15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

DETERMINISTIC PARTICLE FILTERING FOR GPS NAVIGATION IN THE
PRESENCE OF MULTIPATH

Frederic LEHMANN

GET/INT
9, rue Charles Fourier, 91011 EVRY, FRANCE
phone: + (33) 1 60 76 46 33, fax: +(33) 1 60 76 44 33, email: fiedehmann@int-evry.fr
web:www-public.int-evry.fr/"lehmann

ABSTRACT 2. PARTICLE FILTERING

In GPS navigation, distortion of the delay and phase oy consider a discrete-time dynamical system of the form
the received signal due to multipath propagation can de-

grade seriously the position estimation. This paper presos {d.1: 04,1} = T (4, 8,01,
deterministic particle filtering for joint multipath detten ket Pkt 1] kAT Tl Tk
and navigation parameter estimation. Numerical simula- X1 = G(dio X)) + vy 1)
tions show the performances of the proposed method. v = h(d, 0,,%,) +n,.
1. INTRODUCTION The first equation is @rocessequation. At instank, the

N . I discrete part of the staid, takes discrete values in a finite
The Global Positioning System (GPS) is a navigation SVSteraIphabew —(a ag). The continuous part of the state
which estimates a user’s position and velocity from the de- Do tQr .
lay and Doppler of direct-sequence code-division multiple 'S dénoted by, and the process noise hy. The second
access (DS-CDMA) signals sent by satellites [1]. It is wel|€guation is grocessequation copdmoned od, involving a .
known that in the presence of multipath propagation, the egontinuous state, and an assouated Gaussian process noise
timated delay does no longer correspond to the line-oftsigh’ With covariance matriQ,. The third equation is theiea-
(LOS) component, causing a bias of up to several tens ofurementequation, Whe_re the state dependent obser\(atlons
meters in the position estimates [1]. Several techniques ha Yk &€ corrupted by white Gaussian measurement ngjse
been proposed so far to mitigate this phenomenon includinf!th covariance matrbl,.. The functionsf,, g, andh, are
subspace-based timing estimators [2], interference dance general nonlinear. Itis also assumed tiigtv, andn, are
tion [5], the narrow correlator [3] and beamforming [4]. Re- Uncorrelated. . . .
cently, bayesian Monte-Carlo filtering has been proposed to, Particle filtering approximates the posterior density
jointly estimate the LOS and multipath delays along with theP(d1x Qoxl¥1x) by @ set oN weighted Dirac functions
amplitudes of the received signal using Dirac particles [6] N
Even if multipath is compensated for, the navigation solu- 5 — () ( —_ 14 g )
tion will experience either a bias or higher mean square er-p(dlzk’ Ooxly 110 i;Wk 8 \{duie Ooxt — 1y Oach)
ror (MSE) when compared to LOS conditions. In applica- (2)
?OHS StUCE as gl\/iettiog ?thi%ﬁtion systems, it]lS Ofl?ightkilmpo where {d{), 68.}(} is thei-th discrete particle andd!) the
ance to be able to detect the occurrence of multipath in or: e ;
der to monitor the integrity of positioning [7]. Althougheh corresponding weight at instak
aforementioned particle based method has very good perfos-1 ponte-Carlo particle filtering
mances, the drawback is that the presence or absence of mul- o o ) o
tipath components must be detected via an external moduléarticle filtering was originally introduced as a sequéittia

In this paper, we model the presence/absence of multRortance sampling technique [8]. The desired posterior den
path as a discrete random variable subsequently referred $8Y is estimated using a Monte Carlo approximation and the
as multipath status. We propose joint estimation of the mulParticles are therefore random samples obtained by simula-
tipath status, navigation message, amplitude, phase,|Bropp tion:
and delays using particle filtering. It is well known that the e Prediction: Draw
required number of particles increases with the dimension o L _ _
the state space. Therefore, in order to keep the complexity a {d, 80} ~q (dk, 6,ldy) . 9&21) :
a reasonable level, extended Kalman filtering (EKF) is used
to estimate as many parameters as possible. In particidar, w where we choose the importance functigrio be the
show that using Dirac particles for the multipath status, th  prior
navigation message and the relative delay between muitipat - 0 -
and LOS components is sufficient. (d ,0,|dW gl ) - (d d( ) (9 6 dW d )

The remainder of the paper is organized as follows. In A\ B k=1’ "kl Pl 1) P 3 k=1 T2k
Sec. 2, we present particle filtering methods for jointeatim o Correction: Update the weights according to
tion of discrete and continuous parameters. Sec. 3 intexiuc
the GPS system model. Finally, Sec. 4 presents the perfor- (M ) ( ON0) )
mances of the proposed scheme. W' O W|(<*1p Yildygo Ogp a1

©2007 EURASIP 545 EUSIPCO, Poznan 2007



15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

e Resample the particles from the discrete densityN,. The modulated bit at instant t is denoted ). The
{W(i)}ifl v (if needed). parameters of the LOS component are the followiAdt)
k 1= represents the amplitudg(t) the phase and(t) is the prop-
agation delay from the satellite to the GPS receiver. In case

Assuming thag, andh, in (1) can be locally linearized,

we obtain of multipath propagation, we assume for simplicity that the
OO0 received signal consists of the LOS component and one spec-
P (ykldlik’ B0 ylik—l) ular reflected signal:
~ i g £0) Hp0  gOT -
~ (ha). 6020 ) HPPG HO' 4R, y(t) = b(t)el?V A@)h(t ~ IT — 7(t))+
: . (4)
where;‘ci((")ki1 andPli"Lil are the predicted estimate and error at)h(t—I1T —t(t) — G(t))} +n(t).
covariance matrix ok obtained by EKF [11] conditioned The parameters of the specular component are the following:
on{a{),6% } and a(t) represents the complex amplitude arft) + 6(t) is the
propagation delay from the satellite to the GPS receivdr wit
i) _ oh(dy. %) 6(t) > 0. All these parameters can fluctuate from one Gold
k — 0%, dk=d|((i)’xk:5(l(<iﬁ( N sequence to the next.

At the receiver side, a sampling cloékis generated us-
2.2 Deterministic particle filtering :cr(;?ma classical noncoherent early-late timing loop [10]hef t

As mentioned in [9], drawing randomly the varialdE.\) from

a discrete distribution during the prediction stage isfinef
cient since it introduces an unwanted approximation error. N -
Therefore, for each particle retained at iﬂgtbm 1, theQ YT +Te/2+7) = y(IT —Te/2+ Tl)]/z}’
hypotheses corresponding to the chaige= aj, i=1,...,Q wherey denotes the loop gain.

are explored deterministically. We summarize deternimist The received signal corresponding to thth Gold se-
particle filtering by the following algorithm: quence is then sampled at instants IT + , +qTc/2, for
g=—1,0,1,2 to ensure observability of the specular compo-
nent. Let the real observation vector

fi, = fi+yRe{YIT + 1)

1. Prediction: For each partict{adg:)kil,egz)k_-l} form Re(Y(IT —Te/2+1))
theQ extensiong(d) .d, =a;,00) .60}, ) Im(y(IT —Te/2+1)))
j=1,...,Qwhere Y = : ; (5)
. . . Re(y(IT +Tc+1,))
el((l) ~ p<9k|9|(('117d|(('11,dk:aj). Im(y(|T+TC+fI))

) ) ) denote the collection of those samples. Assuming that we
2. Correction: Compute the weight of each extension as wish to evaluate the position and velocity of the user efry

whD gwd p (dk = a-) X Gold sequence (i.e. at instant KRT, k=1,2,...), we also
K k=1 (Ji) 0 consider the corresponding stacked vector of observations
p (yk|d1:k71’dk =aj, Go:k,yl;k_1> ¥ = [ka DR ’S,LI'R]T.

3. ResampleN particles from the discrete density (k=DR+

{W(i.j)};l " Fig. 1 illustrates the observation vectgrsand the stacked
ko 2 vectorsy, for time indexk = 1.

We now model the transmission system corresponding to
3. SYSTEM MODEL each satellite as a discrete-time nonlinear dynamicaésyst

We use the notatior, to denote the value of a continuous-
Each satellite of the GPS constellation transmits perahiic time process x(t) at instaht= kRT.
a Gold sequence of length 1023 chips with chip duration Let us begin with the discrete variables. Lt €
Te = 1us [1]. The period of the Gold sequence is there-{—1 +1} denote the navigation bit corresponding to the
fore T ~ Ims Rectangular pulse shaping is used. Eactstacked observation vectg. By constructionp, is con-
Gold sequence transmits a bit from the navigation messaggant duringR consecutive Gold sequences. ISte {0,1}
using BPSK (binary phase shift keying). Since each bidenote the random variable corresponding to the multipath
is repeatecR = 20 times, the transmission of one bit cor- status for the stacked observation vegigr S, = 0 (resp.
responds to 20 Gold sequences (or approximately 20 ms§ = 1) corresponds to the absence (resp. presence) of a
Assuming that two consecutive Gold sequences do not irspecular reflection. Implicitely, we assume that the mattip
terfere, the output of the matched filter for time intervalstatus is constant durirfigconsecutive Gold sequences. This
IT+7-T/2<t<IT+71+T/2in LOS conditions can be model seems sensible because for physical reasons, a specu-
written as lar reflection cannot appear or disappear instantaneously.
: We modeb, (resp.S,) as a discrete Markov chain whose
y(t) = bO)&?VAD)h(E —IT — (1)) +n(t), 3)  state transition diagrasr('n is given by Fig. 2 a) (resp. Fig. 2

whereh(t) is a triangular pulse at the matched filter outputb))' Wthh the notations introduced in Sec. 2.2, we hdye=

andn(t) is an additive white Gaussian noise with variancelP S -

©2007 EURASIP 546 EUSIPCO, Poznan 2007



15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

y(®)

Y
=1 =2 =R
—mmmd T e _——— JREpEED D 5 I B I "N,
y1 yz yR

] ]
T T T T T T T T T T T
T/2 T-T, T T+T, 3T/2  2T-T 2T 2T+T_ T+T/2 RT-T, RT RT+T_

Figure 1: Samples corresponding to time inétex 1 assuming = 0.

a) b)

1/2

le
0 EDe w2 CD-
plO

1/2

Figure 2: a) State transition diagramimf- b) State transition diagram &.

Now consider the continuous variables. l&tbe the nentis modeled by a second-order autoregressive (AR) pro-
relative delay between the LOS component and the speculaess defined by the constanisc, ando?.

component (if present) for the stacked observation vegtor Finally, the observation function, relatingy, to the de-
We propose the following model: fined state space is given by (3) wHgn= 0 and by (4) when

(616_1,S=1,§_1 =0) ~U([0.1T¢, 2Tc])

_ 1 2
(68 1,8 =181 = 1) ~#(8,,0.05) In Sec. 3, we have described the GPS transmission system
(616 1. &=0,§_ ;=1)~35(6,). for one satellite as a nonlinear dynamical system of the form

_ - ; - ~(1). We use the satellite configuration considered in [123. W
TS =0, the rest on the continuous variables are glVen\(/vill use satellite SV1, SV5, SV6 and SV9 with a time ref-
by x, = [A. @, T, Af]", whereA,, @, 1, and Af, rep-

h Ked litud h ion del erencet = 0 corresponding to GPS receiver time 247080 s.
resent the received amplitude, phase, propagation delgy,e received signal is bandlimited to 2 MHz and the signal to
and Doppler shift of the LOS component. § = 1,

. , . noise ratioAZ/N,, is fixed to 10 dB. Since the two last satel-
the rest of the continuous variables are gven A= Jites have the lowest elevation angle, we assume that SV6
(Ao @ T A Re(ay ), Im(a ), Re(a_,),Im(a,_4)]", where  (resp. SV9) is subject to multipath for 1080t < 6000 ms
a, represents the complex amplitude of the specular reflegresp. 2000< t < 7000 ms). For these satellites, the direct-

4. SIMULATION RESULTS

tion. The dynamics ok, are given by to-multipath ratio (DMR) A7 /E (a2), is fixed to 5 dB and the
_ 2 relative delay between the LOS and the specular reflection is
A=A W W ~ #(0,0.00T) fixed to Tc/4. The amplitude of the specular componant
@ =@Q_q+2maf, T +ng wﬁ ~ .#(0,0.002%) is simulated as a time-varying complex Rayleigh fading pro-
Af cess with maximum Doppler of 5 Hz. The paramepgy
T,=T 1 ——=T+w, W~ .4(0,005) (resp. pyo) in Fig. 2 is fixed to 10 (resp. 510°%). The
fo user position (m) and clock bias (m) in Earth Centered Earth
Af, = Af, 1+Wﬂf, wAT ~ #7(0,0.002) Fixed Cartesian Coordinates (ECEFC XYZ) [1] are simu-
B k k 14 ,. latedas
Re(a) = —c,Re(a,_;) —c,Re(a ;) + Vi, Vik ~ -4(0,0%) X(t) = x(0) + v
Im(ay) = —c;Im(ay_;) — C,IM(ay_,) + Vg, Vg ~ 4(0,07) y(t) = y(0) + vt
wheref, = 1575 MHz is the carrier frequency. Note that the 2(t) = 2(0) + v
correlated Rayleigh fading amplitude of the specular compo b(t) = b(0) VPt
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with percent of the navigation bits are erroneous. This is becaus
the phase estimates of the LOS become jittery when a spec-

x(0) = 3894216581 m, V=20 m/s ular component is present leading to wrong decisions during

y(0) = 318933001 m, VW =30 m/s the resampling stage. This technigue requildEKF steps

2(0)

5024282536 m, V*=0.8 m/s per ms considering that there are four satellites and twe pos
b(0)=30 m V=003 m/s

sible values ob, to test.

Now, consider the complete filter estimating both the
Deterministic particle filtering (see Sec. 2.2) is appliedl‘OS and the multipath component, if present. We found that
for each satellite. The maximur%—likelihood. eétimate of the'\I — 100 particles for each SV is enough to obtain a good

oo ) : . ; precision for the propagation delay and Doppler estimates.
navigation bit at = kRTis obtained as All the navigation bits were correctly recovered even fa th
N satellites affected by multipath. A quantity important let
P, = w(‘)é(b(‘) —(-1)) context of positioning with integrity monitoring [7] is the

i; K K time-to-alarmdefined as the elapsed time between a change

N . of § from 0 to 1 and the consecutive changeSpffrom 0
Py = lel((')d(bf(') —(+1)) to 1. In our experiments, the time-to-alarm is typically & fe
i= tens of ms for SV6 and SV9. This technique requirebl 16
. +1 if py>p EKF steps per ms considering that there are four satellites,
b, = { . two possible values df, and two possible values & to
—1 otherwise test.

Fig. 3 and 4 illustrate the average MSE for the propa-
gation delay and Doppler frequency for satellite SV9. Note
N that for the particle filter ignoring the multipath, the MSE
Po = les)é(%i) —-0) increases by two orders of magnitude during the occurrence
i= of a specular component (i.e. 2080t < 7000 ms). This

and for the multipath status estimatd at kRT we have

N ' result is not surprising since it is well known that in thegre
= Zwﬁ')é(i') —1) ence of multipath the propagation delay estimate of the LOS
i= experiences a bias [1] and the Doppler estimate of the LOS
N 1 if p;>p becomes unstable.
S= {0 otherwise Fig. 5 (resp. Fig. 6) illustrates the average MSE for the

first coordinate of the position (resp. velocity) estimalte o

Similarly, the minimum mean square error (MMSE) esti-t@ined by solving the navigation equations [1], based on the

mates of the propagation delay and the Doppler frequen ropagation delay and D(_Jppler estimates of the_ foyrstﬁelli
att — kRT are obtained as or 1000<t < 7000 ms, since at least one satellite is affected

by multipath, the accuracy of the position and velocity-esti

. N 0+ (0) mates becomes very poor if the particle filters correspandin
Ty= _Ziwk [ to each SV ignore the presence of multipath.
=
N
Af = S wiAfD 5. CONCLUSIONS
k VA

In this paper, we considered joint multipath detection and
nnavigation parameter estimation. A deterministic paetfit
tering receiver adapted to the mixed discrete/continu@us n
ture of the state space was proposed. Numerical simulations
Eowed that when integrity monitoring is of concern, it is
% ssible to detect the occurrence of multipath within a few

The discrete-time navigation equation [1] is solved us
ing a properly initialized extended Kalman filter taking the
values ofc?, andAf, at the output of the particle filter corre-
sponding to each satellite as noisy pseudorange and Dopp

observat!ons. The resgltmg position A(reAsp.A velocity)-est tens of milliseconds. Moreover, when multipath is present
mate at instant = kRT is denoted by(%, ¥, 2.b) ('€SP.  the position and velocity errors are mitigated compared to
(0%, WG, ). receivers ignoring the presence of multipath.

We compare the performances of two deterministic par-
ticle filters averaged over 20 runs with different noise tra-
jectories. First consider the filter ignoring the presente o
multipath by removing the multipath stat8sand the multi- [1] E. D. Kaplan and C. J. Hegartynderstanding GPS
path component parametegs 6, from the state space. Our P.rinc.iples and Applic.ati.onsArtech House. 2006 '
experiments showed that in this cabke= 1 particle is suffi- ) e )
cient. Intuitively, this corresponds to tracking the LOSreo  [2] E. S. Lohan, R. Hamila, A. Lakhzouri and M. Renfors,
ponent’s parameter#\, @, T, Af,) with two EKF, one cor- H|g_hly efficient tec_hmques for mitigating the e_ffec‘gs O,f,
responding to each navigation bit hypothesis. The particle Multipath propagation in DS-CDMA delay estimation,
filter for SV6 and SV9 ignore the presence of interference  |EEE Trans. Wireless Comnvol. 4, no. 1, pp. 149-162,
produced by the specular component. The resampling stage Jan. 2005.
then keeps the best hypothesis. Assuming that the firsttrang3] A. J. Van Dierendonck, P. Fenton, and T. Ford, “Theory
mitted bit is known by the receiver, for SV1 and SV5 no bit  and performance of narrow correlator spacing in a GPS
error was found, while for SV6 and SV9, approximately 25  receiver,”J. Inst. Nay, vol. 39, no. 3, pp. 265-283, 1992.
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