion function. 

20. The apparatus of claim 19 wherein said predict- 
able behavior is defined relative to a curve obtained by 
associating phase angles of said plural early cross-corre- 
lation functions with delay times of the respective early 
cross-correlation functions, said predictable behavior 
comprising said curve intersecting the phase angle of 
said prompt cross-correlation function at the delay time 
of said prompt cross-correlation function. 

21. The apparatus of claim 20 wherein said error 
measuring means comprises curve fitting means for 
computing a delay time at which said curve meets the 
value of the phase of said prompt cross-correlation 
function, and establishing therefrom said error. 

22. The apparatus of claim 21 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
the phase angle of each cross-correlation function is 

the arc-tangent of the ratio of in-phase and quadra- 
ture components thereof. 

23. The apparatus of claim 22 further comprising 
means for reducing said error comprising means for 
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correcting the phase of said model carrier in accordance 
with said error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

24. The apparatus of claim 19 wherein: 
there are n plural early correlation functions, and n is 

25. The apparatus of claim 19 further comprising: 
delay error tracking means for computing a delay 

tracking error corresponding to a deviation from a 
second predetermined relationship between said 
prompt and one of said early cross-correlation 
functions, and for reducing said deviation by 
changing the phase of said model code sequence in 
accordance with said delay tracking error. 

an integer greater than 2. 

26. The apparatus of claim 25 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
said second predetermined relationship is a predeter- 

mined ratio between a selected one of the in-phase 
and quadrature components of the prompt and one 
early cross-correlation functions. 

27. The apparatus of claim 26 wherein said predeter- 
mined ratio is the ratio between the in-phase compo- 
nents of said prompt and one early cross-correlation 
functions prevailing in the absence of multi-path distor- 
tion. 

28. The apparatus of claim 27 wherein said delay 
error tracking means comprises means for measuring an 
actual ratio between said in-phase components of said 
prompt and said one early cross-correlation function 
and producing a tracking delay error signal which is a 
function of the deviation of said actual ratio from said 
predetermined ratio. 

29. The apparatus of claim 25 wherein said respective 
cross-correlation functions further include a late cross- 
correlation function corresponding to a delay time 
greater than that of said prompt cross-correlation, said 
apparatus further comprising: 

correction means for computing a correction to said 
delay tracking error corresponding to a deviation 
from a third predetermined relationship between 
said late and prompt cross-correlation functions, 
said correction being weighted relative to said 
delay tracking error such that the weight of the 
correction corresponding to the deviation from the 
third predetermined relationship between said late 
and prompt cross-correlation functions is less than 
a weight given the delay tracking error corre- 
sponding to the deviation from the second prede- 
termined relationship between said prompt and one 
of said early cross-correlation functions, and for 
correcting said delay tracking error by combining 
it with said correction. 

30. The apparatus of claim 29 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
said second predetermined relationship is a first pre- 

determined ratio between a selected one of the 
in-phase and quadrature components of the prompt 
and one earlv cross-correlation functions. 

31. The apparatus of claim 30 wherein: 
said third predetermined relationship is a second pre- 

determined ratio between said selected one compo- 
nent of the prompt and late cross-correlation func- 
tions. 

32. The apparatus of claim 31 wherein said first and 65 

60 

second predetermined ratios correspond to, respec- 
tively, a ratio between the in-phase components of said 
prompt and one early cross-correlation functions and a 

16 
ratio between the in-phase components of said late and 
prompt cross-correlation functions, in the absence of 
multi-path distortion in said incoming signal. 

33. The apparatus of claim 32 wherein said delay 
5 error tracking means comprises means for measuring an 

actual ratio between said in-phase components of said 
prompt and late cross-correlation functions. 

34. A method of measuring multipath distortion in a 
receiver responsive to an incoming signal consisting of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10 a carrier tone modulated by a spread spectrum code 
sequence, the receiver being of the type which gener- 
ates a local model of the carrier tone and a local model 
of the code sequence, said method comprising: 

generating plural versions of said model code se- 
quence delayed by respective multiples of a prede- 
termined delay time; 

generating plural product signals by a multiplication 
of said incoming signal by one of (a) said model 
carrier tone and (b) a respective one of said plural 
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model code versions, and then multiplying the 
result of said multiplication by the other of (a) and 

computing respective cross-correlation functions 
from respective ones of said plural product signals; 
and 

measuring an error corresponding to a deviation from 
a predetermined relationship among said respective 
cross-correlation functions, and outputting said 
error as a measurement of multipath distortion in 
said incoming signal. 

35. The method of claim 34 further comprising re- 
ceiving said error and reducing said deviation by chang- 
ing the phase of said model code sequence in accor- 
dance with said error. 

36. The method of claim 34 further comprising reduc- 
ing said deviation by changing the phase of said model 
carrier in accordance with said error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0); 

37. The method of claim 34 wherein: 
said plural versions of a model code sequence corre- 

spond to two different multiples of a predetermined 
delay time, whereby said respective cross-correla- 
tion functions comprise an early cross-correlation 
function and a prompt cross-correlation function. 

38. The method of claim 37 further comprising a 
controlling the phase of said model carrier tone relative 
to the carrier of said incoming signal in response to said 
prompt cross-correlation function. 

39. The method of claim 37 wherein said cross-corre- 
lation functions are computed by accumulating respec- 
tive product signals over a sampling interval of length T 
and computing successive cross-correlation functions in 
successive cycles of period T. 

40. The method of claim 39 wherein said predeter- 
mined delay time is said period T and said multiples of 
said delay time are one and two for said prompt and 
early model code sequence versions respectively. 

41. The method of claim 37 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
said predetermined relationship is a predetermined 

ratio between a selected one of the in-phase and 
quadrature components of the prompt and early 
cross-correlation functions. 

42. The method of claim 37 wherein said predeter- 
mined ratio is the ratio between the in-phase compo- 
nents of said prompt and early cross-correlation func- 
tions prevailing in the absence of multi-path distortion. 
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43. The method of claim zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA42 wherein said measuring 
comprises measuring an actual ratio between said in- 
phase components of said prompt and early cross-corre- 
lation functions and wherein said error is a function of 
the deviation of said actual ratio from said predeter- 
mined ratio. 

44. The method of claim 34 wherein said incoming 
signal is from a global positioning satellite and wherein 
said error comprises a correction to an estimated pseu- 
do-range value computed during a previous cycle. 

45. The method of claim 34 wherein: 
said plural versions of a model code sequence include 

three different multiples of a predetermined delay 
time, whereby said respective cross-correlation 
functions include an early cross-correlation func- 
tion, a prompt cross-correlation function and a late 
cross-correlation function; and 

said predetermined relationship comprises a first pre- 
determined ratio between corresponding values of 
a selected component of said early and prompt 
cross-correlation functions and a second predeter- 
mined ratio between corresponding values of the 
selected component of said late and prompt cross- 
correlation functions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

46. The method of claim 45 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
said first and second predetermined relationships are, 

respectively, a predetermined ratio between a se- 
lected one of the in-phase and quadrature compo- 
nents of the prompt and early cross-correlation 
functions and a predetermined ratio between said 
selected one component of the prompt and late 
cross-correlation functions. 

47. The method of claim 46 further comprising con- 
trolling the phase of said model carrier in accordance 
with the in-phase and quadrature components of said 
prompt cross-correlation. 

48. The method of claim 46 further comprising reduc- 
ing said error by correcting the phase of said model 
code sequence in accordance with said error. 

49. The method of claim 48 wherein said fist and 
second predetermined ratios are ratios between the 
in-phase components of said early and prompt cross- 
correlations and between said late and prompt cross- 
correlations observable in the absence of multi-path 
distortion in said incoming signal. 

50. The method of claim 49 wherein said measuring 
comprises measuring an actual ratio between said in- 
phase components of said prompt and early cross-corre- 
lation functions and producing a first error signal which 
is a function of the deviation of said actual ratio from 
said fust predetermined ratio. 

51. The method of claim 50 wherein said correcting 
comprises measuring an ratio between said in-phase 
components of said prompt and late cross-correlation 
functions and producing a second error signal which is 
a function of the deviation of said ratio from said second 
predetermined ratio weighted with respect to said f ist 
error signal such that the weight of the second error 
signal is less than a weight given the first error signal 
and combining said first and second error signals. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. 

52. The method of claim 34 wherein: 
said plural versions of a model code sequence corre- 

spond to different plural multiples of a predeter- 
mined delay time, whereby said respective cross- 
correlation functions comprise plural early cross- 

18 
correlation functions and a prompt cross-correla- 
tion function. 

53. The method of claim 52 wherein said predictable 
behavior is defined relative to a curve obtained by asso- 

5 ciating phase angles of said plural early cross-correla- 
tion functions with delay times of the respective early 
cross-correlation functions, said predictable behavior 
comprising said curve intersecting the phase angle of 
said prompt cross-correlation function at the delay time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

54. The method of claim 53 wherein said measuring 
comprises computing a delay time at which said curve 
meets the value of the phase of said prompt cross-corre- 
lation function, and establishing therefrom said error. 

10 of said prompt cross-correlation function. 

15 55. The method of claim 54 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
the phase angle of each cross-correlation function is 

the arc-tangent of the ratio of in-phase and quadra- 

56. The method of claim 55 further comprising reduc- 
ing said error by correcting the phase of said model 
carrier in accordance with said error. 

20 ture components thereof. 

57. The method of claim 52 wherein: 
there are n plural early correlation functions, and n is 

58. The method of claim 52 further comprising: 
computing a delay tracking error corresponding to a 

deviation from a second predetermined relation- 
ship between said prompt and one of said early 
cross-correlation functions, and reducing said devi- 
ation by changing the phase of said model code 
sequence in accordance with said delay tracking 
error. 

25 
an integer greater than 2. 

30 

35 59. The method of claim 58 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
said second predetermined relationship is a predeter- 

mined ratio between a selected one of the in-phase 
and quadrature components of the prompt and one 
early cross-correlation functions. 

60. The method of claim 59 wherein said predeter- 
mined ratio is the ratio between the in-phase compo- 
nents of said prompt and one early cross-correlation 

45 functions prevailing in the absence of multi-path distor- 
tion. 

61. The method of claim 60 wherein said computing 
a delay error tracking comprises measuring an actual 
ratio between said in-phase components of said prompt 

50 and one early cross-correlation functions and producing 
a tracking delay error signal which is a function of the 
deviation of said actual ratio from said predetermined 
ratio. 

62. The method of claim 61 wherein said respective 
55 cross-correlation functions further include a late cross- 

correlation function corresponding to a delay time 
greater than that of said prompt cross-correlation, said 
method further comprising: 

computing a correction to said delay tracking error in 
accordance with a deviation from a third predeter- 
mined relationship between said late and prompt 
cross-correlation functions, said correction being 
weighted relative to said delay tracking error such 
that of the correction corresponding to the devia- 
tion from the third predetermined relationship be- 
tween said late and prompt cross-correlation func- 
tions is less than a weight given the delay tracking 
error corresponding to the deviation from the sec- 

40 

60 

65 
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ond predetermined relationship between said nent of the prompt and late cross-correlation func- 
prompt and one of said early cross-correlation 
functions, and correcting said delay tracking error 65. The method of claim 64 wherein said first and 
by combining it with said correction. second predetermined ratios correspond to, respec- 

5 tively, a ratio between the in-phase components of said 
prompt and one early cross-correlation functions and a 
ratio between the in-phase components of said late and 
prompt cross-correlation functions, in the absence of 
multi-path distortion in said incoming signal. 

66. The method of claim 65 wherein said computing 
the delay tracking error comprises measuring an actual 
ratio between said in-phase components of said prompt 
and late cross-correlation functions. 

tions. 

63. The method of claim 62 wherein: 
said cross-correlation functions are complex and 

comprise in-phase and quadrature components; 
said second predetermined relationship is a first pre- 

determined ratio between a selected one of the 
in-phase and quadrature components of the prompt 10 
and one early cross-correlation functions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

64. The method of claim zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA63 wherein: 
said third predetermined relationship is a second pre- 

determined ratio between said selected one compo- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* * * * *  
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