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Abstract: This paper demonstrates that it is possible
to largely reduce GPS code and carrier multipath
errors by using a specific receiver structure which
smultaneoudly  estimates the parameters of
line-of-sight plus multipath signals. Test resultsin
various environments show an error reduction up to a
factor of ten, as compared to a receiver with a small
early-late  spacing.

INTRODUCTION

It is widely recognized that multipath propagation is
the main error source in differential GPS
applications. Tii now, however, receivers hardly use
oadfic  counter measures  against  multipath.
Decreasing the early-late spacing -like some
manufacturers did- is a step in the right direction.
However, carrier range errors are not reduced at dll
by this technique, while the remaining code range
errors can still be considerable.

This paper demongtrates that it is possible to largely
reduce both code and carrier multipath errors by
using a specific receiver  structure  which
smultaneously ~ estimates the parameters of
line-of-sight plus multipath signals. The paper starts
with the theoretical background of this new
technique, called the Multipath Estimating Delay
Lock Loop (MEDLL). Then, some implementation
issues are discussed, after which a number of
measurements are shown, which clearly demongtrate
the advantages of the MEDLL as compared to a
conventional receiver with a small early-late spacing.

THE MULTIPATH ESTIMATING DEeLAY
LOCK LOOP

The MEDLL was introduced in [1,2]. In order to
understand this technique, a brief summary will be
given on the theory behind the MEDLL.

In the presence of multipath propagation, the
received signd a the input of a GPS receiver can be
written as:

M
r(c)= Y ap(t-ri)cos(we+8;) T n(t) (1)
i=0

where p(t) is the spread-spectrum code and n(t) is

white Gaussian noise. In the case of GPS, the

parameters of interest are the line-of-sight signal

delay and phase. However, due to multipath, a
conventional delay lock loop is not able to MARHE
these parameters correctly. tHE MEDLL avoids this
problem by taking into account the multipath signas.

According to maximum likelihood estimation theory,

the MEDLL caculates those estimates which

minimize the mean square error L(4.%,8):

t
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where S(t) is the estimate of the line-of-sight plus
multipath signals. Equation (2) can be solved by
setting the partia derivatives of L(4,,8) to zero. The
resulting equations are;
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In (3), Ry(x) is the in-phase / quadrature down
converted correlation function and R(S) is the
reference corrdation function. Basicaly, solving the
MEDLL equations is like performing a nonlinear
curve fit; find a set of reference correlation functions
with a certain amplitude, phase and delay which give
the best possible fit on the input correlation function.
Essentially, a conventiona receiver is doing the same
thing, but for only one signal - the line-of-sight.
When there is multipath present, the MEDLL can
improve the curve fit by increasing the number of
estimated signals M+1in (3), thereby separating line-
of-sight and multipath signals. As aresult of this
patented MEDLL technique, the code and carrier
range errors caused by multipath are greatly reduced.
In the end, only noiseisthe limiting factor, which
gives the following lower bounds on the accuracy of
code and carrier observables [4,5]:
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where B, isthe equivalent noise bandwidth of the
tracking loop, C/N,is the signal-to-noise power
density ratio, c isthe speed of light, A isthe carrier
wavelength and d is the early-late spacing of the code
tracking loop in chips. Typical values for GPS are
CN, =40t0 50dB-Hz,d= 0.1t0 1, By is0.5t0 16
Hz for the carrier tracking loop and By is 0.05 to
0.5 Hz for the code tracking loop [4,5]. These
parameter values result in carrier noise errors ranging
from 0.1 to 1 millimetre and code noise errors
ranging from S centimerre to 1.5 meter. Conventional
GPS receivers are usually far away from these lower
bounds, because of multipath [3,5]. The task of the

MECLL is to shrink this gap between theory and
practice as much as possible.

IMPLEMENTATION ISSUES

The MEDLL has been implemented in aprototype
NovAte GPS receiver. A block diagram of this
receiver is depicted in figure 1.
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Fig. 1. MEDLL block diagram.

After down conversion, the received signa is
correlated with anumber of complex correlators to
get samples of the input correlation function Ry(x).
In order to reduce the complexity, the receiver
employs a conventiona carrier tracking loop which
tracks the phase of the correlation sample with the
highest amplitude. The phase estimates are used to
compensate for phase and frequency errors and aso
to remove data from the input correlation samples.
Finally the correlation samples are averaged over a
period of one second or more, after which the
MEDLL equations can be caculated The resulting
delay estimate can be used to control the code
generator in order to keep the line-of-sight
correlation peak in the delay window. Besides the
MEDLL estimates, the processor also calculates a
norma DLL estimate of the line-of-sight delay, using
an early-late spacing of onetenth of achip. Inthis
way, the MEDLL performance can be compared with
the best possible DLL performance.

An important aspect of the MEDL.L is an accurate
reference correlation function. Figure 2 shows the
reference function that is used in our prototype
receiver. It was constructed by averaging measured



correlation functions over a total averaging time of
400 seconds, in order to obtain a negligible noise
level Further, the measurement was taken at a place
with very little multipath. Notice that the reference
function only covers the main correlation pehsince
we are only interested in multipath signals with
relative delays up to about one chip time, the
reference function only has to be two chips wide.
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Fig. 2 Reference correlation function

An interesting fact is that al satellites do not have
exactly the same reference function. Due to the auto
correlation properties of the Gold codes, there are in
fact three different functions. The value of R(z) at
+==T_ can be -1/1023, 63/1023 or -6541023 for
unfiltered axles. In the case of filtered codes, these
values are dightly larger.

MEASUREMENTS

Several measurements were made in various
environments in order to test the prototype MEDLL

First a relatively multipath free location was used to
determine the noise floor and to obtain a good
reference correlation function. Figure 3 shows DLL
and MEDLL errors while the antenna was situated
on a fla roof, which acts like avey large
groundplane, so multipath from the ground is grestly
reduced After approximately 350 seconds, the
antenna was moved to the edge of the building, in
order to measure the effect of an increased ground
reflection. During the last two minutes, the antenna
was moved away from the edge to decrease the
multipath level again. The antenna movements are

clearly visible in the measurement During the first
350 seconds, the DLL and MEDLL code range errors
have a standard deviation of 14 (d=Q.l), 25 (d=I)
and I3 cm, respectively. The carrier-to-noise density
GN, was 46 dB during the measurement, so the
theoretical noise limit for the prototype receiver is
about 7 centimetre, according to equation (4) for an
early-late spacing d of 0.1. Notice that the different
errors have been given an offset for readability of the
plot Further, the scales of dl measurements are
relative, since absolute range values are not known.
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Fig. 3: DLL and MEDLL code range errors, measured
on top of the Electrical Engineering building,
using B; =0.05 Hz and M=L.

From 350 to 650 seconds, when the antenna was on
the edge of the building, the standard deviation of the
DLL and MEDLL errors increased to 98 (d=0.l), 366
(d=l) and 27 cm, respectively This clearly shows the
ability of the MEDLL to estimate the multipath
parameters and to reduce their influence on the line-
of-sght estimates. Further, it demonstrates the
advantage of using a small early-late spacing, as
already mentioned in [34]. In order to make afair
comparison between a conventional DLL and the
MEDLL, asmall early-late spacing will be used in all
following measurements.

To messure the improvement of the MEDLL under
svere multipath  conditions, we did several
measurements in the vicinity of buildings. Figure 4
and 5 show examples of the resulting code range
errors in cases of very strong specular multipath.
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Fig.4: DLL and MEDLL code range errors near
the building of Electrical Engineering
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Fig 5: DLL and MEDLL code range errors due to
an apartment building
LegB; =01 Hz d=0O.I and M=1.

As can be seen, the MEDLL (V€S an improvement of
about a fador of ten. There seems to be no
correlation between the DLL errors and the
remaining MEDLL errors, which suggests that those
remaining errors are caused by other multipath
sgnas. However, caculating the MEDLL estimates
for more than one multipath signal did not give a
dgnificant  improvement. Most probably, the
remaining errors are caused by multipath signals with
small relative delays, which are difficult or even
impossible to eliminate, like already mentioned in

[12.

Another phenomenon which can be observed in
figures4 and 5 is that multipath delay errors of a
conventiond DLL with a smal early-late spacing d
can become much larger than d/2 which corresponds
to arange error of 15 meter for d is one tenth of a
c/a-code chip. This is an effect of the band pass
filtering of the GPS signals, which changes the ideal
triangular correlation function into a smooth shape
like depicted in figure 1. As explained in [3], due to
this band limitation the multipath delay errors can
reach values up to haf achip (150 meter for the C/A
code) when the signal-co-multipath ratio approaches
one, independent of the early-late spacing.

Figure 6 shows how strong the input correlation
function can be affected by multipath. Two measured
correlation pesks from the same measurement as
figure 5 are drawn, together with an estimate of the
line-of-sight correlation peak Only a part of the
peaks is drawn, since the prototype receiver does not
provide samples of the entire correlation pesk. The
digtortion of the ideal correlation shape caused by in
phase and out-of-phase multipath is clearly visible in
figure 6. Notice that in the use of out-of-phase
multipath, the resulting correlation function is dmost
flat where the leading edge of the line-of-sight peak is
supposed to be. This is a sign that the reflection
amplitude is almost equal to the amplitude of the
line-of-sight signal. The MEDLL indeed estimated a
signal-to-multipath ratio around 0 dB at those
moments where the DLL range errors exceeded 15
meter.
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Fig 6: Correlation function in case of in-phase and
out-of-phase multipath



The figures 7 and 8 show two examples of relatively
moderate multipath levels, measured on top of the
Electrical Engineering building. The GPS antenna
was in the vicinity of a number of large parabolic
dishes, which cause multipath signals with relative
short delays. As explained in [2], these multipath
signals are difficult to estimate and hence their errors
are only partidly reduced by the MEDLL, which is
dealy visible in the beginning of figure 8.
Nevertheless, in both measurements the MEDLL
improved the standard deviation by more than a
factor of two

Since the measurements of figures 7 and 8 are quite
long, there was a significant change of the
ionospheric error. Therefore, a parabolic curve fit was
performed on the MEDLL errors in order to estimate
and the relative ionospheric error, which then was
subtracted from the range measurements.
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Fig. 7. DLLand MEDLL co& range errors, measured
on top of the Electrical Engineering building
using B; =0.05 Hz,d=0.1 and M=I.
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Fig. 8: DLL and MEDLL code range errors, measured
on op of the Elecrrical Engineering building
using B; =0.05 Hz, d=0O.l and M=1.

As stated earlier, one of the advantages of the
MEDLL is that it adso reduces carrier range errors
caused by multipath. Unfortunately, thisis difficult to
prove using the present prototype receiver, since it
employsa conventiona carrier tracking loop in order
to simplify the carrier phase tracking. The MEDLL
then only has to calculate carrier range corrections
once per second or whenever they are needed. In
order to verify these MEDLL carrier range
corrections, a second receiver would be necessary.
However, by looking at figure 9, which shows the
MEDLL carrier range corrections together with
measured DLL code range errors, it can be concluded
that the phase estimation seems to work properly.
The estimated carrier range error is maximum or
minimum when the code range error is zero and vice
versa, just as predicted and defonstrated in [3].
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Fig 9. DLL code range errors and calculated
carrier range errors,
w88, =0.5 Hz, d=0.1 and M=1.

CONCLUSIONS

The MEDLL has been implemented in a prototype
NovAtel GPS receiver. Test results in various
practical Situations show that code and carrier errors
are greatly reduced as compared to the errors of a
standard GPS receiver, using a small early-late
spacing. The MEDLL makes it possible to retain high
accuracies, even in highly multipath propagating
environments. It can therefore greatly facilitate
carrier phase ambiguity resolution, since the small
code range errors reduce the search volume, while the
decreased carrier range errors make it easier to reject
fdse solutions.

Even though the MEDLL clearly shows a better
performance than a conventional DLL, it does not
completely eiminate al multipath errors. Especidly
multipath signals with small relative delays are
difficult to estimate. So the MEDLL is approaching
the theoretical accuracy limits, but it does not yet
achieve them. Further improvements of the MEDLL,
or integration with other techniques, e.g. [6], will
hopefully further shrink the gap between practica
and theoretical accuracy limits.
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