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1. Introduction

The positioning tecnique of global navigation satellite systm (GNSS) has become mature and
also been applied to a variety of navigation vehicles, whether it be the application to ground
vehicle ot aircraft. Nevertheless, the precision of GNSS is susceptible to intentional or
unintentional factors such as interference or jammer, etc. The influences range from minor
effect like the positioning precision of satellite signal to significant impact like the
misleading information to users or malfunction of receivers. The ionosphere or troposphere
in environment or the noise in receiver itself are the source of positioning error when
satellite passes through ionosphere or troposphere, the change of media results in the delay
of wave transmission rate and yields error. The adoption of dual frequency receiver can
decrease error but it presents no significant improvement in terms of the error generated by
multipath.

The effect of multipath is because the satellite signal is reflected or diffracted by obstacle
prior to its receiption by antenna. Most of the time, it results in the decrease of signal
propagation power and delay of time. In 1973, Hagerman employed conventional code
tracking to analyze the effect of multipath on the coarse/acquire (C/A) code in carrier L1
using one chip of early-late spacing. He also estimated that under different delay, phase and
signal magnitude, the effect may result in 70-80 m tracking error [Hagerman, 1973]. With
the growing application of global positioning system (GPS), many researches investigating
multipath effect have been proposed to effectively reduce its impact and have provided
various estimation algorithms for implementation in hardware.

The most effctive solution for multipath effect is the location of antenna. Assume the
antenna is placed above the highest source reflection, the reflected signal will not be
received. In antenna design, it can reduce the gain of received signal coming through lower
elevation. Generally, the receiver will setup up the minimum elevation capable of receiving
satellite signal. The design of choke ring antenna is used to mitigate multipath. The choke
ring antenna circles the antenna with vertical concentric rings, whose function is to reduce
the gain of received reflected signal. However, such a function is strongly related to the
location of antenna.

In additioon, the change of structure in internal correlator design of receiver is also a
solution for multipath. The conventional GPS receiver typically adopts one chip early-late
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spacing of correlator. The use of narrow correlator to reduce chip spacing can effectively
mitigate multipath and noise, which cuts down the error of 70-80 m to 8-10 m (van
Dierendonck et al.,, 1992). Note that the use of narrow correlator technique in coherent
discriminator may lead to the lock failure in code delay locked loop without the cooperation
of phase locked loop (PLL).

The strobe correlator and edge correlator are both solutions for multipath mitigation (Garin
et al., 1996). The strobe correlator is implemented using two different narrow correlator
discriminators. The strobe correlator and edge correlator developed by Ashtech only
provide code correlation for C/A code. The enhanced strobe correlator (Garin and
Rousseau, 1997) offers carrier phase correction and code correction for C/A code. With the
additional carrier phase correction in terms of multipath its real-time dynamic processing
outperforms previous methods. Note that the narrow correlator and strobe correlator do not
encompass carrier phase correction. Thus, their sensitivity approaches that of conventional
correlator.

Another discriminator design is early 1/ early 2 (E1/E2) correlator (Mattos, 1996, van
Dierendonck and Braasch, 1997). The method utillzes part of correlation coefficients not
subject to multipath effect for multipath mitigation. That is, it employs two correlators with
the spacing and location at the front end of correlation function. However, this method is a
choice between noise mitigation and multipath mitigation.

The multipath estimation method initial estimates multipath signal and then subtracts it
from received signal so that the signal approaches direct signal. Literature review that
resembles this algorithm are MEDLL, MET. (van Nee, 1992; van Nee et al., 1994), which
utilize maximum likelihood estimation technique and recursive least square method to
estimate the magnitude, delay, phase and erase it from received signal. Though the above
estimation methods can not completely eliminate multipath signal, they present significant
improvment in terms of multipath delay within certain range.

Nevertheless, these techniques have difficulties in mitigating short-delay multipath signals
(less than 0.1 PN code chip or approximately 30 m). Scholars have proposed methods on
short-delay multipath mitigation (Sleewaegen et al., 2001; Stone and Chansarkar, 2004).
However, these techniques still have drawbacks. The method proposed by Sleewaegen
requires a scaling factor, depending on multipath environment, to link the signal amplitude
with the range error. The method proposed by Stone and Chansarkar is to estimate the
pseudorange error on the basis of a statistical model, which requires large numbers of
collected data. Consequently, the performances of these two methods are significantly
influenced by multipath environment.

The author has proposed an adaptive filter in 2008 (Chang and Juang, 2008), which adopts
five tap-delay to effectively mitigate short-delay multipath. Though this method is efficient
in short-delay multipath mitigation, it does not guarantee that the receiver will not receive
multipath signal at different time delay under variable environment. Moreover, the
correlator technique of coventional receiver is not quite capable of accurately describing the
data distribution of correlated signal, which results in longer period of time to estimate
multipath parameter. Thus, this paper utilizes multi-correlator technique in combination
with proposed method to mitigate the mystical multipath signal. Simulation results show
that the multi-correlator technique can clearly present the output distribution of correlator,
make adaptive filter rapidly estimate multipath parameter and cope with multipath signal
at different time delay.
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2. Methodology

2.1 Multipath overview

Multipath effect is caused by the reflection of satellite siganl by obstacles when the receiver
receives the reflected signal, it leads to positioning error and the lock failure of signal for
receiver, which renders positioning funciton void. In GPS, the desired signal consist of only
the direct path signal. All other signals distort the desired signal and result in ranging
measurement errors. To understand the effect of multipath in measurement process, let’s
consider the heart of the GPS code tracking loop. The pseudorange measurement originates
from a locally generated pseudorandom noise (PRN) code which is kept phase-locked to the
received code. The discriminator is formed based on the difference between early correlator
output and late correlator output. The output of the discriminator is fed back to the local
code generator to keep synchronism between the local code and incoming code. This
generatess the so-called delay-locked loop (DLL). When multipath is present, the incoming
code, correlation function and discriminator functions are distorted. Analytically, the direct
and multipath components may be conducted separately. Note that for the direct-path case,
the discriminator function passes through zero when the code-tracking error (local-code
delay) is zero. This is the ideal case. However, when multipath is present, the distorted
function has a zero-crossing at non-zero code tracking error. Fig. 1 demonstrates the
tracking errors of the early-late discriminator output due to multipath in the DLL. The
tracking errors result from distortion of the correlation function with the received IF signal.
In the direct-path case, the ideal case is when the discriminator function passes through zero
while the code tracking error is zero. However, with the presence of multipath, the distorted
function has a zero-crossing at a non-zero code tracking error. With the direct signal, when
the relative multipath phase is 0 radians, the multipath component is ‘in-phase’. With pi
radians, the multipath component is “out-of phase’.
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Fig. 1. Composite distorted of early-late discriminator.
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Thus, pseudorange multipath analysis encompasses simulation of direct and indirect path
signals and determination of zero-crossing of distorted discrimintator function. There are
three multipath parameters to consider: strength, delay and phase. The absolute value of
each parameter is irrelevant. The upper and lower bounds of the multipath error can be
determined, for a given multipath-to-direct ratio, by fixing the relative multipath phase at 0
and pi radians, respectively, and varying the relative multipath delay. At each delay point,
the distorted discriminator curve is determined and the resulting zero-crossing point and
pseudorange error are calculated. The result of an example is presented in Fig. 2, which
illustrates result of the theoretical multipath error envelope versus the multipath delay. The
code autocorrelation sidelobes have been ignored. This simulation is offered in the case of 24
MHz bandwidth receiver filter, 1-chip, 0.5-chip, and 0.2-chip early-late (E-L) spacing and
unaltered multipath amplitude. A conventional GPS receiver adopts a delay-lock loop with
a 1-chip spacing between early and late correlators. The smaller E-L spacing is regarded as
narrow-correlator architecture. Narrow-correlator receivers typically utilize spacings in the
range of 0.05 to 0.2 PRN chips.

E}(] T T T T T T T T

g0 In-phase

multipath (0 deq) .
0.5-chip E-L
) p

0.2-chip E-L

[ pes
] ] =
T T T

¥
]
T
1

-"+.‘
¥

DLL tracking error {m)

Lt

40

-"+'
K

B0 "*-.; \ Out-of-phase |
L multipath (0 deg)

-BDD o0 100 150 200 250 300 350 400 4350

Relative multipath Delay (m)

Fig. 2. Multipath error envelope for a conventional, 1-chip early-to-late (E-L), 0.5-chip E-L,
and 0.2-chip E-L DLL receiver; Multipath component is half the strength of direct signal.

2.2 Signal model

A GPS receiver may receive a number of reflected signals and direct signal from the
satellite. The error source of GPS consist of ionosphere delay, troposphere delay, receiver
noise and multipath effect. Except for multipath, the other errors can be significantly
decreased through advanced prediction and differential correction method. It is hard to
depict the statistical model of the received signal in the presence of multipath. However,
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many hypotheses can still be proposed. One hypothesis describes that the multipath
signals are delayed with respect to direct GPS signal. Thus, let’s consider only these
reflected signals with a delay of less than one chip. This is because signals with a code
delay larger than one chip are uncorrelated with the direct signals. Otherwise, the
multipath signal is assumed to have the lower power than the direct one. The composite
baseband signal, ignoring the navigation data bit, is given by

2An] =Y a,p(nT, - 7. )exp(—j(@nT, +6,) + vin] M

where «,, 6, and 7, denote amplitude, carrier phase, and code delay of k-th delayed
signal. M represents the number of multipath component. p(s) indicates spread-
spectrum code. ® denotes the IF angular frequency. The notation z[n]=z(nT) is
employed to denote a digital sequence sampled at the frequency f =1/T where T,

indicates period of sampling and n is the discrete time index. The 0-th delayed signal
corresponds to the direct signal. v[n] is modeled as white Gaussian noise distribution.
The positioning error caused by the reception of multipath and direct signal is not only
associated with the hardware design of receiver but also the detection algorithm. The
literature review has provided several solutions for multipath effect. The following
chapter will describe the proposed algorithm to counteract multipath.

2.3 Multiple correlator concept

The design of multi-correlator is seldom implemented due to the consideration of
processing speed of hardware and cost. Owing to the promotion of hardware speed,
decrease of cost and emergence of software wireless, the application of multi-correlator
technique to receiver has become more prevalent. In fact, the strobe correlator described
above is one of multi-correlator technique, which utilizes the linear combination of two
correlators as discriminator output and adjusts chip spacing to track signal. Multi-
correlator technique can depict the signal distribution after correlation process. In other
words, this technique can present the process of correlation output in detail. Fig. 3
demonstrates the correlation output using 1 and 32 correlators, respectively. This figure
illustrates that the multipath component can not be apparent if it adopts one set of
correlator (early, prompt, and late). On the contrary, the 32 sets of correlator can better
present the distribution of correlation output. Assume there are five correlators and the
correlation of received signal is known. The linear combination of the five correlators can
constitute received signal, which is expressed as:

Q
v, = Zrﬁui (2)

v denotes each measurement value of correlator, Q indicates the number of correlator, r
is corresponding correlation value and u is the scaled value of correlation center itself.
Take the five correlators as example. Assume five correlators are located at -0.5, -0.25, 0,
0.25, 0.5, respectively. The combination of five correlators can be employed to accomplish
the measurement value of each correlator. Equation (1) is rewritten as follows:
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The makeup of v is consitituted by third correlation (location as 0) because the A of the
rest correlators is 0. The makeup of R is based on the location of selected correlator. With
the v and R matrix known apriori, the magnitude of the signal in terms of the distribution
set up by correlator can be known based on A =R™'v . The more the correlators, the clearer
the distribution of the signal.
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Fig. 3. Comparision of single correlator and multi-correlator.

It is known that the muti-correlator can depict the makeup of signal. Thus, we will see if
multi-correlator can estimate direct signal with the direct signal plus multipath signal.
Assume the multipath delay as 0.25 chip, signal magnitude as 0.5 and five correlators are
shown as Fig. 4. Based on A =R"v, the distribution of signal is known. Apparently, a
correlation value exists between third and fourth correlator and the A of fourth correlator is
lower. Using the negative correlation value form fourth correlator, we can elminate
multipath. Fig. 5 illustrates the multipath mitigation when the location of time delay is at the
location of set multi-correlator.

A=R"v
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When the multipath delay is not at the set correlator, the calculated value after the above
deduction approximates direct signal with little gap. Fig. 6 demonstrates the scenario when
the location of multipath time delay is not at the location of set correlator.
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A=R"v
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Fig. 6. Multipath delay is not at the set correlator.

2.4 Anti-multipath filter with multiple correlator

1.5

The previous chapter has clearly presented the advantage of multi-correlator method and its
operation process. This chapter will elaborate how to constitute an anti-multipath filter
based on multi-correlator. Fig. 5 shows the block diagram of the multipath mitigation
system. The received signal is processed in a RF filter, then downconverted and sampled to

a digital IF signal.

The tracking module consists of multiple correlator, code/carrier generator, discriminator
and filter. The purpose of this module is to acquire accurate code phase and the carrier
phase from PLL and DLL. The multipath estimator is used to estimate the correlation
parameter of multipath, on the basis of the adaptive filter by employing duplicated signal
and digital IF signal. Fig. 7 demonstrates that the estimated signal parameters are sent to the

Direct signal Multipath signal

plus noise
Digital IF signal PLL & DLL
z[n]
GPS RF Front- o A/D -~ Multi- | | Code & Carrier
Antenna end ~| Converter | Correlators | Generator
Tuning Factor .
N. D Filter
Delay ‘
» Adaline- Proflle; Correlation Code & Carrier
»| Based Filter | ~ .1 | Extractor Discriminator
Zy[n]

Fig. 7. Multipath Mitigation System Block Diagram.
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correlation decomposer and the correlation value of multipath signal is determined in the
multipath cancellation area.

The estimated delayed signal is recreated at the Adaline-based filter and is subtracted from
the correlation value of the received signal. The process of multi-correlators, multipath
estimator, correlation value decomposer, and multipath cancellation will be elaborated in
the following subsections.

2.4.1 Multi-correlators techniques

The concept of multi-correlator and the process of this method have been detailed in
previous chapter. What we consider for the time being is that initial point of code delay of
received signal and the local replica is not identical and multipath does not take place at the
set correlator. Thus, paralell shift method is utilized to change the element of R matrix, such
as shift the correlator location. Based on the simulation, assume the code shift of received
signal as 0.3 chip and multipath delay as 0.5 chip. Using the above method, we add two
variable as shift times N and shift range D, respectively. The purpose is to acquire the
received direct signal and counteract multipath. The circle in red in the following figure are
the code shift of direct signal, the shift times and range of correlator. The following will
present the process. Fig. 8 (a) denotes the correlator output without shift operation. The
color green is direct signal, the dark brown is multipath and the brown denotes composite
signal. Afterward, the correlator is shifted 0.1 chip (N=1 and D=0.1), and Fig. 8 (b) is
derived. However, this figure reveals that the performance does not meet our expectation.
Fig 8(c) illustrates that after shift 0.3 chip (N=1 and D=0.3), the brown siganl and green
direct signal almost overlaps. The program is to simulate the location of set correlator in
order to acquire v . Through the variation of R, multipath is mitigated. The result presents
that acquired signal of correlator output using parallel shift method (shift 0.3 chip) is a more
efficient strategy in multipath mitigation as opposed to shift 0.1 chip without shift.

Multipath

1.4 . . —
12} .. .‘_“"-- Correlator location
0" "‘
1F ,'. ”~ *‘i 7

E _ ® s "
£ osl Composite . P Y *, i
= signal ~s 2 Te *
= - * » te
E :‘ O,H B - \Q ‘9
o 06} ® K4 Direct signal N, . 7
S ’ s
o
E 04r .
5 Py
E 02
L=}
=z

0l
02t .
‘0'4-1 05 0 0.5 1 15
Code delay (chips)
(a)

www.intechopen.com



390

Adaptive Filtering Applications

Normalized correlation value

Normalized correlation value

1.4 : : . .
1.2} =" . .
’.. ."""“- Carrelator location
‘1 - ‘a‘ A ‘-‘ .
t.‘ 0" ‘\6 ..-
08r Composite . R4 S, KN 7
signal ~_ .~ A NS
P ."“"--..., . . Y .
0.61 S, Direct signal " =, .
8/ ’
04F o -
-4
0.2 .
Multipath
0
-02F -
0.4 05 0 0.5 1 1.5
Code delay (chips)
(b)
1.4 : : . .
1.2+ -
1L 4
L .s
08F R .’,"*-.. Correlator i
./ t‘}, location
.
L - * * i
0.6 Composite +#*~—— Direct signal %,
signal 4
04F \ -
0.2 / .
Multipath
01
N2k i
-0.4 1 1 1 L
-1 0.5 0 0.5 1 1.5
Code delay (chips)
(©)

Fig. 8. Multi-correlators technique simulation results. (a) N=0, D=0.1 (b) N=1, D=0.1 (c) N=3,

D=0.1.

2.4.2 Adaline-based filter
The function of a multipath estimator is to estimate the multipath delay using Adaline-
based filter, shown in Fig. 9. It adopts the tap-delay line with an Adaline network (Widrow
and Hoff, 1960) to constitute this structure without a non-linear element. An adaptive
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algorithm such as the LMS algorithm or the Back-Propagation (BP) learning algorithm is
often employed to adjust the weights of the Adaline so that it responds accurately to as
many patterns as possible in a training set. It is the simplest and most intelligent self-
learning system which adapts itself to achieve an optimal solution (Rumelhart, D. E. et al,
1986). In this paper, the BP with an adaptive learning rate algorithm serves as a substitute
for the LMS algorithm so as to prevent inherent limitations in LMS and to improve filter
convergence rate (Schalkoff, R. J., 1997). The multipath estimator offers the multipath delay
profile. Suppose the estimated digital IF signal is given by:

z[n] = i a, p(nT,- £ )exp(-j(@n T, +6,)) +v{n] (6)

Where the parameter with the symbol “ ~” denotes the estimated parameter. A reference
signal is a replica of code and carrier deriving from the output of DLL and PLL, which is
shown as:

¢, [n]=p(nT -kd, -¢&)exp(-j(onT, -¢,)) (k=0,...,K) (7)

where & and &, denote the measured group delay and carrier phase consisting of
multipath error. d, indicates sample period of delay of the multipath signals and Kd,
denotes the maximum delay of multipath signals. It is difficult to determine the parameters
directly without any assumption about multipath signals. Thus, (6) is adopted in estimation
process and modified by using reference signal and replacing M with K where the output
signal of the filter is expressed as:

=3 wyciln]+ wie, + ] ®)

where w, =d,exp(jb,) represents the adjustable weight. The filter weight is employed to
minimize the cost function, called squared error energy function and defined by using
Equation (1) and (6):

Lin] = B{(zln] - Z[n])(z[n] - Zn])"} ©)

The filter minimizing the cost function is chosen by its tap weights to be the optimal
solution to the normal equation (Haykin, S., 1986).

w” =Cg., (10)

where C, denotes the autocorrelation, E{x,[n]xf[n]} , of two reference signals (c,[n] and
c,[n]). g is the cross-correlation, E{z[n]c,H[n]} , of the digital IF signal z[n] and reference
signal z[n]. Where E{+} indicates an expectation operator. The filter solves (10) recursively
using the BP with adaptive learning rate algorithm. This learning rule performs a gradient
descent on the energy function to derive a minimum:

w, [n]=w[n-1]+ud[n-1]c [n-1],

w,[n]=w,[n-1]+ uoln-1Je, (11)
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where J[n] denotes the output layer error term. ¢&,, 6,, and 7, are estimated as the
absolute value of weight |Wk , the phase angle of weight arg(w,) and the value of delay
element kd, , respectively. The bias weight w, connected to a constant input c, =+1,
effectively controls the input signal level of the filter. Note that the digital IF signal given in
(1) is adopted as the desired signal and the output of DLL and PLL serves as the filter input
signal. The reference signal is determined by (7) which generates the output of each delay
element. Therefore, the estimated delay parameters from the filter weights and the delay
element can be derived on condition that the learning algorithm has converged. The
learning rate coefficient x4 determines stability and convergence rate and a BP trained
reference signal is adopted to obtain the minimum of (9) (Widrow 1986; Jacobs 1988).
Suppose the learning rate is too large, the search path will oscillate about the desired path
and converge more slowly than a direct descent. Nevertheless, the descent will progress in
small steps if the learning rate is too small. It will greatly significantly increases the total
time to convergence. Consequently, an adaptive coefficient where the value of x is a
function of the error derivation is adopted as the solution (Schalkoff, R. J., 1997).

Output of PLL O
exp(—j(onT, +g,)) Delay Element

\i
U

Output of DLL O— d

T Reference Signal

pln-¢]
Bias Input
Cl[l’l] CK[n] Cb:+1
Update weight
Digital
IF Signal

Back-Propagation Algorithm z[n]

Fig. 9. Structure of the Adaline-based filter used in the multipath estimator.

2.4.3 Correlation extractor

After the use of adaptive filter, the estimated parameters can be obtained and the correlation
decomposer divides the estimated parameters into multipath and direct signal. Besides, the
autocorrelation function of multipath signals is subtracted from analog-to-digital (A/D)
converter output of the received signal. In the decomposer process, it is assumed that the
values of the first peak amplitude tap weight are the direct signal and the remainders are
multipath signals. Fig. 5 presents an example where the direct signals refers to the first peak
k=1 and the multipath signal amplitude denotes the remnants [ <k < K. Suppose that the
multipath channel has a decreasing power delay profile. The multipath signal parameter is
adopted to calculate the correlation value. The correlation equation of estimated multipath
signals with amplitude &, , delay 7, and carrier phase 6, is written as:
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A (r)= AC(r-7,)cos(f, - 6,), (12)

where C(7) denotes the autocorrelation function of the GPS PRN (Pseudo Random Noise)
code signal.

E{plnlpln -1} (13)

Hence, the entire correlation value of the estimated multipath signal A, () is given by:

A (0)= 2, A7) (14)

2.4.4 Multipath removal
The entire correlation values of multipath signal A are subtracted from the correlation
value of received signal A, and the output of correlation value A, is expressed as:

A7) =A (1) - A7) (15)

In (12), the estimated correlation A, of direct signal can be acquired using multi-correlator
technique. Such a technique has been detailed in chapter 2.3.1. Multi-correlator technique
can effectively estimate the correlation of direct signal and counteract multipath
simultanously. It can promote the convergence speed of Adaline-based filter.

The tracking error takes place in DLL and PLL due to the multipath effect. The effect
primarily results from distortion of the correlation function receiving the IF signal, shown in
Fig. 8(a), which illustrates the normalized correlation function with multipath effect. Fig.
8(a) presents that the symmetry is lost and the propagation delay is difficult to estimate.
Thus, the range measurement accuracy is diminished. Nevertheless, the use of a subtractive
method offers multipath mitigation in the tracking loop and the output A (r) enables the
tracking loops to track direct signal accurately.

The above processes: the estimate process, the correlation extractor and the cancellation
method can counteract the multipath effects regarding the autocorrelation function of the
received signal, since the tracking errors in DLL and PLL are not completely eliminated.
Provided that the reference signal acquires the multipath error, the estimated parameters do
not present accurately that of the real multipath. So as to obtain the ideal estimated
parameters, the BP learning process is recursively employed. The use of multi-correlator
technique can speed up BP learning process and enhance its performance.

3. Performance analysis and simulation results

In this section, computer simulations are performed to evaluate the performance of
proposed method. To compare with other published methods in performance, the multipath
tracking error envelopes in code and carrier phase for a multipath signal amplitude of half
the LOS amplitude is denoted as ¢,=1.0 and «, =0.5. A GPS multipath model includes
one direct signal and one delayed signal. Suppose that a high post signal to noise ratio
(SNR) of 10 dB is located in this model. Simulation results are demonstrated in infinite
bandwidth situation.
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3.1 Simulation parameter

The digital IF frequency of a GPS signal is @ /27 =1.25 MHz and the sampling rate is 5
MHz. The delay chip of the multipath signal varies from 0 to 1.5 chips with the phase of 0
and 7 radians with regard to the direct signal. In conventional correlator simulations, code
phase error and carrier phase error are computed with 1 chip early-late discriminator. The
chip spacing of a narrow correlator is less than 1 chip. A spacing of 0.2 chips utilized to
serve the discriminator functions. Two different narrow correlator discriminators are
adopted in a strobe correlator and the chip spacing of the two narrow correlators can be
adjusted to 0.1 and 0.2 chip. The same parameters are also adopted in both enhanced strobe
and edge correlators. The E1/E2 tracker of the two correlators is located at E1=-0.55 and
E2=-0.45 with 0.1 chip spacing (Irsigler, M. et al, 2003). The Adaline-based adaptive filter
method with the parameter of tap delay d, = 0.01 chip, 0.1 chip, 0.5 chip and its 5 delayed
tap is employed as the input to the filter. The number of multi-correlator is set as five. The
initial learning rate is 0.05, the number of training samples is 5000 at 1ms C/A code period
and the weights are initialized to 1. The performance is assessed on a separate test set of
100ms samples measured at intervals of 1ms samples during the adaptive process.

3.2 Performance analysis and comparison

With regard to crucial multipath mitigation techniques of internal receiver, the multipath
performance of these correlation techniques will be compared with each other, including the
proposed method. Thus, the envelopes of all techniques described above are plotted into the
same diagram to make a comprehensive comparison of multipath mitigation performance
Figs. 10-12 compare the error envelopes of the code phase and carrier phase for all of the
multipath mitigation techniques. Simulation results show that the proposed method with
multipath delay at the location of set correlator as d, = 0.5 chip case has both the best
multipath mitigation performance. Assume the location of correlator is not at multipath delay
(d, = 0.1 chip), it also presents good performance. The conventional PLL has a maximum 0.52
radians in carrier phase error. Therefore, the use of the conventional correlator can yield very
large maximum multipath errors and reveals the worst mitigation performance. The same
results hold true for both narrow and edge correlators. Note that since the narrow, the
MEDLL, the edge and strobe correlators do not provide any carrier phase elimination, their
sensitivity to multipath is almost the same as the 1-chip early-late correlator. Only slight
differences can be observed due to differences in their code multipath mitigation.

These figures indicates that through the use of proposed method in combination with multi-
correlator technique with a delay element d,=0.5 chip, both code and carrier phase errors
are reduced in the range of delay from 0 through 1.5 chip. In contrast, through the adoption
of the proposed method with a tap delay d,=0.5, the code and carrier phase error decrease
significantly in the range of delay from 0 to 1.5 chip. The figure shows that the use of multi-
correlator technique can effectively reduce code phase error. Nevertheless, for carrier phase
error, its performance remains the same. The reason is because carrier phase error is not
related to multi-correlator. In the case of the tap delay d ,=0.5, multipath mitigation
performance degrades in comparison with the case of d, =0.1. This is because to the
accuracy of the estimated delay profile in the Adaline-based filter depends on the tap delay
d, . The smaller the d, the better the performance of multipath mitigation. In the case of the
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d,=0.5 chip, the multipath mitigation performance degrades in code phase error and the
carrier phase error also exceeds that of the conventional tracking loop. Though the use of a
small tap delay can yield high performance in multipath mitigation, it also takes large
computation cost to estimate delay profiles. However, the use of multi-correlator can save
computation cost to estimate delay profiles.

12 T T
d = 0.01chip (Adaline-based
ol d =01 chip filter w/o multi-correlators, |
d =05chip 0deg)

6 ~ (Adaline-based .
d_=0.1 chip filter with multi-correlators,
d_=05 chip 0deg)

3 T \‘ -

— *Ve
E \t -o"'-':-‘.;
s Sote—— RTINS ——
= - ., "'"
»
2 -3 7
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L d_=0.1chip filter w/o multi-correlators,
- d=05chp 180deg)
15 ' :
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Fig. 10. Code-phase error simulation results of proposed method. («,=1.0,, =0.5,7,=0
chip, 7,=0~1.5 chip, ,=0", (6,=0",180") ; delay element d = 0.01 chip, 0.1 chip, and 0.5
chip with and without multi-correlators.)
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Fig. 11. Code-phase error simulation results of existing methods. (¢, =1.0,a,=0.5,7,=0
chip, 7,=0~1.5 chip, 6,=0", (6,=0,180")).
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Fig. 12. Carrier phase error simulation results. (¢, =1.0, ¢, =0.5,7,=0 chip, 7,=0~1.5
chip, 6,=0", (6,=0,180")) ; delay element d_ = 0.01 chip, 0.1 chip, and 0.5 chip with and
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Fig. 13. Delay estimated by MEDLL and proposed method with and without multi-correlators.

Note that Fig. 11 reveals that every DLL structure lacks of performance enhancement for
short delay multipath signals. Nevertheless, the proposed method with multi-correlators
can perform better in short delay and medium-to-long-delay multipath environment.
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Suppose a given application involves short delay and medium-to-long-delay multipath,
then the best correlation techniques such as the enhanced strobe correlator will not
outperform the proposed method of this paper.

To accomplish estimated performance of proposed method, the desired correct of multipath
delay profiles are set a,=1.0, =05, 7,=0, 7,=0.75, 6,=0" and 6 =0". The delay
element number is five and the number of multi-correlator is set as five. An estimated
multipath delay versus the true multipath delay curve for three considered algorithms, the
MEDLL and the Adaline-based filter with and without multiple correlators, is shown in Fig.
13. Note that the proposed method with and without multi-correlator technique of d. =0.01
has the faster convergence rate than the MEDLL. The Adaline-based filter without multi-
correlator technique is rapid in convergence rate with d. =0.1. However, it suffers from a
steady state error 0.03 chip in delayed estimation. Nevertheless, the use of five multi-
correlators with shift 0.1 chip, the error approximates zero.

Several concessions exist in these architectures such as: noise performance, code versus
carrier performance, a priori information needed as input, short delay performance and
hardware/software complexity. These factors are compared in Table 1. This performance
comparison is on the basis of the published methods and simulation results of this paper.
The research analysis is shown in the following;:

Concerning the noise mitigation performance, when SNR =-10dB, the simulation result
presents that the narrow correlator and proposed method with multi-correlators are the best
in performance with the code tracking error of about 0.034 chip and 0.04 chip, respectively.
The proposed method without multi-correlators in this paper is medium in performance
with the tracking error of around 0.05~0.1 chip, which equals the medium noise
performance of the edge and E1/E2 correlator. In contrast, the conventional correlator,
strobe, enhanced strobe correlator and the MEDLL are inferior in noise performance, with
the tracking error around 0.2 chip.

In term of the GPS mobile applications, high precision is required even at the expense of
slightly increased complexity. The best options are the enhanced strobe correlator and the
Adaline-based filter. The proposed method has the best performance in multipath
mitigation. Nevertheless, its hardware complexity, such as the number of required
multiplications per delay estimate is on the order of O[NW(KdT)S} where N, is the
number of filter iterations and Kd, is an estimate of the maximum delay spread of the

iter

channel in the samples. The high complexity of this method is principally due to the matrix
inversion operations. However, in short-delay and medium-to-long delay multipath
environments, the number of delay samples Kd, are smaller. Thus, the complexity of the
Adaline-based filter is not very high. The enhanced strobe correlator has lower complexity,
on the order of O[(Kdr)z] , but it does not perform as well as Adaline-based filter. With
regard to design perspective, the best tradeoff between accuracy and complexity should be
determined based on estimated maximum delay spread of the channel.

Concerning the conventional receiver design for civilian application, the lowest complexity
solutions of the 1-chip E-L correlator and the narrow correlator, appear to be the best choice.
What is more, complexity is the top priority and is emphasized more than performance in
the design of a receiver provided that no significant degradation in performance occurs. All
of the conventional, strobe and narrow correlator designs have least medium performance
and reduced complexity in multipath scenarios. Hence, they are viable options for a low
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complexity receiver. In comparison, even though the edge, the E1/E2 and the MEDLL
designs are higher in cost, they are better than the conventional, narrow, and strobe
correlators in performance.

In fact, there are inherent limitations in almost every technique. Note that the combined
features of proposed method prevails over those of other techniques. In addition, the
condition of short-delay and medium-to-long-delay multipath renders the effect of
hardware complexity in Adaline-based filter insignificant. Consequently, the proposed
method is a well-suited and well-balanced application in multipath mitigation.

Adaline-based filter

Conventional \1, o Strobe EMPa0ced pyo0 p1/p2 MEDLL Without  With
correlator strobe multi- multi-
correlators correlators
Code
multipath X A A O A O O 4 4
performance
Carrier A
multipath X X X A X X @) (Counton 4
performance number d._ )
Short-delay
multipath X X X A X @) @) v v
performance
Medium-to-
long-.delay % % o) o) A v v A v
multipath
performance
A priori Yes Yes Yes Yes Yes Yes Reference
information (Coarse delay) (g;;\;s)e (gg;f)e (Coarse delay) (ggfy‘;e (gg;s)e function None None
Noise
YA A YAN
Performance X o o a 0054 (004006  (below A O
_ (above 0034  (02~025 (below o . (005~01 (003~0.05
(SNR= 02 chip error) chiperror) chiperror) 02 chiperror) chip chip 018 chip chip error) chip error)
_ 10dB) etror) error) error)
Hard Q
ardware (Counton
complexity © © © © © © ® numberof ®
iteration)
Software ® ®© © ® © © o ® ®
complexity
v: Best O: Good A\: Fair X: Poor

Table 1. Comparative performance of multipath mitigation techniques.

4. Conclusion

Multipath is the primary error source in high-precision-based GNSS applications and is also a
significant error source in non-differential applications. Various receiver designs have been on
the market and claim various multipath mitigation functions. Most of these techniques can be
characterized either as discriminator function shaping or correlation function shaping. In this
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paper, an Adaline-based filter with multi-correlators method is adopted in multipath
mitigation for GNSS application. A simplified direct plus multipath signal model is employed
in this simulation. This approach enhances the performance of code phase and carrier phase
errors compared with other published methods. Simulation results demonstrates that the
proposed method is a viable and effective solution to increase the positioning accuracy for
GNSS navigation in the presence of short-delay and medium-to-long-delay multipath
environment.
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Adaptive filtering is useful in any application where the signals or the modeled system vary over time. The
configuration of the system and, in particular, the position where the adaptive processor is placed generate
different areas or application fields such as: prediction, system identification and modeling, equalization,
cancellation of interference, etc. which are very important in many disciplines such as control systems,
communications, signal processing, acoustics, voice, sound and image, etc. The book consists of noise and
echo cancellation, medical applications, communications systems and others hardly joined by their
heterogeneity. Each application is a case study with rigor that shows weakness/strength of the method used,
assesses its suitability and suggests new forms and areas of use. The problems are becoming increasingly
complex and applications must be adapted to solve them. The adaptive filters have proven to be useful in
these environments of multiple input/output, variant-time behaviors, and long and complex transfer functions
effectively, but fundamentally they still have to evolve. This book is a demonstration of this and a small
illustration of everything that is to come.
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