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(57) ABSTRACT 

This invention is directed to a method for estimating and 
compensating for multipath errors in a pseudorandom noise 
ranging receiver. The method exploits the asymmetry of the 
correlation function and proportionately relates it to the mag 
nitude of multipath error. In a pseudorandom noise ranging 
receiver, the correlation function is obtained by generating 
the local pseudorandom noise sequences at different pro 
grammed non-uniform phases resulting in non-uniformly 
spaced correlators. Numerically controlled oscillators, code 
generators and shift registers are programmed to determine 
the correlation values at non-uniformly distributed points on 
a correlation function. Curve fitting is undertaken to deter 
mine the code phase at which the correlation function peaks. 
A proportionality constant is applied to the measure of asym 
metry of the correlation function to determine the multipath 
error in the pseudorandom noise signal. A filter is used to 
detect and eliminate outliers. 

6 Claims, 17 Drawing Sheets 
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1. 

ASYMMETRY TECHNIQUE FOR 
MULTIPATH MITIGATION IN 

PSEUDORANDOMINOSE RANGING 
RECEIVER 

TECHNICAL FIELD 

This invention relates, in general, to a pseudorandom noise 
(PRN) ranging receiver and in particular to multipath error 
reduction in a pseudorandom noise (PRN) ranging receiver. 

BACKGROUND ART 

A PRN receiver such as a global positioning system 
receiver (GPS receiver) receives a PRN signal from a satellite 
to conduct range measurement. However, the GPS receiver 
receives both direct signals from the satellite as well as sev 
eral multipath signals as a result of undesired reflections. The 
signal path of a reflected signal is longer than the signal path 
of a direct signal from the satellite. Such a reflected signal 
with a longer transmission path takes additional time to reach 
the receiver. Reflected signals also undergo attenuation and 
changes in polarization. These multiple signals, with varying 
phase and magnitude, result in a composite signal that does 
not accurately represent the true characteristics of the code 
and carrier phase of the direct signal. 
The accuracy of the range measurements conducted by a 

GPS receiver depends upon the accuracy of alignment of the 
incoming direct signal from the satellite with the locally 
generated PRN signal of the GPS receiver. Multipath signals 
affect the accuracy of the estimated range. The combination 
of the direct signal and the multipath signals creates a com 
posite signal. The receiver tracking loops align the locally 
generated code and carrier to the composite signal instead of 
the direct signal. The inaccuracy that results causes multipath 
errors in the range measurement conducted by the GPS 
receiver. The multipath errors manifest itself as a shift in the 
peak of the correlation function computed by the GPS 
receiver. 
The PRN range, information is used to estimate the posi 

tion, velocity and time of the user in a GPS system. The range 
information is derived from the satellite signals in the GPS 
Receiver. The incoming GPS signals undergo significant pro 
cessing in the receiver for recovery of the GPS signal, differ 
entiating it from the thermal noise. Current multipath mitiga 
tion Solutions comprising signal processing algorithms in 
conjunction with suitable hardware are discussed below. 
The methods of reducing multipath effects in a PRN rang 

ing receiver can be broadly classified under antenna focused 
Solutions, receiver hardware solutions, and signal and data 
processing solutions. 
The antenna-based mitigation technique improves antenna 

gain pattern to counter the effects of multipath. This method 
includes the use of special antennas, spatial processing with 
multi-antenna arrays, antenna location strategies and long 
term signal observation to infer multipath parameters, facili 
tated by changing reflection geometry. 

Another approach uses a correlator with a fraction of code 
chip spacing and a large RF bandwidth. C/A codes are equally 
spaced with respect to the center correlator. Further, after the 
acquisition of a satellite, the correlators’ spacing is static. 
Conventionally, the correlators are equally spaced with 
respect to each other. This approach is an effective Solution 
for long delay multipath mitigation. It is the basis for the 
majority of the current high accuracy GPS receivers. How 
ever, this approach still does not eliminate a significant part of 
residual multipath errors. 
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2 
Another approach involves the estimation of the slope of 

the two sides of the auto-correlation function in order to 
detect the auto-correlation peak. However, even this approach 
does not eliminate a significant part of residual multipath 
COS. 

Another approach utilizes multiple narrowly-spaced corr 
elators, generally in the order of ten or more correlators to 
estimate the entire correlation function. The method thereaf 
terestimates various multipath parameters and computes the 
amount of multipath errors. However, this technique is most 
effective only when the physical multipath environment in 
which the antenna is located matches closely with the model 
used by the estimator in the receiver. Further, it requires very 
complex hardware to accomplish multipath mitigation. 

Another approach of multipath mitigation uses a discrimi 
nator, wherein the discriminator is the difference of slopes of 
two sets of narrow correlators spaced at d chip and 2d chip 
spacing. This technique shows very good long delay multi 
path mitigation performance. It is not particularly effective 
for short delay multipath signals. 

Yet another approach of multipath mitigation uses a cubic 
curve fit discriminant to determine the correlation function 
peak and a multipath indicator function to estimate the mul 
tipath error. However, this approach requires calibration of 
each GPS unit to characterize the RF front-end response. 
Further, it is most effective for reflected signals that have 
delays between 0.15Tc and 0.85Tc, where Tc represents the 
C/A (coarse acquisition) code chip width. 

Several other researchers have devised methods to counter 
multipath effects using measurement data and other informa 
tion generated by the receiver. These techniques and 
approaches are outside the scope of this invention. 

In Summary, the market requires a low cost multipath miti 
gation solution that accurately determines multipath errors, 
utilizing minimal hardware and requiring minimal calibra 
tion. 

DISCLOSURE OF THE INVENTION 

The present invention is an improved PRN range measure 
ment method and apparatus that utilizes the asymmetry of the 
correlation function resulting from multipath signals to deter 
mine the measurement range error. The present invention 
optionally uses an estimation or filtering technique, and an 
outlier detector to improve the accuracy and reliability of the 
estimation. 

One embodiment of the invention is a PRN ranging Global 
Positioning System receiver apparatus, consisting of a wide 
band radio frequency (RF) front end, multiple parallel pro 
grammable phased correlators and a digital signal processor 
(DSP) for faster acquisition. The apparatus provides 
improved measurement accuracy and reliability by employ 
ing the asymmetry technique of multipath. This architecture 
is suitable for a variety of applications requiring faster acqui 
sition and provides better accuracy at lower hardware cost. 

Another embodiment of the invention employs a phased 
correlator for each satellite tracking channel in the multi 
channel GPS receiver. The GPS receiver consists of multiple 
numerically controlled oscillators (NCO) to trigger the 
locally generated pseudorandom noise sequence, Such as 
coarse acquisition (C/A) code at a desired and programmable 
phase thereby obtaining the fractional correlation values near 
the correlation peak and its vicinity at non-uniform spacing. 
The fractional correlation values are processed in a digital 
signal processor (DSP) in the frequency domain. The DSP 
provides exceptional performance in frequency domain pro 
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cessing. The DSP also permits faster correlation peak search 
ing in the frequency domain thereby reducing time-to-first-fix 
(TTFF). 
One advantage of the invention is the use of low cost 

programmable logic array embodying the glue logic in the 
circuit. The use of a digital signal processing architecture 
ensures a low cost multipath mitigation solution using mini 
mal hardware. 

Another advantage of the present invention is that the pro 
grammable feature of the correlator block provides the flex 
ibility to sample values at different points on correlator func 
tion curve to provide an accurate estimation of the correlation 
function. 

Another advantage of the present invention is that it 
requires minimal calibration. It does not require calibration of 
each GPS receiver employing the same RF bandwidth. 

Another advantage of the present invention is its robustness 
in mitigating the corruption of correlation values due to low 
signal strength, or, in the presence of external interferences. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a block diagram of a pseudorandom noise ranging 
receiver comprising a radio frequency down converter, corr 
elator and DSP. 

FIG. 2 illustrates a method to generate non-uniform phased 
coarse acquisition (C/A) code sequences 

FIG. 3 illustrates another method to generate non-uni 
formly phased C/A code sequences 

FIG. 4 is a graphical representation of multipath errors due 
to short delay in-phase multipath signals. 

FIG.5: is a graphical representation of multipath errors due 
to short delay in-phase multipath signals. 

FIG. 6 is a graphical representation of multipath errors due 
to short delay out-of-phase multipath signals. 

FIG. 7 is a graphical representation of multipath errors due 
to short delay out-of-phase multipath signals. 

FIG. 8 is a graphical representation of multipath errors due 
to long delay in-phase multipath signals. 

FIG.9 is a graphical representation of multipath errors due 
to long delay in-phase multipath signals. 

FIG. 10 is a graphical representation of multipath errors 
due to long delay out-of-phase multipath signals. 

FIG. 11 is a graphical representation of multipath errors 
due to long delay out-of-phase multipath signals. 

FIG. 12 is a flowchart illustrating the asymmetry technique 
used for multipath mitigation. 

FIG. 13 is a graphical illustration of asymmetry in corre 
lation function due to in-phase multipath signal with reflec 
tion coefficient=0.5, multipath delay=half chip and RF band 
width of 8 MHZ 

FIG. 14 is a graphical illustration of in correlation function 
due to out-of-phase multipath signal with reflection coeffi 
cient=0.5, multipath delay=half chip and RF bandwidth of 8 
MHZ. 

FIG. 15 is a graphical illustration of multipath mitigation 
depicting actual, estimated and residual errors for a RF band 
width of 8 MHZ. 

FIG. 16 is a graphical illustration of multipath mitigation 
depicting actual, estimated and residual errors for a RF band 
width of 16 MHZ. 

FIG. 17 is a graphical illustration of multipath error enve 
lopes. 
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4 
MODES OF CARRYING OUT THE INVENTION 

AND DETAILED DESCRIPTION 

FIG. 1 illustrates a block diagram of a pseudorandom noise 
ranging receiver system 100. The components of a pseudo 
random noise ranging receiver system 100 include a radio 
frequency (RF) down converter 101, a programmable phased 
correlator 102, and a base band processor 107. The RF down 
converter 101 receives the satellite band pass signal and con 
verts it into a base band signal. The programmable phased 
correlator 102 is connected to and in communication with the 
RF down converter 101. The generated base band signal is the 
input to the phased correlator 102. The programmable phased 
correlator 102 performs fractional correlation near the corre 
lation peak at non-uniform spacing and programmable for the 
intermediate frequency signals generated from the RF down 
converter 101. The main functional blocks in a phased corr 
elator block 102 are the numerically controlled oscillator 
(NCO) 103, accumulators 104, sample clock 105 and pseu 
dorandom noise sequence generator, Such as coarse acquisi 
tion (C/A) code generator (106). 
The processed signal from the phased correlator is trans 

ferred to the base band processor 107. The base band proces 
sor 107 is either a digital signal processor (DSP) or advanced 
risk machine (ARM of ARM Inc.). The base band processor 
107 determines the correlation peak of the fractional correla 
tion values generated by the correlators in the frequency 
domain. 
The method of estimating the multipath error of pseudo 

random noise signal in a pseudorandom noise ranging 
receiver includes numerous steps. Firstly, determine correla 
tion values at non-uniformly distributed points on a correla 
tion function. Each set of correlation values has a different 
phase with respect to the previous set of correlation values. Fit 
the curve for the upper portion of the correlation function by 
polynomial interpolation. Determine the difference in area 
between a right section and a left section of the correlation 
function, the left section covering the area under the correla 
tion function to the left of the correlation peak, and the right 
section covering the area under the correlation function to the 
right of the correlation peak. Apply a proportionality constant 
to the difference in area of the right section and the left section 
of the correlation function to determine the multipath error in 
the pseudorandom noise signal. Finally, remove the outliers 
of the correlation function and filter the multipath errors over 
multiple code tracking loop invocation periods up to the mea 
Surements generation period to improve the accuracy of the 
estimated multipath. The above mentioned steps are herein 
described in detail in the illustrated figures below. 
One embodiment of the pseudorandom noise ranging 

receiver is a global positioning system receiver (GPS 
receiver). The pseudorandom noise ranging sequence in a 
GPS receiver is referred to as coarse acquisition (C/A) codes. 
FIG. 2 shows the locally generated C/A codes which are 
programmable and non-uniformly spaced with respect to 
each other. There are five C/A code generators (106a, 106b, 
106c. 106d, 106e), clocked by five different numerically con 
trolled oscillators (NCOs) (103a, 103b, 103c, 103d, 103e). 
The NCOs are triggered by the same sample clock (105) and 
programmed by the baseband processor (107) to generate any 
frequency and phase for the local code. 

Using the above mentioned apparatus, the NCOs are pro 
grammed to sample the correlation function at different 
points, which are varied with time so as to get a betterestimate 
of the shape of actual correlation function. This method of 
sampling at different points on the correlation function is 
more accurate than the conventional method of having 
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samples at Static points on the correlation function. The 
knowledge of the shape of an actual correlation function 
obtained by positioning the correlators at different points on 
the correlation function is critical forestimating the multipath 
error using the technique described herein. 

For example, assume that it is possible to have a code phase 
spacing resolution of 0.025 chips or 9 deg. The upper portion 
of the correlation triangle that is of interest for this technique 
is about 0.3 chips or 108 deg with the correlation function 
peak included in it. Hence, there are 108/9–12 possible points 
on the upper portion of the correlation function where the 
correlation values can be obtained. Number these points as 1, 
2,3,4,5,6,7,8,9, 10, 11, 12 from left to right on the upper 
portion of the correlation function. If we use five correlators 
per channel, then these five correlators can sample the corre 
lation values at five of the possible twelve points. Now, the 
allocation of the points is performed using the following 
guidelines: 

a. One correlator shall be near the extreme left of the upper 
portion of the correlation function. Therefore, it can be 
placed at points 1, 2 or 3. 

b. One correlator shall be near the extreme right of the 
upper portion of the correlation function. Therefore, it 
can be placed at points 10, 11 or 12. 

c. One correlator shall be near the peak of the correlation 
function. Therefore, it can be placed at points 6 or 7. 

d. One correlator shall be between the near peak and 
extreme left correlator. Therefore, it can be placed at 
points 4 or 5. 

e. The last correlator shall be between the near peak and 
extreme right correlator. Therefore it can be placed at 
points 8 or 9. 

Following the above technique, for example, at the first 
instance of satellite tracking loop invocation, the correlator 
set can be placed at points 1, 4, 6, 8 and 10. At the second 
instance, the correlator set can be placed at points 2,5,7,9 and 
11. At the third instance, the correlator set can be placed at 
points 3, 5, 7, 9 and 12. And then the correlator combination 
at the first instance can be repeated. 

FIG. 3 illustrates an alternative method to generate local 
C/A codes with programmable non-uniform phases. FIG. 3 
illustrates one NCO and one code generator. The NCO output 
triggers the code generator. The code generator generates the 
GPS C/A code. The C/A code is sent through a long linear 
shift register (108). The shift register is clocked by a high 
frequency clock, which is synchronized with the sample 
clock. The output of each stage of the shift register (108) is 
tapped to derive C/A code sequences, which are delayed by 
integer multiples of the triggering clock period. The tap num 
ber can be programmed by the baseband processor 107 so as 
to derive different non-uniformly delayed C/A code for use in 
the correlation process. The tap numbers are programmed to 
sample at different points of the correlation function so as to 
get a betterestimate of the shape of actual correlation function 
as described in the above example. 

This approach and structure of the combination of ele 
ments used in this invention is different from the conventional 
techniques. In the conventional technique, the C/A codes are 
generally equally spaced with respect to the center correlator. 
For example, in one approach, early and late codes are 0.05 
chip or 0.1 chip spaced with respect to the prompt correlator. 
Further, after the acquisition of a satellite signal, the correla 
tors’ spacing is static. In addition, conventionally the correla 
tors are equally spaced with respect to each other. On the 
contrary, in this invention, the correlator spacing is pro 
grammed and non-uniformly spaced so as to get a better 
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6 
estimate of the shape of the correlation function, which is 
critical for the multipath mitigation method described herein. 

FIG. 4. illustrates the effect of multipath signal on a corre 
lation triangle due to short delay in-phase multipath. FIG. 5 
illustrates in detail the peak of the correlation functions 
shown in FIG. 4. 'A' indicates the correlation triangle derived 
from the direct signal only, and “B” indicates the correlation 
triangle derived from the reflected signal only. Both these 
plots are obtained without RF band limitation. The reflected 
signal has a reflection coefficient of 0.5, multipath delay of 15 
meter (0.05 chip) and multipath phase of Zero degree. “C” 
indicates the correlation function due to direct and reflected 
signals and without any band limitation, whereas “D’ indi 
cates the correlation function due to direct and reflected sig 
nals and with an RF bandwidth of 8 MHz. 

It can be observed that the correlation peaks of curve 'A' 
and “Care aligned with Zero error. However, due to bandpass 
limitation, the correlation peak of curve "D' is shifted 
towards the right by about 5 meters. This represents the mul 
tipath error ifa peak detector or early minus late null-detector, 
or dot product discriminator is used as a discriminator for 
code tracking. In-phase multipath signals produce positive 
multipath errors. 

FIG. 6 illustrates the effect of multipath signal on correla 
tion triangle due to short delay out-of-phase multipath. FIG.7 
illustrates in detail the peak of the correlation functions 
shown in FIG. 6. 'A' indicates the correlation triangle derived 
from the direct signal only, and “B” indicates the correlation 
triangle derived from the reflected signal only. Both these 
plots are obtained without RF band limitation. The reflected 
signal has a reflection coefficient of 0.5, multipath delay of 15 
meter (0.05 chip) and multipath phase of 180 degrees. In FIG. 
6 and FIG. 7, “C” indicates the correlation function due to 
direct and reflected signals and without any band limitation, 
whereas 'D' indicates the correlation function due to direct 
and reflected signals and with an RF bandwidth of 8 MHz. It 
can be observed that the correlation peaks of curve 'A' and 
“C” are aligned with Zero errors. However, due to bandpass 
limitation, the correlation peak of curve "D' is shifted 
towards the left by about 10 meters. This represents the mul 
tipath error ifa peak detector, or early minus late null-detector 
or dot product discriminator is used as a discriminator for 
code tracking. Out-of-phase multipath signal produces nega 
tive multipath errors. 

FIG.8. illustrates the effect of the multipath signal on the 
correlation triangle due to long delay in-phase multipath. 
FIG. 9 illustrates in detail the peak of the correlation functions 
shown in FIG.8. Similarly, FIG. 10 illustrates the effect of the 
multipath signal on the correlation triangle due to long delay 
out-of-phase multipath. FIG. 11 illustrates in detail the peak 
of the correlation functions shown in FIG. 10. 'A' indicates 
the correlation triangle derived from the direct signal only, 
and “B” indicates the correlation triangle derived from the 
reflected signal only. Both these plots are obtained without 
RF band limitation. The reflected signal here has a reflection 
coefficient of 0.5 and multipath delay of 150 meter which is 
equivalent to 0.5 chip. The multipath phase is zero degree for 
FIG. 8 and FIG.9, and it is 180 degrees for FIG. 10 and FIG. 
11. “C” indicates the correlation function due to direct and 
reflected signals and without any band limitation, “D’ indi 
cates the correlation function due to direct and reflected sig 
nals with an RF bandwidth of 8 MHz. 

It can be observed that the correlation peaks of curve 'A' 
and “Care aligned with Zero error. However, due to bandpass 
limitation, the correlation peak of curve "D' is shifted 
towards the right by about 10 meters in FIG. 8 and FIG.9; and 
towards the left by about the same amount in FIG.10 and FIG. 
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11. This represents the multipath error if a peak detector or 
early minus late null-detector or dot product discriminator is 
used as a discriminator for code tracking. Further, in-phase 
multipath signals produce positive multipath errors and out 
of-phase multipath signals produce negative multipath errors. 
We now describe how these shifts in the correlation func 

tion peak, i.e., multipatherrors are estimated by exploiting the 
asymmetry of the correlation function. FIG. 12 illustrates the 
steps required to perform the operation to estimate peak shift. 

First, the correlation values from the correlators are 
obtained (301). Assume the correlation values to be R1, R2, 
R3, R4 and R5. Assume the spacing between R1 and R2 is t. 
spacing between R1 and R3 is ts, spacing between R1 and 
R4 is ta, and spacing between R1 and R5 is ts. The corr 
elators need not be uniformly spaced. In fact they can be 
adjusted. Further assume t is 0.3Tc, where Tc is the GPS 
C/A code width. A minimum of 4 correlators is required for 
this technique. The use of 5 correlators described in FIG. 12 
is for purposes of an example only. The higher the number of 
correlators, the better is the estimation accuracy. Further, Ts 
could be different from 0.3Tc and the value ofts used here 
only as an example of the process. 
The Lagrange polynomial method, for example, is used to 

perform curve fitting using the correlation values R1, R2, R3, 
R4 and R5 (302). Any other equivalent method may also be 
used for curve fitting. During steady state tracking, it can be 
assumed that R1 through R5 shall contain values of the upper 
portion of correlation function. The Lagrange polynomial 
method derives the coefficients of the curve. Assume the 
coefficients of the polynomial function are c.c. c. ca and cs. 
It is therefore possible to reconstruct the upper portion of the 
correlation function using these coefficients. The function 
represented is: r(t)=ct"+ct--cit’--cat-cs, where t is the 
code phase. Hence, the code phase at which the correlation 
function attains the maximum value or the peak can be 
derived by inserting different values of t in the above equa 
tion. 

After the peak of the correlation function is detected, a 
transformation is done to overlay the mirror image of the left 
part of the correlation function on to the right side (303). If 
there is no multipath, then the correlation function is sym 
metric and the left part overlaps the right part of the correla 
tion function. However, if there is a multipath signal, the 
correlation function becomes asymmetric and the left part 
does not overlap the right part. 

FIG. 13 exemplifies the asymmetry in correlation function 
due to an in-phase multipath signal with a reflection coeffi 
cient of 0.5 and a multipath delay of 150 meters, with an RF 
bandwidth of 8 MHz. 'A' denotes the right upper part of the 
band limited correlation function when there is no multipath 
signal. “B” denotes the right upper part of the correlation 
function when there is a multipath signal and “C” denotes the 
mirror image of the left upper part of the correlation function 
when there is a multipath signal. It is apparent in FIG. 13 that 
multipath signal has created a gulf between the right part and 
mirror image of the left part of correlation function. 

FIG. 14 exemplifies the asymmetry in the correlation func 
tion due to out-of-phase multipath signal with reflection coef 
ficient of 0.5 and multipath delay of 150 meters, with an RF 
bandwidth of 8 MHz. “B” and “C” curves change their places 
with respect to the curves in FIG. 13. 

The difference in area under the curves “B” and “C” is 
calculated and accumulated (304). This difference is positive 
for in-phase multipath, and negative for out-of-phase multi 
path signal. The area under these curves is proportional to the 
amount of shift in the correlation function peak (305), i.e., the 
area under these curves is proportional to the multipath error. 
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8 
The multipath error is represented as the shift in the corre 

lation peak. The multipath error is proportional to the area 
under the two curves described above in FIG. 14. The pro 
portionality constant depends upon the RF bandwidth. The 
proportionality constant is determined by sending a single 
multipath signal delayed with respect to the direct signal, and 
determining a shift in the peak, i.e., multipath error, and the 
area under the two curves described above. Thereafter the 
ratio between the multipath error and the area under the two 
curves is determined. The proportionality constant is valid for 
all delays and all reflection coefficients of the multipath sig 
nal. 

After the multipath erroris computed, a check is conducted 
to determine whether the error is within the acceptable range 
(306). If the error is within the acceptable range, the error is 
filtered over the integration time (307). If the error is outside 
the acceptable range, it is treated as an outlier (309). The 
outlier is not used in the filtering process and the program can 
be exited (310). The filtered multipath error is removed from 
the range measurement (308). Acceptable multipath errors 
during the code tracking loop invocation period can be fil 
tered using a least square estimator, or a Kalman filter, or any 
other Suitable estimation technique. 

FIG. 15 exemplifies the multipath error envelopes due to 
the reflection coefficients of 0.3, 0.5 and 0.7 and for in-phase 
and out-of-phase multipath signals for different multipath 
delays. The RF bandwidth used in this example is 8 MHz. The 
solid lines indicate the actual multipath error if a null-detector 
is used as a discriminator. The Small dashed lines indicate the 
estimated multipath errors. The difference between the actual 
multipath errors and estimated multipath errors are shown 
using large dashed lines. 

It is apparent from FIG. 15 that this method is very effective 
in removing medium and long delay multipath. In fact, the 
estimated error is very close to the actual multipath error and 
the residual multipath error is close to zero for all the cases 
shown here except for the short delay multipath. Since this 
method is shown to be effective for both in-phase and out of 
phase multipath conditions, it can be inferred that the method 
is effective for multipath signal with any phase with respect to 
the direct signal. 

FIG. 16 illustrates the multipath error envelopes similar to 
FIG. 15. In this example, the RF bandwidth used is 16 MHz. 
In this case, the estimated multipath errors match the actual 
multipath errors very closely. 

FIG. 17 illustrates the multipath error envelopes for code 
using different multipath mitigation techniques. The X-axis of 
the figure represents the multipath delay and the y-axis rep 
resents the multipath error in the unit of chips. The upper 
portion of the curves corresponds to the in-phase multipath, 
whereas the lower portion of the curves corresponds to the 
out-of-phase multipath. 
The outermost curve is the multipath error envelope using 

a standard correlator with 1 chip correlator spacing between 
early and late correlators and having an RF bandwidth of 2 
MHz. It is apparent from FIG. 17 that the maximum multipath 
error that is experienced is about 0.2 chips or 60 meters. 
Further, the reflected signals with delays of up to 450 meters 
contribute to the multipath error. This is a typical example of 
the multipath error of a low cost standard GPS receiver. The 
second curve from the outermost curve is the multipath error 
envelope using 0.1 chip correlator spacing between early and 
late correlators and having an RF bandwidth of 2 MHz. The 
third curve from the outermost curve shows the multipath 
error envelope using a 0.1 chip correlator spacing between 
early and late correlators and having an RF bandwidth of 10 
MHz. It is clear from FIG. 17that 0.1 chip spacing without the 
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increase in RF bandwidth does not yield good multipath 
mitigation results. Further, even in the case of the 0.1 chip 
spacing and 10 MHz bandwidth, the reflected signals with 
delays of up to about 315 meters contributes to some amount 
of residual multipath error. The innermost curve, which 
encloses a small area shows the multipath error envelope 
using the technique described in this invention. The reflected 
signals with delays of up to approximately 45 meters only 
contributes to the multipath error, a significant advantage 
compared to the currently available correlator technology of 
similar complexity. 

Multipath error is computed by using the asymmetry tech 
nique at a rate of the code tracking loop invocation rate. 
However, in a receiver, typically the measurements are gen 
erated at a rate that is much lower compared to the code 
tracking loop invocation rate. Typically, the code tracking 
loop may be invoked at a rate of 50 Hz and measurements 
generated at a rate of 1 Hz or 10 Hz. Therefore, it is possible 
to average the multipath errors over the measurement genera 
tion period to improve the accuracy of the estimated multi 
path. 

For example, if the multipath errors found using the asym 
metry technique atten Successive invocation of code tracking 
loop are 3.5 m, 3.2 m, 3.9 m, 2.3 m, 3.1 m, 2.1 m, 2.7 m, 4.3 
m, 3.6 m, and 3.3 m, the simple average of these values is 3.2 
m. This average value is less noisy than the individual esti 
mated values. The average value can then be removed from 
the measurements to get a better accuracy of range measure 
ment. 

Under weak signal strength conditions or in presence of 
interferences, one or more correlation values may get cor 
rupted. If the correlation values are directly used for null 
detection or for peak detection in a discriminator, this would 
give rise to an erroneous discriminator output and thereby 
erroneous tracking of the signal. For applications addressing 
weak signal strength conditions or in the presence of inter 
ferences, multiple correlators are employed to estimate the 
correlation function. The correlation values from these corr 
elators are used to estimate the correlation function peak and 
the shift of the correlation function peak. If one or more of the 
correlation values is corrupted, then the value corresponding 
to the correlation function peak shift will also be affected. 
This value is checked against a threshold to detect if there is 
an outlier in the correlation values. 

For example, if the correlators are placed at 0, 20 degrees, 
35 degrees, 50 degrees and 70 degrees and their correspond 
ing values are 0.90, 0.96,0.99, 0.7, 0.91, then it is clear that 
the fourth correlator provides a corrupted value. When these 
values are used for curve fitting and the differences of the 
upper right and mirror image of upper left part are Summed 
up, the Summation is a large value that can be easily detected. 
This makes the present method robust against corruption of 
correlation values due to low signal strength, or, in the pres 
ence of interferences. 

While the above description contains much specificity, it 
should not be construed as limitations on the Scope of the 
present invention, but rather as an exemplification of a few 
preferred embodiment thereof. Many other variations are 
possible. Accordingly, the scope of the present invention 
should be determined not by the embodiment(s) illustrated, 
but by the appended claims and their legal equivalents. 

INDUSTRIAL APPLICABILITY 

The pseudorandom noise ranging receiver is used in civil 
ian and military positioning, Velocity, and timing applica 
tions. The measurement of position, Velocity and time needs 
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10 
to be accurately determined. The accuracy of the range mea 
Surements conducted by a pseudorandom noise ranging 
receiver depends upon the accuracy of alignment of the 
incoming direct signal from the satellite with the locally 
generated PRN signal of the pseudorandom noise ranging 
receiver. Multipath signals affect the accuracy of the esti 
mated range. 
The present invention is an improved PRN range measure 

ment method and apparatus that utilizes the asymmetry of the 
correlation function resulting from multipath signals to deter 
mine the measurement range error. The apparatus provides 
improved measurement accuracy and reliability by employ 
ing the asymmetry technique of multipath estimation and use 
of non-uniformly spaced correlators for better estimation of 
correlation function. This architecture is suitable for a variety 
of applications requiring faster acquisition and provides bet 
ter accuracy and lower hardware cost. This apparatus and 
technique is also applicable for different types of pseudoran 
dom signals transmitted by the GPS satellites. 
We claim: 
1. A method of estimating the multipath error of pseudo 

random noise signal in a pseudorandom noise ranging 
receiver, comprising the steps of 

(a) determining correlation values at programmable and 
non-uniformly distributed points on a correlation func 
tion, wherein each set of correlation values has a differ 
ent phase with respect to a previous set of correlation 
values; 

(b) curve-fitting the upper portion of the correlation func 
tion by polynomial interpolation for determining the 
code phase at which the correlation function peaks; 

(c) determining a difference in area between a right section 
and a left section of the correlation function, the left 
section covering the area under the correlation function 
to the left of the correlation peak and the right section 
covering the area under the correlation function to the 
right of the correlation peak; and, 

(d) applying a proportionality constant to the difference in 
area of the right section and the left section of the cor 
relation function to determine the multipath error in the 
pseudorandom signal. 

2. The method of claim 1, wherein the step of applying a 
proportionality constant to the difference in area of a right 
section and a left section of the correlation function, com 
prises the steps of 

(a) transmitting a delayed predetermined calibrated multi 
path signal with a direct signal to the pseudorandom 
signal receiver and determining the correlation function 
and the shift in the correlation peak due to multipath 
signal, and thereafter determining the difference in area 
between the right section and the left section of the 
correlation function; 

(b) determining a proportionality constant derived from the 
linear relationship between the shift in the correlation 
function peak and the area between the right section and 
the left section of the correlation function; and 

(c) applying said proportionality constant to the difference 
in area of the right section and the left section of the 
correlation function to determine the multipath error in 
the pseudorandom signal. 

3. A method of estimating the multipath error of pseudo 
random noise signal in a pseudorandom noise ranging 
receiver, comprising the steps of 

(a) determining correlation values at non uniformly distrib 
uted points on a correlation function, wherein each set of 
correlation values has a different phase with respect to a 
previous set of correlation values; 
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(b) curve fitting an upper portion of the correlation function 
by polynomial interpolation for determining the code 
phase at which the correlation function peaks; 

(c) determining a difference in area between a right section 
and a left section of the correlation function, the left 
section covering the area under the correlation function 
to the left of the correlation peak, and the right section 
covering the area under the correlation function to the 
right of the correlation peak; 

(d) applying a proportionality constant to the difference in 
area of the right section and the left section of the cor 
relation function to determine the multipath error in the 
pseudorandom noise signal; and 

(e) removing outliers of the correlation function and filter 
ing one or more acceptable multipath errors over mul 
tiple code tracking loop invocation periods up to a mea 
Surements generation period to improve the accuracy of 
the estimated multipath. 
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4. The method of claim 1, wherein the step of determining 
the correlation values at non uniformly distributed points on 
a correlation function comprises programming the spacing 
between the correlators at the rate at which the code tracking 
loop is invoked thereby providing the flexibility for deriving 
the correlation values at different points on a correlator func 
tion at different times. 

12 
5. The method of claim 1, wherein the step of conducting a 

curve fitting comprises screening the correlation values to 
detect outliers and erroneous data, thereby enhancing the 
robustness of the tracking method in weak signal strength 
conditions and in the presence of interferences. 

6. The method of claim 1, wherein the step of generating 
non-uniformly spaced correlators comprises the steps of: 

(a) coupling a set of parallel numerically controlled corr 
elators and corresponding pseudorandom noise 
sequence generators per satellite tracking channel; 

(b) programming each numerically controlled oscillator 
for the entire set of numerically controlled oscillators 
per satellite tracking channel to trigger the correspond 
ing pseudorandom noise sequence generator at the com 
mon programmed frequency; and 

(c) programming each numerically controlled oscillator for 
the entire set of numerically controlled oscillators per 
satellite tracking channel to trigger the corresponding 
pseudorandom noise sequence generator with different 
phases, whereby the difference in phases of coarse 
acquisition code in each correlator in the channel gives 
rise to the different, programmable, non-uniform spac 
ing between the correlators in the satellite tracking chan 
nel. 


