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Multipath–Resistant Time of Arrival Estimation for Satellite Positioning R. Bischoff, R. H¨ab-Umbach, N. Sai Ramesh Dedicated to Prof. Klaus Meerk¨otter on the occasion of his 60th birthday Abstract Satellite positioning systems, such as GPS or the future European system Galileo, employ direct-sequence spreadspectrum signals. The positioning accuracy is strongly affected by the quality of the pseudo range measurements. These measurements necessitate code and carrier synchronization of the received signal with the internally generated reference signals. In this type of systems one major error source is the multipath phenomenon, which results in a sum of delayed and weighted copies of the original signal to be present at the receiver input. This can result in a systematic error of the code tracking loop resulting in range errors in the order of several tens of meters. In this paper we propose an extension of the standard code tracking loop capable of estimating the parameters of the lineof-sight (LOS) signal and separating the LOS from the reflected signal portions. It is based on an analysis of the cross correlation of the received signal with a locally generated code sequence in the vicinity of the tracking point of a Delay-Locked Loop (DLL). For this reason, we call this method Cross Correlation Function (CCF)–Analysis. The proposed method achieves considerably more accurate estimates than a DLL. Its performance is comparable to the Multipath Estimating Delay-Locked Loop (MEDLL) which is considered to be the best method for reducing multipath–induced errors, so far. However, the computational complexity of the CCF–Analysis is by a factor of three smaller compared to the MEDLL. Extensive simulations have been conducted for the proposed method and the MEDLL in order to assess the robustness of the two approaches under various signal constellations. Keywords satellite navigation, multipath mitigation, synchronization.



1. Introduction Satellite positioning is based on the principle that one’s position can be determined from distances measured to objects with known positions. From the propagation time measurements to at least four satellites the user’s coordinates in three-dimensional space can be determined including an estimate of the clock offset between user and system clock [1]. With the spread spectrum signals used in the Global Positioning System (GPS) and the future European Galileo system time of arrival measurements can be obtained with high precision by conducting code and carrier phase synchronization of the received signal. While many sources of error (e.g. ionospheric and atmospheric propagation delays, ephemeris errors) can be eliminated by differential



techniques, i.e. by employing a reference station close to the user’s location which sends a correction signal to the user, this does not hold for errors due to multipath and receiver noise [2]. Errors in the code tracking loop due to reception of the direct signal from the satellite and one or more reflections from the ground or structures in the area, result in pseudorange errors at the meter or tens of meter level and thus need attention for high precision positioning. Influence of multipath on the carrier phase is at the cm-level and is therefore not considered in this paper [2]. Many approaches in literature address multipath at the signal processing level. Code synchronization is typically done by a DLL. The peak tracking error due to multipath depends on the spacing between the early and late correlator. Reducing this spacing from one chip period to one tenth of it in a “narrow correlator” DLL thus effectively combats multipath [4], at the expense of increased computational complexity, though. Other approaches include the strobe and edge correlator [5], special correlator reference waveform design [6], and the Multipath Estimating Delay-Locked Loop (MEDLL) [8, 9]. Among those the MEDLL is considered to be the best method to compensate multipath for satellite positioning. However, its computational complexity is much higher than that of a DLL. In this paper we propose a new scheme named cross correlation function (CCF)–Analysis for reducing multipath errors in a positioning receiver with reduced complexity and with performance comparable to the MEDLL method. It is based upon the analysis of cross correlation values of the received signal with the local code sequence in an interval around the DLL tracking point. The paper is organized as follows: In Section 2 we describe the satellite channel models used in our simulations. Section 3 outlines DLL-based code synchronization and illustrates the multipath effect on tracking. In the following section the MEDLL is described. It serves as a reference method for comparison to our proposed solution, which is presented in Section 5. Section 6 presents simulation results for performance evaluation.



2. Channel Models 2.1 Simple Multipath Model
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In this paper we will consider two channel models. The )–path model, in which the first one is a simple ( received signal is the sum of the direct, i.e. line-of-sight reflected rays. The received signal in (LOS) signal and
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  !        #" %$







of fading, as it is illustrated schematically in Fig. 1. For reasons of clarity the fast fading is only drawn for the first 15 meters.



  (1)      3. Code Synchronization with DLL where   $'& $  !are the amplitude, phase and delay of the ( -th  signal component, which are all assumed to be  and  are the spreading code and the data 3.1 Principle Operation constant. ! signal, respectively. In this paper we assume for simplicity In spread spectrum systems code synchronization is typi"  denotes additive complex– that *) In Eq.(1),  cally a two-stage processA consisting of acquisition and valued white Gaussian noise. In case of an infinite transtracking. In the acquisition circuit code phase synchromission bandwidth  is a pulse train consisting of recnization up to an error of + ,N is achieved. tangular pulses of duration +-, , where +-, is the chip peJ The fine synchronization or tracking is often done with PSfrag replacements  riod, and can be expressed as a DLL with  12436587 ASRTthe  block diagram depicted in Fig. R 2. Here, the 9 ( + , received signal is correlated with the two shifted versions . 



0  /  OEQ P + ,UN  of the code sequence. is called the (2)  + , < : ; >=@?BA correlator spacing,J which is equal to in a standard DLL / and for a narrow correlator. Here, O P is the delay of the Q I ; BC  is the pseudo-noise (PN) sequence. Here, locally generated code sequence. Throughout this paper we will assume a chip period of ]_^B`a +, EDGFHF ns ( chips/second), which is the value b ; K I B J L H I M used for the SPS–Code of GPS.



























Because of its simplicity, this channel model is often used for theoretical performance evaluations [12].
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2.2 LMS Channel Model The Land to Mobile Satellite (LMS) channel model is a complex and very realistic channel model, because it is based upon extensive helicopter measurements [10]. The received signal consists of a direct path and five reflected paths, each of them with additional diffuse multipath originating from shadowing and diffraction. The amplitudes of the diffuse multipath are Rayleigh distributed and can be approximated by a linear decrease as shown in [10] and their delays are exponentially distributed. The relative delays and relative amplitudes of the reflected paths, as well as their Doppler bandwidths were taken from [11]. fast fading
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Fig. 1: Amplitude of the received signal versus driven distance. The amplitudes of the respective paths exhibit three kinds
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Fig. 2: Block diagram of a coherent DLL.







Let us first assume that the received signal is simply a dev  . layed version of the code sequence, i.e. GU The purpose of the DLL is to estimate the unknown delay  . The cross correlation wyx . of the received signal with the early and R late version of the code sequence R yields
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decorrelation length of slow fading
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J : ? > @    0.12 0.1 Fig. 9: Error envelopes for the CCF–Analysis, the MEDLL and the conventional DLL.   0.08 0.06 For this reason, the estimated multipath error   is af0.04 flicted with an error. Overall, the performance of the CCF– 0.02 Analysis is similar to the performance of the MEDLL. 0 For small delays the CCF–Analysis even outperforms the -30 -28 -26 -24 -22 -20 -18 -16 -14 MEDLL ifR the same number of samples per chip is used. SNR [dB] For both methods, errors for small relative delays can be reduced if  is reduced, i.e. if more values of the correFig. 11: Tracking error variances for the realistic LMS lation function w„x are computed. For the MEDLL perforchannel model. mance given in Fig. 9 ten correlation values per chip were For this realistic scenario both methods show approxiused. mately the same performance. The good performance of the CCF–Analysis is remarkable, since we assumed in the 6.2 Performance in AWGN derivation, that the received signal consists of a direct and one reflected component only. Also for the MEDLL we  Fig. 10 compares the performance of MEDLL and CCF–  in all simulations. Overall, the perforhad set Analysis in the presence of additive white gaussian noise mance of the CCF–Analysis is comparable to the MEDLL (AWGN). For both methods we assumed an integration performance. In some scenarios it even outperforms the time of 600 ms, which corresponds to the duration of 30 MEDLL. data bit in GPS. This long correlation time yields to a SNR higher than 30 dB after correlation, such that the correlation coefficients and, thus, the slopes can be computed 6.3 Computational Costs with a sufficient accuracy. For the multipath-free ! case both The computational complexity of the MEDLL is mainly methods deliver a bias free estimation. Fig. 10 shows the  determined by the number of correlations, since the iteravariance   of the estimated tracking error   
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