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GPS Positioning in a Multipath Environment

Jérbme Soubielle, Inbar FijalkoWwlember, IEEEPatrick Duvaut, and Alain Bibaut

Abstract—We address the problem of GPS signal delay estima- delay estimation are issued from the maximum likelihood esti-
tion in a multipath environment with a low-complexity constraint.  mator (MLE), early—late receivers. They provide a good enough
After recalling the usual early—late estimator and its bias in a mul- estimation to ensure the positioning in many applications and

tipath propagation context, we study the maximume-likelihood es- - o
timator (MLE) based on a signal model including the parametric will show that their accuracy corresponds to the deterministic

contribution of reflected components. It results in an efficient algo- Cramer—Rao (CR) bound limit.
rithm using the existing architecture, which is also very simpleand  Unfortunately, multipath propagation can happen sometimes
cheap to implement. Simulations show that the results of the pro- (yrban environment, low-altitude flight) and generate important

posed algorithm, in a multipath environment, are similar to these o< (4 t9 100 m) without the usual receiver to detect any
of the early—late in a single-path environment. The performance

are further characterized, for both MLEs (based on the single-path problem. Enge [3] and others propose to narrow the correlators
and multipath propagation) in terms of bias and standard devi- t0 reduce the bias in a tracking context. However, narrowing

ation. The expressions of the corresponding Cramér—Rao (CR) the correlator does not provide a good estimate when the prop-
bOUndS. are derived in both cases to show the gOOd performance of agation conditions Change too qu|ck|y or when a first acquisi_
the estimators when unbiased. tion is required. As a result, many applications, using the GPS
Index Terms—Cramér—Rao bound, GPS, maximum-likelihood, system, need other equipment (differential, GLONASS, etc. [4])
multipath propagation, pseudo-random code, spread spectrum jn order to reduce errors or prove validity of estimates. A method
systems. that determines the signal propagation delay in a multipath envi-
ronment as well as in a single-path environment with the same

|. INTRODUCTION accuracy as in the single-path case and without increasing the

.implementation cost will permit autonomy and reliability of the

HE global positioning system (GPS) allows everybody 'Bps system. To look for such a method, we consider the ML

the world, equipped with a GPS receiver, to determing L . . .
their position (longitude, latitude, and altitude). The GPS a@pproach, taking into account the multipath propagation. Stoica

plication consists of estimation of the propagation duration and Nehorai [13] propose to improve the ML approach by con-

. . . Sldering a random model of the input sequence. However, in
a known coded signal between an emitter satellite and the re- g P g

) . . ur context, this would involve a matrix inversion that cannot
ceiver. This delay measurement allows the computation oftrE

distance between the user and the satellite, and with at least & allowed in terms of complexity. Improvements can also be
. i . S Sbfained by refining the noise model in taking into account the
estimates from the different emitters, the positioning can be

. . fil I LA h [ -
alized: see. for instance, [3] and [4]. receiving filter induced correlation. Again, this results in a ma

) . . . trix inversion to solve the likelihood maximization and, thus,

In this paper, we will consider only one signal from one : . . .

emitter thanks to the weakness of the interferences betwé:ea nnot be considered in this study. The algorithm we propose
Rimed to keep the complexity similar to that of the current

the different pseudo random codes (Gold codes) used by the .
GPS satellites (i.e., the satellites use almost orthogonal spreaﬁIy late receiver.

: S fter introducing some notations (Sections Il and Ill), we re-
spectrum sequences [16]). For a given code, contributions from, . : ) :
: ) . " .call in Section IV the ML estimator applied to a single-path
other satellites will be considered to be an additive Gaussian . :
noise model used by current receivers and its performance. An ex-

- - . ample illustrates why and how the presence of multipath propa-
. Under_ the additional condition (.Jf propagation by the sol tion affects the estimation precision. Section V addresses the
line-of-sight path, the usual technics to solve the problem

L estimator, its performance, and the CR bound when ap-
plied to a two-path model (the direct signal one reflected
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composed by binary chips of time duratioff’; the sequence the reflecting surface nature and on the angle of incidence of the
period is theri;,,, = MT. Before pulse shaping, the signal dekth signal.

noted ag(t) can be expressed as P

s(t) = Alt)e(t — 7) + ap(t)e(t — Gk)em"’ +b(t) ()
G(t) = GIn]Ur(t — nT) (1) ;
" where
wherel/r(t) takes the value of 1 farin [0,77] and O elsewhere.  ¢(¢) emitted signal (assumed known);
Thus, the emitted signal¢) after the pulse-shaping filtér (of A(t) line-of-sight signal amplitude;

bandwidthB around 4 MHz) ofG(t) is then T received signal lag to be estimated.
Characterizations of phase shiftg effects on direct signal
c(t) = /G(u)h(t — w)du. (2) delay ML estimation (see [2] and [11]) allow us to conclude
that the worst configuration for estimation accuracy is when the

This filter is assumed to provide an ideal pulse shaping. (A contrary, a reflected signal in quadratgfe = =/2) does

explain, in the sequel, how time delay estimation is actuaﬁ/ . 2
: : ) L ot generate a biased estimation. As a result, from now on, we
realized, yet we can introduce that the maximum likelihood.

. . . ill onl nsider that signals are alw in phase. Therefor
estimator uses properties of the crosscorrelation between W‘neo y consider that signals are always in phase. Therefore,

. . we neglect information that could be in the quadrature com-
Gold code and received signal. As a result, the autocorrelation L L
ent by projection. Moreover, we can guarantee minimal

properties of Gold codes are very important to understand GEerformance since all reflections being in-phase corresponds to
methods. If the autocorrelation eft) is denoted by®(r) =

: . ) i . _the worst possible case. Thanks to the different pseudo random
ij c(t)e(t—7)dt, (4) describes the properties of this funCtlonGoId codgs used by the satellites, the remainFi)ng interfering
signal after crosscorrelation is modelized by the Gaussian and
O(7) :/ c(t)e(t — 7)dt (3) real-valued noisé(t) that includes the thermal noise.
T T . Sampled data are collected duringV, symbols
O(r) = { 1 T |Z|~1—|F], for|r|<T 4) (T, = N,T,,), where the time delayr is assumed to be
-5 >0, for || > T. constant, whereas the amplitudét) is a constant function (7)
. L i on time periods of only{’,,. In fact, this amplitude could be set
The approximations above are justified for the actual high valu%%a constant value on intervals 8f,7,,, but for robustness

of M (M =1023, T = 977.5ns andl;,, = 1msin cVil GPS  oq0ng  this hypothesis has been preferred. The sampling
applications). The main advantage to using the crosscorrelatfpgbuency is typicallyf, = 1/T. = 2 MHz andN,, = 100
e e r -

function is in improving the signal-to-noise ratio (SNR). IndeeqlOr a SNR around-20 dB. Finally, N is the number of code
for an integration time (the crosscorrelation is computed d“ri@%mples during,, (7, :' MT — ’NT ).

this time) of 1 ms (equal to the code peri@y,), the SNR is

ﬁ;irect and reflected signals are in phagg £ 0° or 180°). On
I

improved by+4-30 dB (the signal is sampled at the rate = No

2 MHz) and more if the integration time is greater. Such gains  A(t) = Y A;Ur, (t — (i — 1)T,), fort € [0, 7] (7)

let us deal with SNR (before integration) of aroun@0 to—30 i=1

dB. wherelr, (t)takes the value 1 farin [0; 7;,,] and O elsewhere.
[ll. M ULTIPATH PROPAGATION MODEL IV. EARLY-LATE RECEIVER

In mobile satellite communication, multipath propagation is In this section, we recall the usual GPS receiver that was con-
often modeled by a Rician distribution; see [6]. The receivagkived assuming the propagation is due to the line-of-sight path
signal is then supposed to be composed by the LOS signal camty: the so-called early—late receiver. We also recall its lack
ponent and by the sum &f reflected signals whose amplitudesf robustness to a strong multipath scatterer inducing a delayed
ay,, delaysfy, frequency Doppleyy, and phaseg,, differ from  path within the length of the spreading sequence.
the LOS signal parametergi( 7, fq4, ¢ = 0). If the frequency
demodulator is assumed to be locked on the LOS path frequeAeyEarly—Late Receiver

Ja, (5) can be used to modelize the baseband received signal |n the single path propagation, the frequency demodulation is

» supposed to be perfect; thus, (6) simplifies to

s(t) = Ac(t—7)+ > arc(t— O )e” 20T L (t). (5) s(t) = A(t)c(t — 7) + b(2). ®)
k=1
DenotingA = [4;,..., Ay, ], the probability density function

Moreover, differences between Doppler frequengigand f; s
are generally very small since the distance and relative speed
between the mobile and reflecting surface are very small wigs, [7, A])
respect to the satellite-mobile ones; see [1]. As a result, where Np T,
Ay, = (fx — fa) is considered to be constant and included inx exp { ——— Z/ (s(t) — Age(t — 7)) dt 3. (9)
the reflected components, phase shiftan (6) also depend on i=1 Y (i=1)T
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Fig. 1. Configuration of point&, P, andL.

errors (’tn— 1) in chips (T)

The MLE zeros the derivative of the log-likelihood function (9

9p(s,[r,A Ny i 85i(%
{ P(a[ Al) =23 A, 6‘5 ) —p

I S,:‘,A ~ A / :
—p({)f[zli_D = 251(7’) —2p.A; =0, Vieg [07 NP]

' L
6 7 8 9 10

(]_0) -y 2 3 4 5
Number of iterations

wherep. andS;(r) represent, respectively, the energy of the filFig. 2. l,Siggle-path propagation, SNR—20 dB, NV, = 100. Errors in chips
tered pseudo random cod@) on one period’, and the cross- ("PrMmalized) versus iterations.

correlation between the input signslt) and codec(t) during _ _
the intervall(i — 1)Th, iTp]: mance of the early—late receiver when the single-path model (8)

is valid and derive the corresponding CR bound for its standard
S 4.

' deviation. We explain also shorthy the bias caused when multi-
_ 2 () — _
Pe = /T c(t)dt,  Si(r) = /(i_l)T s(t)e(t — m)dt. (11) path propagation occurs.
. . Performance for a Single-Path Propagatiodissuming
Replacing4; by A;(7) = Si(7)/pel,—;,, (10) reduces in there is no estimation bias when the single-path model (8) is

solving SN, 5;(r)aS,(#)/0r = 0. Sincer is a nonlinear Vvalid, the estimator variance is minimized by the CR bound [5].
parameter of the crosscorrelation functigfsit is impossible The corresponding Fisher information matrix of all parameters
to give an explicit expression of its optimal value. To solve this derived in Appendix, and its expression is displayed in (14).
problem, an iterative MLE can be computed (see [5] for thEhe first line concerns delay parameter, and thé/, others

iterative Newton algorithm): lines are relative to amplitudd; parameters. Equation (14) is
N L 85.() obtained under the following hypothedis>> 1/7,,,, whereB
F= iy — > i Si(TO)Z’)—TO (12) is the lowpass receiver filter bandwidth. This condition is valid

! ; (7 (050 \? since for the GPS applicatiot/7},, = 1 kHz, andB ~ MHz.
Ei\:pl Si(%)% + Ei\:l (%S-O)) pp /

The second term of the denominator of (12) can be neglected; w 0 .. 0

see [11]. In order to implement (12), we need an estimation of

S; and its derivatives. Since(t) is sampled aF, = 1/7, = F=10 (14)
2 MHz and the number of samples collected during a tifipe : AN, xN,

is N (T, = NT.), one access the values[r + kT,] =
S si[lT.)efr +(k—1)T.] spaced by atime interval. ~ T/2
only. The algorithm is initialized with a precision of abdlit2  wherely, ., is the identity matrix of siz¢ N, x IV,), and
(through maximization of;[k7.]), which is assumed to be cor-

0

rectin the sequel. The updating equation is also implemented as 4 5 -
the so-called early—late algorithm: w=—3 >4 /B/Qf O(f)df
=0 -
N
- N i (Ei(n) — Li(n)) Py (n 1 B/2
Tnt1 = Tn — 2z (Pl A) 2( DI )T (13) A :—2/ O(f)df (15)
43525 Pi(n) 0% J-p/2

where P;(n), E;(n), and L;(n), respectively, denot&;(7,), where® is the Fourier transform of the code correlation function
Si(7n —€), andS;(7, + ¢). Equation (13) is obtained using thein (4). Then, the CR bound associated twith the delay estimation
approximation®;(n)+L;(n)—2P;(n) ~ (—2¢P;(n)/T).Fig.1 isw™1.
presents the configuration of the three poifits”, andL on the Simulations show that the seriés (see Fig. 2) converges
noiseless crosscorrelation function described in Section Il.  to + within a small number of iterations. Computing the bias
) of the ML estimator averaged on 50 realizations for SNR from

B. Performance of the Early-Late Receiver —20 dB to—30 dB, the bias was around 0.001 chips. This re-

The performance of the early—late receiver have already bewit confirms that the ML estimator is unbiased in the case of a
investigated through simulations in many papers; see, for isingle-path propagation. The estimation variance computed in
stance, [14]. For the sake of comparaison, we recall the perftite same conditions is very close to the CR bound (see Fig. 3)
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V. Two-PATH GPS RECEIVER

We want to propose a method to estimate the direct signal
propagation delay in the presenceffreflected paths with”?
greater than or equal to 1. First, we consider the case of 1 re-
flected path for which we derive the ML receiver and study
its performance including the corresponding CR bound. A very
00s} 1 strong constraint in this study is the implementation cost. We
want to keep it similar to that of the early—late receiver.

o

o

®
T

°

=

3
T

=4
Q
&

0.04

0.03F Simulations

A. Two-Path Model
0.02f

_______________ 1 The two-path model is composed by a direct and a reflected
ot g S TTTT— ] signal both in phase with respective deléys?) and amplitudes
""""""""""""" (4, a). b(t) is an additive Gaussian noise:

Standard deviation in ch@ps @)

30 29 28 27 26 25 24 23 22 21 20
SNR (dB) s(t) = A(t)e(t — 1) + alt)e(t — 6) + b(2). (16)
gﬁh& Single-path propagation: Standard deviation and CR bound Ver§hR assume thal(t) is a constant function on time intervals of
' T,, and that the same applies feft). Our goal is to estimate
the direct signal delay by an MLE based on model (16). This
P estimator is denoted ML2 estimator in reference to the two-path
| (6-1)> 1.5T | model. To be efficient, the proposed algorithm needs to esti-
‘ mate correctly the direct signal delay when there is one reflected
signal (as in the two-path model) but when there is also no re-
flected component (single-path model fgt)).

T 0 B. New Likelihood Functiol ([r, 8, 4, a])

Using model (16), the expression of the density of probability
to maximize isp(s/[r, A]), which is proportional to

1
- exp{ =0z || (600 = Alett = ) — ale)te - 6))
’ 17)

As in Section IV, the previous section, and the hypothesis on
L a(t), the log-likelihood functiorV (|7, 8, A, a]) is expressed in
------- (18). We note an expression similar to the single-path one (terms

T ] related tor and 4;). Similar terms are found for the reflected
signals(d, a;). Finally, a crosscorrelation term between direct
and reflected signals appears.

Fig. 4. Crosscorrelation of(t) in a two-path context for two configurations
of § — 7.

T, Np Np
(less than 0.02 difference). The parameters used for the simiEs, 6, A, a) = — / S dt+2)  AiSi(r) = pe YA
tion (v, = 100 and SNR= —20 dB) were set to match a range 0 i=1 i=1

of values encountered in typical GPS applications. Np Np Np
Performance for a Multipath Propagationtt is well known +2 Z aiS;(0) — pe Z af =200 — 1) Z Aja;. (18)
that the early—late receiver is biased when there is multipath i=1 i=1 i=1

propagation [14], specifically when the scaterers induce a sup-

plementary delag with = < 8 < 1.5T. The reason for this bias . o )

is illustrated in a two-path propagation context (16) in Fig. 4~ Maximum Likelihood ML2 Estimator

This error is easily explained by the valuesiéf whereL is The ML2 estimator(7, 6, A, a) zeroes the derivative of the
modified by the second signal contribution to the crosscorreliéelihood function (18), which is denoted(.) as (19), shown
tion function. This problem is due to a mismatch between tla the bottom of the next page.

single-path signal model and the real multipath data. Simula-As previously stated, estimates of the delaynd®d are non-
tions show that the early—late estimator bias can be up 5,0.3&xplicit values because they appear as parameters of crosscor-
for adirect to reflected signals rati(DRR) of 5 dB. 0.3 corre- relation and autocorrelation functioss(.) and®(.). To get an
sponds to an estimation error of 100 m in distance. Therefore grpression of the direct signal delayin this context, applica-
the sequel, we study the direct signal delay ML estimator basteh of Taylor's formula and Newton algorithm could be done
on a multipath model. with X now being a vector of delays and amplituded, A, al.
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Unfortunately, even if the second derivative terms of the likeli-
hood functiond?V'(.)/072,9?V(.)/06?, ... can be easily de-
rived, it turns to be impossible to get an explicit expression of
the inverse Hessian matrédV (X)/0X 2.

To solve this problem, we propose to rewrite the first two —
equations of (19) as t B

~, A Y
. N N R s(l)-ac(t-en) s(l)-Ac(l-‘tn)
{ 25t = 2500 A (5:(7)
a‘/f . T ~ .
—aé ) =2 2ith ai% [S:(0)

—a; (0 — 7))
— A; 9(

)l

Using the expressions of the autocorrelatipp), (3) and the
crosscorrelatiory; (.) (11), (20) can be rewritten as

i
i (20)

3>

N
1OV() = ; 9SUT)

N, ~ A A
l—av(') = Z & 852(9) — 0 (22) n+l en+l
2 00 Z 7 o8 Fig. 5. ML2 estimator principle.

where . .
D. ML2 Estimator Implementation
~ 1T, ~ A ~ ~ . . . .
Si®) = i, [S(t) — et - 9)} c(t—7)dt 23) We denote;, andd,, as the previous iteration estimates of the
(G = [iTm ) = Aot —7 +— DVdt. delay pgrameters. During integration time, the foIIovymg Cross-
‘() (=T [S( ) o T)} ol ) correlations are computed;(t — 7,,), Si(t — 6,) as in (11)

The functionS(7) is the crosscorrelation between the replic3"d Sit = ), Sg(t//_ Tn =€), Silt —Tn ), S7(t — On),
code delayed by and the received signal minus the reflecteéi (t = 0 — &) andSy'(t — 9" +¢)asin(23) W_'th’ resp_ectlvely,
signal a;c(f — é)_ If a; and @, which are the reflected signalm each case, the last estimates of the amplitudes given by (24).

parameters, are known, the crosscorrelafigft) can be com- Compared to ML, five additional integrators are used by the

puted, and solving (21) is equivalent to solve the problem ML2 algorithm. However, these integratiops are realized simul-
delay estimation in a single-path propagation. Indeed, (zgneously so that ML2 and ML processing delays are equal.
would be equal to (10) found in paragraph Section IV-A. AcS n one hand, early, Ia'Ee, and prompt valuesA of crosscorrela-
cordingly, (22) is equivalent to the del@estimation if4; and  1ONS (1) = Si(t —7n), Ei(n) = Si(t — T~ e) and

#, which are the direct signal parameters, are assumed tolh&") = Si(t — 7n + ¢) are used to COMpUtg, 4.

known. Ny (g / /
Therefore, we propose a new algorithm (denoted as ML2  #,,, =7, — 2ih (Ei(?, — Li(m) Fi(n) T. (25)
in the sequel) consisting of realizing, iteratively, both estima- 437,20 PP (n)

tions using for each the previous ML estimator calculated Wl&?n the other hand, early, late, and prompt values of crosscor-

the_para_me_ters_ from the previous iteration. Note t_hat this rélationsP/’(n) — Si(t— én), EV(n) = Si(t — o £), and
gorithm is first introduced in [15] as aad hocalgorithm to 1) = 53’(t Z ; ) are usea to com Zut@n i
combat multipath with details of neither the implementation nor: )= nTe U1

the performance study. Each track needs the amplitude estima- . No (B — LV P
tion 4, anda, to compute signalfs(t) — a; c(t — ¢,)] and Opi1 =6, — 2oz (B (7:\21) //12(”)) t (n)T (26)
[s(t) — A; nc(t — 7,)] used for (23). The expressions of these 4352 B (n)

estimators can be deduced from the third and fourth lines of (1,9&J 5 shows positions of points!, L}, P!, E//, L, andP” at

T

A _ peSi(n)— (8, —#,)5:(6.) the instant: in comparison with the crosscorrelation function
intl = p2=d(b,—7, ) o4 ®(7) between the noiseless incoming signal and replica code.

R _ peSi(8,) = D(8, ) S (1) (24)  Both delays are estimated separately using paraméteds),

Fintl = p2—0(b, 4, ) ) which are equal to the last estimates ., d; ») that have been

2O 2T A2~ 20D s =0

oT
V(. Np » 85;(6 8P(6—%) Ny _
W() = 221‘:1 a; aéA) -2 ([)HA ) Ei:l Aa; =0 (19)
B = 28,(7) — 2peA; — 20;9(0 — #) =0, Vi€ [0; V)]
B = 25,(8) — 2p.t; — 2A4;9(0 — ) = 0, Vi€ [0; N,).
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bias in chips (T)

Cramer-Rao bound on direct signal delay (T)

| L L L L L | " f 0 y y y y
0 0.2 0.4 06 0.8 1 1.2 14 16 18 2

SNR (dB) A=(6—1) in chips (T)

. . . . Fig. 7. Bias versus\, ¢ = 1.07".
Fig. 6. CR bound of direct signal delay estimator versus SNR for varlous d

(6 —1).

amplitudesA anda. In fact, when the direct to reflected signal
computed just previously. The global estimator architecture hgswer ratio 2dog(A;/a;) is greater than 12 dB, the influence

been patented [12]. of the reflected signal is close to zero; therefore, the amplitude
estimatei; is forced to zero. As a result, when/ A; is close to
E. CR Bound zero, ML2 algorithm is reduced to the ML algorithm.

In the case of a two-path propagation model, the Fischer’'s
information matrix is no longer diagonal. As for the likelihoods. ML2 Estimator Performances in Two-Path Propagation

function, crosscorrelation terms between the direct and reflectedry,q incoming signas(¢) is generated by the two-path propa-

signals appear, and it turns to be more difficult to get values Bétion model (16). Fig. 7 compares the ML and ML2 bias versus

CR bounds; they have, however, been derived (see the Appengix. (6—7)in [0; 277] and with a correlation window af = 17.

for the expression). _ _ For A in [1.5T"; 277, we verify that the ML and ML2 algorithms
Indeed, the CR bound values depend on noise and direct apd equivalent. For in [0.97; 1.577, the proposed algorithm

reflected signal powers. Moreover, according to Appendix A2 gy,ccessful in estimating the direct signal delay (almost no

(50), they depend on the paths delays differeace (6 — 7). pjas) whereas the ML algorithm is biased. Finally, farin

Fig. 6 shows the CR bound of direct signal delay estlmath@T;O.gT], the two algorithms are quite equivalent again, but

versus SNR for several values Affor a DRR of 5 dB. When ey are hoth biased. In each case, the test on amplitude has been

the direct and reflected signals get close to each other, the Gio o detect correctly the presence or absence of a reflected

bound increases because it becomes too difficult to separateé@q:]m in[r; 7 + 1.57. Results have been greatly improved, but
two contributions, whereas wheis greater than 15,the CR - g5ye bias7 still remains fah in [0;0.977].

bound of the two-path model becomes equal to the CR boundggitional improvement can be obtained by narrowing the
found in the case of'a single-path model. Indeed,. for high Va!“&?rrelator (smaller values ef see [3]). This technique is often
of A, cross correlations between the reflected signal and dirgdeq (o reduce estimation errors in presence of reflected signals
signal are almost zero thanks to properties of pseudo-randgy is insufficient by itself. Fig. 8 displays the same simulation,
Gold codes. only e was decreased to @5 The bias of the ML algorithm is
indeed reduced but remains important, whereas the ML2 algo-
rithm results are satisfactory since they remove almost entirely
The initialization of the first ML2 estimatof is the same the estimation bias fah greater than 0:8. Some errors remain
as in the case of the ML estimator. However, the initializatiofor A in [0;0.377, but they are not too large.
of the second estimatdris much more difficult. Indeed, when  Finally, Fig. 9 compares the CR bound and standard deviation
the ML2 algorithm is initialized, n@ priori information on the of the simulation realized with = 0.57 andA = 0.757. Due
reflected signal is available, and even its presence is uncertagthe presence of reflected signal, both curves are higher than
Since results show that the need for estimating is effective whiginthe single-path case (see Fig. 3). However, results are quite
¢ in [r, 7+ 1.5T7, 6,, is forced to be similar, and the simulated standard deviation is very close to the
CR bound limit.

F. ML2 Algorithm Constraints and Initialization

P < Op < Fp + 15T (27)

and arbitrarilyf, is equal ta(7, + 0.75T). A reinitialization is H. P-Path Case
performed each timé&,, does not respect (27). Finally, a detec- It seems to be possible to extend our approach to the case of
tion of the presence of the reflected signal is done by atest on there than two paths. The resulting new algorithm we are going
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0.35 T T T T T T T T T

eters in (19) give the following equations in tepath propa-

gation case:
0.3F 4
ATP
o En (B0 -L0m) PO .

25 B Tnt+l =Tn — 7
- ’ 15 A7)
Z o (PR A 0 bt 0) KO (30)
5 gntt =jin = N, p()2
g 0451 o ~ ML i 422:1 ‘F)Z (n)
B

WhereEi(j)(n), ng)(n), and Pi(j)(n) are, respectively, early,
late, and prompt channelsﬁ;(t—éjjn) forj € [1,q]. Ei(o)(n),
LEO)(n), andPi(O) (n) are relatives to functiof; (¢ —7,,). There-
0051 ML2 \ 1 fore, according to (23)

i1 1 1 T \" ! e = ~ iTm p ~ A ~
% 02 04 06 08 /1\/?2\ 14 16 ’14?/{3 Sz‘(O)(T) = /( [S(t) - Z ac (t - 91) c(t - T)dt
=1

01+ 4

A=(8~1)in chips (T) i—1)T, 31)
1
Fig. 8. Bias versus\, ¢ = 0.57. and forj € [1, p]
W (3 o
J Y — _ . — 7
e SO (8,) = /@_nTm [s(t) Agelt —7)
b
.09} | — Z a;c (t — él>:| e(t — éj)dt. (32)
0.08 4 l=l,l#j
o7k 1 These last equations prove that amplitudes need to be estimated

to guarantee estimation of delays. As for the two-path propa-
gation case, there is only one parameter (direct signal dglay
useful to the positioning, but all other amplitudes and delays pa-
rameters of model (28) must be also estimated.

Amplitudes 4; 41 anda; ,4+1 can be estimated by solving
the following system:

_____________________________________ MX; =Y; (33)

whereX; = [A;, & li<;<p andY = [Si(7), Si(8))li<j<r
are vectors of dimensiof¥” + 1) Np x 1. The symmetri¢ P’ +
s o > a0 Dx(P+1) matrix M is composed bW (1, j) = ®(6; — 7)

e
o
G

T
1

o
=3
k4

Simulation

Standard deviation in chips (T)

o

o

R
T

°
B
T

'
o

[}
<
[
N=l
'
[
[}
~
~1
[
(=)}

SNR (dB) andM(i # 1,j # 1) = o(d; — 6).
The MLP algorithm has the same functioning principle as the
Fig.9. Standard deviation,= 0.5T, A = 0.75T. ML2 algorithm proposed in Section IV. At time + 1, the Np

amplitudes4; ., are estimated, thanks to (33), which uses the

to describe in this section will be denoted as MLP and is directﬂfeced?m delays estimatiofis andf; .. Then, the delay esti-

deduced from the ML2 method. mators7, 1 andé; 41 are calculated thanks to (29) and (30).
The signal model is supposed to be composed by a dir&qnditions on reflgcted signal delaggs are the same as in the

signal component (amplitude and delayr), ¢ specular re- two-path propagation case, and all delay estimators are forced

flected signals (amplitudes; and delays; for j € [1,p]), and to b_e_ in_the time_ ipter_va[tr,f + 1.577 since at this sector, the
an additive Gaussian noise positioning precision is not affected by these reflected signals.
Moreover, further conditions on the estimatéfsare fixed,
and they guarantee the invertibility of the matix.

157 1.5T
Pt (i —1) ; <6, <i+i ; . (34)

p
s(t) = A(t)c(t — 7 a;(t)c(t — 8; b(t). 28
2 Bl )+ ; S0l 2 (28) Indeed, the numbeP of reflected signals is unknown and

difficult to estimate. We suggest setting to arbitrary the value
The same hypothesis (see Section V-A) on temporal variationis? in the procedure by overestimating the actual value. Note
of parametersi(t) and a;(t) are realized. Both are constanthat it is not useful to greatly increase the valugrogince two
functions oril’,, time intervals. In a first approximation, param-+eflected signals very close in time can be estimated as only one
eterp is supposed to be known. without perturbation on the direct path delay estimation [10]. In

Writing the likelihood function as we have done in (17) aniL0], we have shown that a two-path model is often sufficient.
(18) and the different estimators of time and amplitude params a result,P should not be taken higher than 5 or 6. Moreover,
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in order to prevent spurious path estimation, we set a thresh8lthce the random noise distribution is independent from the
on the direct path to estimated path to take it into account. Frasther parameters, the mean expectation of the terms involving
simulations, the threshold was set to 12 dB. Below the thresholg) are null. Moreoverg(t — 7) can be expressed as the low-
the amplitudes; are put to 0 so that the corresponding path igass (bandwidt®) filtered Gold code7(kT. — 7), and we will

not taken into account. consider the following approximation:
B/2 '
VI. CONCLUSION ot —7) :/ G(f)e2i 1= g
In this paper, we have addressed the problem of the prop- _Bfoo
agation delay estimation for a GPS signal in the presence of %B/ G(t — 7 — v)sinc(rBv)dv  (40)
multipath propagation. Since the usual early—late estimator de-
rived by the ML principle in the single-path case is biased wheghich is true sinceBZ,, > 1 (I, = 1 ms and
there is multipath propagation, we have derived the ML ite@ ~ MHz in the case of actual GPS application). Defining
ative etimator for the case of two-path propagation (ML2) by~ f[T — 7)dt, the mean value of (39) becomes

reusing the current architecture. The ML2 good performances
have been illustrated on simulations and by derivation of the o7V 32
—E = Ul — U2 SInC(WBvl)

corresponding CR bound. Finally, the algorithm has been ex- 8A2
tended to the general casel®fpath propagation (witl > 1), « smo(7r Buy)dvydua (41)
whereP should represent a small number of propagation beams 3/2
(each beam modeling a cluster of propagation paths). The new =— / (42)
receiver complexity is at most six times that of the early—late B/2
receiver. where®( f) is the Fourier transform of autocorrelation function
®(t). Accordingly, (37) and (38) can be expressed as
APPENDIX
82 ( B 2
A. Fisher’s Information Matrix in Single-Path Propagation -E { 52 } N ZAQ / 2o(f)df (43)
e B/2
Since the estimation is done using sampled values
(5., 4] olado %“A/Bmf@ﬁ# (44)
p ) == . aA 87_ Te J T _B/2 -
N, N
2 . = .
o exp Z D QT = AT, — 7)) (35) Assuming thatb(f) is even, (44) becomes 0.
i=1 I=1 With the notations in (15) andly, » v, the identity matrix of
The Karunen-Loeve decomposition [7] allows a return to tHéze(/Vp x Vp,), the expression of the diagonal Fischer informa-
continuous time expression since tion matrix is the diagonal matrix in (14)
N . , . - i .
Z(S(lTe) — Ae(IT, — 1)) B. Fisher’s Information Matrix in Two-Path Propagation
— Based on two-path propagation model (16), the log-likeli-
1 [Tm hood of the observation vecteris proportional to
= — (s(t) — Ase(t — 7))2dt.
Te Ji—v,. )
The Fischer information matrik is defined by - Z /Z 1 — Aielt —7) — aie(t - O)|" dt. (45)
F == E[Vpllogp(s [, A]]] The mean expectation of the second derivative of the log-value
—E[V()[V(r, 4] (36) of (45) defines the Fischer information matid:
where E[] is the mean expectation, and,[] is the second Fy =—E [V .4alogp()]]
derivative matrix with componetit j equal tod[.]/dz;9x;. De- 1
noting b(t) = ( ) — Aje(t — 7), we get =- 2F VeoaalVOT- (46)
52V () " A, The terms related to the direct signal have already been given in
3 o = T (42), (43), and (14) in the previous part of the Appendix. In the
-

same way, expressions of the terms related to the reflected signal
Oe(t —7) dc(t —1)\° are the same with the parametersA; ) replaced by(¢, a;):
></ — () — 4 <T) dt
or T 1 aQV() 1 B/2
-] -

B(fdf =x  (47)

5 (37) 8@2 T 0'2 B/2
o*V () Oc(t — 1) N,
5 T b(t) + Aic(t —))dt  (38) 1 [92V() B2
gf&?) / _TF,OQE [ a0? } T, 02 Zz% |az|2/3/2 P
T / 2(¢ — )it (39) _ )
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[8] A. A. Simanin, Time Delay Estimation in Multipath Recep-
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1 —82V(.)_ a B/2 i Trans. Communyol. 47, pp. 300-310, Feb. 1999.
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Thus, delay and amplitude bounds are, respectively, the diagonal L';stl' ggfc- IEEE Position, Location Navigation Sympp. 246-251,
terms of the matrice€’; andCs: [16] A. J. Viterbi, CDMA : Principles of Spread Spectrum Communica-
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M 1
woow
W = 51
| w// w/ ( )
V——O 0 v U, (52)
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