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Abstract: The performance of the Space Alternating Generalized
Expectation Maximisation (SAGE) algorithm for multipath
mitigation is assessed in this paper. Numerical smulations have
already proven the potential of SAGE in navigation context, but
practical aspects of the implementation of such a techniquein a
GNSS receiver are the topic for further investigation. In this
paper, we will present the first results of SAGE implementation
in areal world environment.
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l. INTRODUCTION

In Global Navigation Satellite Systems (GNSS) agilons,
multipath (MP) errors are still one of the majoroersources
in conventional receivers. The additional signalicas due to
reflections introduce a bias in Delay Lock LoopsL(d

which finally leads to a positioning error. Sevetathniques
have been developed for multipath mitigation olinestion.
Conventional approaches, such as Narrow CorreBparcing
[1] or Multipath Estimating Delay-Lock-Loop (MEDLLJ)2]

algorithm, try to mitigate the MP on the time amdguency
domains. Thus, these approaches propose limitedejéBtion
capability in presence of short delay multipattO(¥ chip) [2].
More recently, the use of antenna array algorithvas been
proposed for multipath mitigation. Antenna arraysfprm a
spatial sampling that makes possible the discritiinaof

sources in the space domain (azimuth and elevdtpnif we

assume that the space domain is independent ofire
domain, we can expect to mitigate very short dei&y.

Moreover, by combining the energy of the usefulnalg
received by multiple antennas, the antenna arregysble to
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significantly improve the performance of GNSS reees
under unfavourable signal conditions.

Two solutions are investigated to mitigate multipatith
an antenna array. The first one tries to filter tmealtipaths in
the space domain only in order to "clean" the inicgnsignal
of all the multipaths. The time-delay and Dopplstiraations
of the Line Of Sight (LOS) signal are done aftee #pace
filtering step. In the second approach, a set ofipaters
(amplitudes, times-delays, Doppler shifts, elevatioand
azimuths) for all the incoming sources is estimafidte main
difference between the approaches is that the peam
estimation in the second approach explores the akign
properties on the space, time and frequency doniagtsad of
just filtering the sources in the space domain onty estimate
the parameters of all the sources, Space Altematin
Generalized Expectation Maximisation (SAGE) aldorit[4],
which is a low-complexity generalization of the [Expation
Maximisation (EM) algorithm, has been consideredG&
algorithm is usually used in communication systékesin [4],
but the potential of SAGE in a navigation conteas theen
proven in [5].

The results discussed in the literature are oftetained by
numerical simulations leaving the practical aspeatsthe
implementation of such a technique in a GNSS receiv be
the topic for further investigation. Several measuent
campaigns have been done in order to test thesathlgs in a
real world environment. The measurements were dgttethe
2x2 square antenna array [6, 7] operating in GP®drid. The
paper will presents the first results obtained bing SAGE
algorithm with these real world measurement data.

This paper is organized as follows. The signal rhasle
outlined in Section Il. The description of the bdamming



approach (space filtering of the multipaths) issprged in beT,, and the DLL and FLL errors be ande,, respectively.
Section Ill. A short introduction to maximum likebod Thenth output of one correlator is:

estimation and a description of SAGE algorithm igeg in

Section IV and in section V we present the mairultes

obtained by Monte-Carlo simulations. In section te details R, (€,.¢,.,n)=

about antenna array and the real world measurecaempaigns 1 " 4)
are presented. The corresponding results of posepsing are  —X fC(t -1,)c(t -1, —g,)xexd—Zjn.(vo +£V).t].dt

then described and discussed in section VII. Rinabme it (DT

conclusions are drawn in the Section VIII at thel &f the ] . ]
paper. We introduce the relative delay and the relativepfder of

the ™ paths with respect to the LOS signal
T, =1, —TyV, =V, —V,, We can approximate the integral and

write the post correlated signal as:

Il. SIGNAL MODEL

Let's assume we receikenarrowband planar wave fronts
of wavelengthh on an array ofm independent and isotropic L1 -
sensors. Under these assumptions, the received!siger — X(NT,) =Y a(6.4)x7 xRe(e, ~1,,&, ~v,.n) (5)
down conversion can be modelled as a superimpositfd_ 1=0
baseband signals and an additional complex whites@an  *bs, (NTy)
noiseb(t) ~ N(0,07) _
with

y(t) :fg(t)-i-b(t) (l) R:(gr _Trl 'gv _Vrl ’n): r(gr _TrI)XeXF(_ 2j77(£v _Vrl )nTint)
1=0 (6)

wherer(.) denotes the auto-correlation function of the PRN
code,}7I the modified complex amplitude of th& paths and

with s (t) given by

s(t)=a§.4) x y xexpRjnv,t) xc(t-17,) (@ b, (nT,), the noise after the correlation step.
where L is the number of incoming paths (LOS signal

included) and¥, = [0, @, v, v, ©]' are respectively the N T Pt
elevation, azimuth, complex amplitude, Doppler tshifd time L P D

delay of thel path. Note that the inddx0 corresponds to the carrer
LOS signal. Hereg denotes the pseudo-random-noise sequenc Y wipe off —
that consists of a Gold code as used for the GRS c0fle 2 Eﬂi—?—'

signal with a code periofi= 1 ms, 1023 chips per code period *X ® +@
(i.e. a time duratiorT, = 977.52 ns), and a rectangular chip €

v

shapea represents the steering vector of a 2x2 squar@@ate AD |>® —>| Correwarion!
array. The antenna spacingJ2 and the reference of the array 5
is on the first element. The channel parametersaasemed Q@ "@

constant during the observation time and the recesignal

y(t) is sampled at the ratk. = 10 MHz. Collecting the
samples of the observation interval leads to
Carrier phase  PRN code phase
Y = L'ls (‘I’)+ B 3) Figure 1. Space filtering after the correlation process [3]
- |

L I1l.  BEAMFORIMG ALGORITHMS
whereY, S andB are 4xN complex matrix withl the number

of samples ant =¥, o) We remind the reader that we focus our attention on
In GNSS, the power of the incoming signals is ugual multipath mitigation only. Consequently, we neeavturk with
much lower than the receiver noise level. Thusydéfwant to  the post correlated signal defined in (5). The Heamer
be able to detect the GNSS signals (LOS+MP), ve¢ fieed to  output is given by the following expression:
correlate the incoming signal with the referencealccode as
it's presented in Figure 1. Let the integrationetiof the cross- y (
f

correlation between the incoming signal and theresfce code T, )=w"x(nT,,) ()



wherew is the beamformer weight vector ax(h'l’im), defined
in (5), is the vector of array outputs. The adaptaif the
weight vectorw for obtaining better signal reception with
respect to some criterion is the purpose of a beamifg
algorithm. A number of beamformers were proposedtlie
use with GNSS receivers [8].

Conventional beamforming without constraints

Minimum  Power Distortionless

(MPDR)
Minimum Mean Square Error (MMSE)

Response

For these 2 last kinds of beamformers, we neecte lan
estimate of the correlation matrix. This matrix usually
estimated as the sample covariance matrix usingt afsthe
available data.. In our case, we Usgs outputs of the non-
delayed correlator (prompt correlator), and thegnation time
is Tin=1ms.

L ST x(nT,)" ®

R. =

" Nms n=0

Last, an estimation of the DOAs can be requiredtfier
implementation of the beamforming algorithms. Almardata
and/or an inertial navigation system can be usequtdwgide this
information. In this paper, we use 2D Unitary ESPRI
algorithm [9] to estimate the DOAs of the differéntoming
signals.

IV. MAXIMUM LIKELIHOOD ESTIMATION : SAGE

The problem is to estimate the
v, =[y.6.¢,.7,.v,]".1 = 012,...L-1 of the sources. The

estimation ofL is not discussed in this work. Usuallyis fixed
to a value large enough to capture all the domiimaptnging
waves. Classical information theory methods for efod
selection like Akaike's and Rissanen's [10] critexan be used
to estimatd..

The likelihood function for the sampled basebaigthai is

1

TN dex

o(v|w) exp(— vedY - S(¥)]" = vedy - S(‘Il)]) (€)

contains the superimposed impinging

where S(¥) = ES, (v)

wave fronts andX denotes the covariance matrix of the noise

As we assume spatially and temporally uncorrelalechents
and a centered Gaussian noise, the covariancexnudtthe

noise isX =07l where Jﬁ is assumed to be known. The
Maximum Likelihood Estimation (MLE) is given by:

¥ = argmax p(Y|%) (10)

The maximization of the likelihood function is
computationally prohibitive task since there is aalytical

solution in the general case. Moreovqn(Y‘\I') is not
generally a concave function &, andL have usually a high

dimension. In other words, we have to solve & dinensions
non linear optimization problem.

a

To perform the optimization process, we use theatiien
process of the SAGE algorithm [4]. The basic cohadpthe
SAGE algorithm is the hidden data space [4]. Irbted
estimating the parameters of all impinging waveparallel in
one iteration step as done by the EM algorithm, SH&GE
algorithm sequentially estimates the parameteeaoh signal.
Moreover, SAGE algorithm breaks down the multi-
dimensional optimization problem into several senall
problems. In [5], it can be seen that SAGE algaritis
efficient for the entire multipath configuratiorsfecially small
relative delays and close DOAs) and space-times&eqy
approach shows better performance than classicak-ti
frequency approach. Nevertheless, the computatiaast
increases due to the maximization together on plaees time
and frequency domains. Furthermore, the memory
requirements also increase since it is necessastote in the
receiver the incoming signal in order to apply SAGE
estimation. For example, to process 10 ms of sigritd a 2
MHz sampling rate, we need to store a matrixne®.10 with
m the number of antennas. In other words, SAGE dlguoris
hard to implement for real time operation and tfuree only
offline post processing is considered in this paper

V.  SIMULATION RESULTS

The input power of the LOS signal is set to -15M§E&nd

parameterghe noise power is equal to -131.9 dBW. Thus, the- p

correlation SNR is around -23 dB. The parametethefLOS
signal aref, = 60°, pg= 131°,v9= 100 Hz. In order to assess
the performance of the algorithms with respecthe delay
estimation of the LOS for GNSS receiver, we havalyaed
the behavior of our estimators for a single reflectmultipath.
The reflected multipath and the LOS are considéoele in-
phase which corresponds to one of the worst passiates.
The signal-to-multipath ratio (SMR) is 3 dB for &diflections,
and the relative Doppler is equal to 20Hz. The pater
estimations are quantized to a resolution of 0.®nthe delay,
0.5 Hz for the Doppler and 0.1° for the DOA.

We remind the reader that this study is focused
algorithms for a 2x2 square antenna array. Withh susmall
antenna array, conventional beamforming (space Fastier
Transform) turns out to be inefficient due to therIdirectivity
of the array. In order to improve the resolutiomapgtive
beamformers have been tested. Unfortunately, th& la@d
multipath signals are strongly correlated and ttulassical
adaptive algorithms are not able to distinguishween the
LOS and the multipaths signals. On the one harel MRDR
solution is quite sensitive to multipath componeats the
beamformer mitigates all the contributions in ortieminimize
total output power (i.e., LOS signal can be caeckllOn the
other hand, the MMSE beamformer tends to constreigti
combine the multipath components with the signaintdrest.

on



Thus, a secondary lobe in the MP direction canrbated. Asa the MPDR beamformer seems unable to correctly trefes
consequence, the propagation delay of the LOS Isggmamot  MP. This is mainly due to the small size of theagrwich
be accurately obtained. In other words, MPDR and $3&#M implies a low directivity and consequently, lowegjon in the
algorithms can seriously degrade the time delaynesibn of  null direction. The second problem occurs when Isathrces
the LOS in presence of MP, and should not be useithis  are strongly correlated. In this condition, we athg saw that
context. In the following figure, we give some exdes of ESPRIT algorithm can not provide an accurate esiomaof
space spectrum for the above discussed beamforfarghe the DOA. Consequently, the rejection, or in othards the
conventional, MPDR and MMSE beamformers, the mattip null direction, will not be in the MP DOA. Conseatly, the
has the following DOA®, = 30°,¢, = 140°. MP will be not completely mitigated and will contia to bias
the time delay estimation of the LOS signal.
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Figure 2. Example of space spectum obtained with a CBF (tothe left), ) . o
MPDR (top on the right) and MMSE (bottom in the ghBeamformers Figure 3. RMSE of the LOS azllmu_tr;]estlmatlon for the ESPRidl 8AGE
algorithms.

Another solution to reject the multipaths is to dine
estimation algorithms and rejection algorithms.this paper, RMSE( o)
we propose to use the 2D Unitary ESPRIT algoriti@htp |
estimate the DOA of the incoming sources (LOS ari).Mn
Figure 3. we plot the Root Mean Square Error (RM8Ehe
azimuth estimation of the LOS signal in the casSAGE and
ESPRIT algorithms. We plot the RMSE as a functiérthe
relative azimuth and the relative Doppler of the Mih
respect to the LOS. The relative azimuth represeots close
in space is the MP and the relative Doppler, howecent is
the MP with the LOS signal. The relative delay loé tMP is
fixed toz;= 0.25 chip and the elevation@p= 30°. The RMSE
was calculated over 50 Monte-Carlo simulations. wes can
see, in the case where the LOS and the MP areg$iron
correlated (very small relative Doppler), ESPRIgoaithm can
result in a large error.

Consequently, if we filter spatially the MP based the
ESPRIT DOA estimation, this error can lead to a Ib&ld  RELATIVE DOPPLER (Hz RELATIVE AZIMUTH (°)
rejection. To illustrate it, we used for example &W#DR
beamformer with additional null constraints in tHdP  Figure 4. RMSE of the LOS delay estimation for the ESPRIT+N®{{one

direction. After the beamforming step, we used aimam antenna/one path SAGE algorithm), and the 2 padi@ESalgorithm
likelihood estimator (one antenna/one path SAGErélym) to )
estimate the time-delay of the LOS signal. In Fégdr we plot We can see that SAGE approach provides a

the RMSE of the delay estimation after a MPDR beaming  improvement in the DOA estimation. First of all, GE&
with additional null constraints and the full SAGEorithm (4  algorithm uses the frequency domain to filter at prthe
antennas/two paths search). Two disadvantages @an faussian noise and then reduces its influencehdncase of
observed when using the combinations of EPSRITMR®R  close MP, SAGE has two more dimensions (Dopplertane-
algorithms. First of all, in the case of closelyaspd sources, delay) to better discriminate the LOS signal anel MP and



thus, it provides a better estimation. Consequetitiye-delay
estimation is also strongly improved. To concluUBAGE takes
the advantage of the space filtering which is thesbility to
reject very short delay MP [5] (an example is giversection
6), without the inconvenient which is a possiblgraeation of
the performance for closely spaced and correlaiactss.

VI. EXPERIMENTAL MEASUREMENTS

A. Antenna array description

The antenna array used for the data acquisitian 2sby-2
uniform rectangular array with half-wavelength aumte
spacing. The array is designed for operation in /GREHeo
L1 frequency band and reception of right-hand d¢indy
polarised (RHCP) signals. The schematic view ofahienna
array is shown in the following figure.

Figure 5. Schematic view of the antenna array

For improving the polarisation purity (i.e. decriegsthe axial
ratio for RHCP), the patch elements are sequeyptiathted by
90 degrees against each other. High polarisatioritypis
considered to be very helpful to minimise the dffefcstrong
reflected multipath echoes that are expected te theft hand
circular polarisation (LHCP). In [11], it can bes#ved that
the separation between the two polarisations itebétan 20
dB. More details about the characteristics of thiemna array
can be found in [11].

B. Measurement set-up

With the antenna array, several sets of measurenheve
been done. Here, we present only the processihgms$ets of
measurements.

The first sets of measurements were presented].irTfig
measurements were carried out by using the setitheoroof
of a building in almost open sky conditions. Duethat, the
antenna array was able to receive 9 signals othallvisible
GPS satellites at the time of the signal recordit®) August
2009, 11:03 UTC). Also, we can assume that no pathis
were present during this set of measurements amsl this
scenario can be considered as a soft multipatrascen

In the second set of measurements, the array wed €in a

Van situated at 5m of a metallic wall (Hangar) @&o&n see on

the Figure 6. In this position, the array was ableeceive 9
satellites (see Figure 7. ) at the time of the digacording (2
September 2010, 14:45 UTC). The orientation ofahtenna
array with respect to the northeast- up geodetizdinates is
shown in Figure 6. The true DOA of each satelliigen in the
antenna reference, are reported in table 1. Inctimslition, we

expected to see strong and static multipaths. desario can
be considered as a hard multipath scenario.
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Figure 6. Orientation of the array
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Figure 7. GPS constelation at the time of measurement

TABLE I. SATTELITE DOA
PRN [ PRN | PRN | PRN | PRN | PRN | PRN | PRN | PRN
2 10 12 14 21 25 29 30 31
Elev
(°) |28.20| 5.46 | 36.62| 12.78| 11.27| 68.29| 75.86| 73.07| 48.21
Az
(°) |19.05|29.59| 68.15| -155 | -208 | 59.59| -157 | 58.33| -90.6

VIl. EXPERIMENTAL RESULTS

After the RF stage filter and the down conversimgs, the
baseband signal can be stored at the rate@265MHz with a 8
bits quantization. The baseband signal is then usedst the
SAGE algorithm in post processing. It is also passio store
the output of the correlators at each ms of integra With
such information, it is possible to implement tHgoathms
presented in the section Il (already implementedhie array
FPGA [3)).

A. Results for the soft multipath scenario

In order to compare the performance of the differen
algorithms, we proceeded several tests. Firstlofval were not
able to know the exact position of the receiver tmd, we can
not have access to the true time-delay. Howeves, tthe



DOAs of the satellites are known, and we can comjhe

estimated parameters with the true ones. Alsoy#niance of -1278- - - -~ . EEEEE T T—p ]
the estimation can provide an idea about the acyguvé the | | R g SAGE
algorithm. ! ! ; ; ;
L. ) . A -1280- - - - - - ---=-- === == |- === e i Rl
After the acquisition step and the bit transitiogtedtion, ; ; ; ; ;
we processed the data each 20ms, and the follaalgogithms : ! ! ! !
were used for each tracked satellite signal: T 1285 - - - I I PR G- o
| |
+ ESPRIT: DOA estimation 1 ‘
|
|

«  MMSE beamforming (after 1s)

e DLL: Coherent dot product discriminator,
integration time of 20ms, Loop filter bandwidth of

10Hz
e PLL: atanphase discriminator, integration time of TIMSE ()
20ms, Loop filter bandwidth of 1Hz Figure 10.Doppler estimation, PRN 9

The beamforming algorithm and the DOA estimation

algorithm were activated 3 seconds after the aittpuis We can see that the DOA estimation is a littleddsed.

That should come from some residual calibrationorerr
With the sampled baseband signal, we implement thelowever, the bias is acceptable if we compare vifth
SAGE algorithm to track the parameters (DOA, detmd directivity of the array [8]. If we now compare tls¢andard
Doppler) of the LOS signal. Here is an examplehef tesults  deviation, ESPRIT algorithm seems to provide better
with the PRN 9. In Figure 8. and Figure 9. we pilet DOA  performance in term of DOA estimation (ESPR&~0.29°,
estimation for the SAGE and the ESPRIT algorithimgzigure  6,,=0.29°, SAGE G, =0.7°,6,,~=1°). But this does not lead to
10. the Doppler estimation with the SAGE algoritand PLL  a better Doppler estimation. Indeed, for the Dopp#timation,

are presented. we can see that SAGE and PLL algorithms have timeesa
ELEVATION ESTIMATION behaviour. Discussion of these effects will be doméhe sub
3 T T T T p— part C.
| | ESPRIT
| | | + SAGE . .
36t — —:t%;%—& ] == TRUE ELEVATION B. Results for hard multipaths scenario
+ i 4 i Y S . . .
X ﬁ@iﬁt §+ ﬁ%ﬁfﬁ@ﬁ%ﬁ%@jﬁ In this section the data of each satellite have Ipeecessed
34,}3& J‘d}: ,#;;g,g, £oL f‘tgfw ,,,,, for different configurations of SAGE. In the firsbnfiguration,
~ | PO A A we assume that no multipaths are present and wehsealy
R S R AR B TR one path. This configuration is so called the oath SAGE
ot e e e e e e e model. In a second time, we force the SAGE algoritto
! ! ! ! ! search two paths. The main idea is to track the kig&al with
3077771——Wwww ***** one path, and have another "free path" in ordedetect and
: ‘ : : : track a possible multipath. This configuration @& alled the
28 ‘ ‘ | ‘ ‘ two paths SAGE model.
0 2 4 6 8 10 12
TIME (S) After bit transition detection, we use 20ms to jpsx the

) ) o parameters estimation.
Figure 8. Elevation estimation, PRN 9

AZIMUTH ESTIMATION
‘ , 1) Delay estimation

are very close to the one path model. We can ttiak no
multipath was detected and the track of a secotid lpaks
useless.

! ! ESPRIT . . .
P L]+ sAGE In Figure 11. we give an example of relative delay
! 1 | == TRUE AZIMUTH estimation with the satellite number 12. In theecaf the 2
-170 : [ E— paths model, we can see that the estimations df@®delays
|
|
|
|

2) Amplitude estimation
In Figure 12. we plot the ratio between the povetineated
B ‘ with SAGE, and the noise power estimate obtaineith \&n
| eigen-decomposition of the correlation matrix. thes words,
10 12 we plot the SNR estimation of each path after ore oh
TIME (S) integration.

Figure 9. Azimith estimation, PRN 9
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Figure 11.Relative delay estimation, PRN 12

SNR ESTIMATION, PRN2
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Figure 12.SNR estimation, PRN 2.

We can see that the amplitude of the path one &hrmore
important than the amplitude of the path two. Ttatws how
the SAGE algorithm works in the case where we ®tenate
the number of path. The SNR of the path 2 is closeero

AZIMUTH ESTIMATION, PRN12

| I

| |

L 1
05 1 15 2 25
TIME (S)

AZIMUTH ESTIMATION, TWO PATHS MODEL, PRN12

100 I I I I I
0 05 1 15 2 25 3 35 4 45 5

TIME (S)
Figure 13.Azimuth estimation, PRN 12

C. Discussion

In the case a soft multipath conditions, a one patidel
SAGE algorithm has been used. In this condition,GEA
algorithm is just a basic maximum likelihood estiotaThus,
it is coherent to observe the same behaviour betweeSAGE
algorithm and the conventional PLL algorithm whishalso a
maximum likelihood estimator. For the DOA estimati@ne
path SAGE model is equivalent to a conventionahifeeming
algorithm  without constraint. Consequently, ESPRIT
algorithm, which is a sub space algorithm, provikbegcally a
smaller standard deviation. In other words, SAGEo@dhm is
not expected to outperform conventional maximunreliifood
estimator as a DLL and PLL in soft multipath coratis.

In the presence of severe multipath conditionsukition
results (section V) show that SAGE approach canifgigntly
reduce the impact of the MP. In the second set of
measurements (section VII.B), we expected to fiad/\strong
and static multipaths. Thus, with the two paths ehode were
expected to track some multipath, and consequémthgduce
their influence. However, the post processing teswith the 2
paths model SAGE algorithm showed that no serioultipath
was observed.

We try to give several explanations to that. Fafsall, the
Van was situated at 5m of the wall and thus, wddcexpect a
multipath with a relative delay of 0.02Chips. Thatal was
sampled at the rate of 2.5 MHz and due to the aidbsing

showing that the algorithm s estimating noise onlyfjter the signal bandwidth is around 2MHz. Withich a

Consequently, the impact of this path is negligibiethe

bandwidth, we can not expect to detect or estinshtarter

estimation of the LOS parameters due to the sem@lient jelay MP. To illustrate this idea, a simulation heen done

approach of SAGE.

3) DOA estimation
In Figure 13. the DOA estimation is presented far t
one and the two paths models. First of all, we waie
that the estimation between the one and two patidem
are very close. That confirms the trend that theoseé
path estimation is useless, and no multipath ¢kéd.

and we plot on Figure 14. the RMSE of the time-gela
estimation of the LOS with respect to the relatietay of one
static MP. We plot the RMSE for the one path, twathp
SAGE algorithms in the following scenariéy = 60°, ¢o =
131°,v9= 100 Hz,06, = 30°, @, = 110°,v; = 105 Hz, relative
power=-3dB. We also use the Generalized Likelihétatio
Test [10] (GLRT) to estimate the number of path®rider to
get the optimum likelihood estimation of the del&y.Figure
14. we can see that the performances between ffexedi
models (one, two paths or estimation of the nundfgraths)



are quite similar when the relative delay is arousmh.
Moreover, we should note that the multipath coodsgi are
worst in the simulated scenario than in the expenial
condition (no polarization attenuation, multipathphase ...).
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Figure 14.Example of the Cross correlation function

Finally, if we want to be able to detect and measine
impact of strong multipath, other measurements cégmgs
should be done farther from the wall. If we put gy at 30m
for example, we can expect to detect multipath \sittelative
delay of 0.1Chips. Such a multipath can lead totrang
positioning error in the case of one path maximikelihood
estimators (DLL), and SAGE approach may provideeal r
improvement in the time delay estimation of the LOS

Moreover, we can see in the Figure 8. and Figurth&.
calibration errors are still present. However, \gsumne in the
maximum likelihood formulation that the signal ierfectly
calibrated. Thus, we should improve the performabge
proposing other formulation of the maximum likeliftb
estimation (unstructured model as in [11] for exBhpr by
including calibration errors in the model.

VIII. CONCLUSION

In this paper, we have compared the performancthef
signal processing techniques which can be usedidtipath
mitigation in GNSS receivers with an antenna ar(gy\SAGE
algorithm and (ii) adaptive antenna algorithms dase digital
beamforming and direction of arrival estimationm8iations
show that SAGE provides a real improvement
mitigating the multipath effect due to the effeetiszombining
of all available information about the arriving séds in
different domains (delay, Doppler and space domaiml
achieving accurate estimation of the parametetbefine-of-
sight signal, i.e. the signal of interest. The iomy@ment is
especially noticeable for highly correlated multipachoes.
The results for post-processing of real-world datsented in

the paper refer to a specific signal scenario withy short
relative excess delay of the multipath echo (5necdise of
weak multipath effect occurred at such excess delthese
results cannot fully demonstrate the advantagesSAGE
technique. Thus, other measurement campaign sleuttbne
in order to fill the gap between the theory andxjmaAlso,
another formulation of the maximum likelihood estiion
problem can be used in order to make SAGE algoritione
robust in the presence of calibration errors.
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