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Abstract

A One-Shot receiver for indoor positioning using the GPS L1 C/A signal is presented. It uses both
coherent correlation and noncoherent integration to achieve the low sensitivity required for indoor applica-
tions, and includes interpolation for code delay estimation, a novel CNy estimator, and a near-far problem
mitigation technique. The impact of the navigation message bit transitions on the sensitivity is also studied.
Live indoor environments are used to show the receiver performance.

1 INTRODUCTION

The US FCC’s mandate E911 and the European recommendation E112, both regulating and specifying the
positioning of emergency callers, have represented the starting point for the extensive deployment of location-
based services LBS in cellular networks. LBS are viewed as an important source of revenues for cellular network
operators in the near future, and constitute an excellent opportunity for the Global Navigation Satellite System
(GNSS) industry to enter a massive market that can boost the demand of GNSS receivers and applications [1, 2].
To meet the requirements of LBS (roughly speaking, positioning errors equal or less than 100 m and time to
fix below 30 sec), strictly cellular-based technologies have been considered, such as the Cell Identification (Cell-
ID) and the Enhanced Observed Time Difference (E-OTD) [3, 4]. On the one hand, Cell-ID does not hold the
required positioning accuracy unless the caller is in a micro- or pico- cell. On the other hand, E-OTD can achieve
the required accuracy but needs 3 or more base stations, this being a major drawback in rural areas. GNSS
can provide the required accuracy in most locations, including those where the above-mentioned techniques fail.
Beside its wide coverage, the use of GNSS encompasses other important advantages: much better accuracy than
specified in many environments (on the order of tens of metres), matureness of the technology, low operators’
deployment cost, and user privacy [1, 2, 5, 6]. For those reasons, GNSS is considered to be a very adequate
enabler of LBS in cellular networks. Further, the current GNSS performance will be improved by the deployment
of Galileo.

Nevertheless, conventional GNSS receivers perform poorly in dense urban environments (urban canyons) and
indoor sites [5, 6], since they rely on processing line of sight (LOS) satellite signals with low attenuation (with
respect to the specified signal level), and low or moderate multipath. The signal propagation in urban canyons
and indoors can be, however, subject to high attenuation, very different attenuation patterns, severe multipath,
and even non-LOS conditions [7, 8]. Particularly, the fact that signals coming from different satellites suffer
from very different attenuation patterns causes the appearance of the near-far problem, typical of code division
multiple-access communications [9]. This problem does not arise in conventional GNSS environments since,
unless pseudolites are used [10], all satellite signals approximately hold the same power at the receiver antenna.
An additional drawback of conventional GNSS techniques is the time to first fix (a few minutes), which is much
greater then the required one in LBS [2].

To overcome the last problem, assistance data can be sent to the user through the mobile network. By this
technology, so-called Assisted GNSS (A-GNSS) [11, 12], the user GNSS receiver is provided with information on



the visible satellites, their approximate Doppler frequency and code delay, ephemeris, the navigation message,
etc, that are measured by a reference receiver in the vicinity of the user. A-GNSS reduces the time to fix to
less than 20 sec, requires a lower computational burden than standalone GNSS, and improves the acquisition
sensitivity. The high attenuation of the signals in urban canyons and indoor sites can be mitigated by the
use of a receiver architecture known as High Sensitivity GNSS receiver (HS-GNSS), extensively investigated
for GPS [5, 7, 8]. HS-GNSS main feature is the use of both coherent and non-coherent code correlation over
long periods of several seconds in order to improve the sensitivity. The required sensitivity is around 15 dBHz
carrier-to-noise ratio (CNy) for indoor and 20 dBHz for urban canyons [11, 12]. HS-GNSS receivers are intimately
related to the use of A-GNSS; since 1) non-coherent integration implies the destruction of the navigation message
on the signal; and 2) A-GNSS alleviates the great computational burden of this type of receivers by reducing
the search in code delay and Doppler. For static applications, A-GNSS can even help extend the coherent
correlation time above the bit period [11, 12]. The near-far and the multipath problems in urban canyons and
indoor sites have, however, remained quite unexplored in the GNSS literature (a few papers can be found: [§]
on the near-far problem mitigation, [7] on the multipath).

This paper describes a One-Shot receiver based on the HS-GNSS principle and shows its performance both
in simulated and live indoor environments. A One-shot receiver works on single blocks of sampled GNSS signals
and only incorporates the acquisition stage of a standard receiver, being very adequate for the integration in
mobile units. The paper analyses important aspects of the HS-GNSS principle, such as the sampling rate,
the interpolation for code delay estimation, and the impact of the navigation message bit transitions on the
sensitivity. It also presents a novel CNy estimator suitable for low-CNj environments that can be used in the
weighted least squares solution of the position [11, 12], and a near-far mitigation algorithm comprising a novel
near-far problem detector and a multiuser detection technique [9, 10]; the CNj estimator is also needed in the
near-far problem mitigation algorithm. The paper deals with indoor environments, since they suffer from the
same problems as urban canyons but to a greater extent, and focus on the GPS L1 C/A signal; the extension of
the results obtained to the Galileo signal structure is addressed at the end of the paper. The rest of the paper is
organized as follows. Section 2 describes the signal model. Section 3 deals with the principles of the HS-GNSS
receivers. Section 4 is devoted to the CNg estimation. The near-far problem mitigation algorithm is presented
in Section 5. The experimental results for indoor positioning are shown in Section 6. Finally, the conclusions
are drawn in Section 7.

2 SIGNAL MODEL

The GPS L1 C/A signal transmitted by the ith satellite can be modeled as
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where zero Doppler, no noise and no multipath have been assumed. The sequence {b;(r) = £1} constitutes the
navigation message, {a;(r)}5cg" is the corresponding L.-sample spreading code, and (), means the modulo-L
of z. T, and T, are respectively the bit and chip duration, and N, is the number of code epochs per bit; in
this case: Ty, = LT Ny; Lo = 1023, T, = 1/f. and f. = 1.023 MHz, and N, = 20. The signal pr,(t) is a
unit-power chip shaping pulse, i.e. T% [ lpr, (t)]* dt = 1. For M satellite signals impinging on the receiver, the

complex-envelope model of the input signal follows
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where s;(t — 7;) is the first arriving signal from the ith satellite with the corresponding code delay 7;, amplitude
A; and Doppler frequency f;. Due to the propagation conditions in indoor environments, the amplitude will
widely vary from satellite to satellite. We also assume R; additional reflected rays impinging at the receiver
with code delay 0; ;, Doppler offset Af; ; and relative amplitude «; ;. The noise term (w(¢)) is modelled as a
zero-mean, circularly-complex white Gaussian process with bilateral spectral density 2/Ny. The CNg for the ith
satellite is then defined as CNg; = A?/2Ny. The role of the indoor receiver is to find the satellites present, and
estimate their code delays ({7;}},) and CNg ({CNg;}M ).



3 HIGH SENSITIVITY GNSS RECEIVERS

As pointed out in the Introduction, HS-GNSS receivers [5, 7, 8] combine coherent correlation and non-
coherent integration during long periods in order to improve the sensitivity in the satellite signal acquisition.
Non-coherent integration holds less processing gain than coherent correlation; however, it overcomes the limita-
tions of the coherent correlation over long periods, i.e. bit transitions in the navigation message, user dynamics,
and user clock misbehavior [8, 13]. The acquisition phase of a HS-GNSS is summarized as follows: To acquire
the ith satellite, the input signal is demodulated by a Doppler frequency and crosscorrelated with a delayed
ith satellite signal code replica. For a particular code delay (7) and Doppler frequency (f) cell, the HS-GNSS
obtains the following squared crosscorrelation:
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where N, is the number of code epochs coherently correlated, N; the number of correlation blocks noncoherently
integrated, and ¢;(t — 7) is the delayed code replica: ¢;(t) = Ef;g“_l a; ((r)r.) pr. (t —r T.). The coherent
correlation time is L.T.N., and the total dwell time is L.T.N.N;. The ith satellite is acquired when
the cross-correlation X;(7, f) surpasses a given threshold (Th) for any delay-Doppler cell; the code delay and

Doppler frequency estimators take on

(7.7) = agmax  {Xi(r.f)}. 4
{(r.f): Xi(r,f)>Th}

The threshold Th is set to meet a given probability of false alarm Pga (when only noise is present). The
sensitivity to acquire a satellite signal is defined as the minimum CNj to detect it with a probability of detection
Pp given a probability of false alarm Pga. The sensitivity of a HS-GPS receiver is shown in Fig. 1 for several
coherent correlation and noncoherent integration lengths (Pp = 90%, Pra = 107%). Note that, to achieve an
adequate sensitivity for indoor positioning (around CNg = 15 dBHz), it should be necessary to process several
seconds of signal: 5 sec if N, = 5, N; = 1000; 2 sec if N, = 20, N; = 100; or 1.6 sec if N, = 40, N; = 40.
Beside, the coherent correlation of more than 20 ms of coherent correlation would require data-aided techniques
in order to strip off the bit transitions (possible if A-GNSS is used [11, 12]).

The effects of the bit transitions deserves special attention. Clearly, when using only very long coherent
correlation times, bit transitions cause sensitivity losses and may result in false acquisitions. Although HS-GNSS
receivers do not typically perform very long coherent correlations, they hold very long dwell times, so that a
bit transitions will be likely to appear in several coherent correlation blocks. For instance, a HS-GPS receiver
with N. = 5, Ny = 1000 presents a dwell time of 5 sec; thus there can be up to 249 bit transitions. We have
concluded that, for HS-GNSS receivers, bit transitions mainly result in sensitivity losses as well, the mean and
the worst-case losses being
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Note that 1) neither the mean nor the worst-case expressions depend on the number of noncoherently integrated
blocks but on the coherent correlation time, 2) L, becomes infinity when the coherent correlation time ap-
proaches Tp. Both expressions are valid for coherent correlation time below T3 and dwell times greater than Tj.
For the case of the GPS L1 C/A signal, these losses are depicted in Fig. 2. Both the mean and worst-case losses
are small below 5 ms coherent correlation. Although the mean losses remain small even for 20 ms coherent
correlation, the worst-case losses turn out very high from 10 ms onwards.

We only have dealt with acquisition due to the focus on One-Shot receivers. For the sake of computational
efficiency, One-Shot receivers use interpolation rather than tracking after acquisition. In the sequel, the effects
of sampling and the interpolation to refine the code delay estimation of (4) are discussed. The details on the
implementation of the HS-GNSS are also treated.
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Figure 1: HS-GPS receiver sensitivity (CNg) for different Figure 2: Losses in sensitivity for a HS-GPS receiver due to
correlation and noncoherent integration times (Ppa = 1076, bit transitions in the navigation message.
Pp = 90%).

3.1 Sampling, interpolation, and implementation details

The digital implementation of HS-GNSS receivers requires the selection of the sampling rate. A sampling
rate equal to an integer number of times the bit or chip rate (i.e. a commensurate sampling rate) is
usually encountered in digital communication receivers. However, this is not adequate for GNSS receivers
in general, since the ultimate timing resolution is limited to the sample period, this compromising the final
position estimation. Therefore, the use of non-commensurate sampling should be considered [14]. In
non-commensurate sampling, the sampling frequency (fs) and the chip rate (f.) are related by

L_p (6)
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where p and ¢ are two prime positive integers greater than 1. The timing resolution becomes T./p, and is
achieved when processing more than ¢ chips. In general, it is desirable a high p and a not very high p/q ratio
in order to avoid high sampling rates. The effect of the non-commensurate sampling on the computation of
the squared crosscorrelation of (3) is illustrated for a GPS L1 C/A signal in Fig. 3. If a non-commensurate
sampling is used (fs = 5.4558 MHz), the computed crosscorrelation matches the theoretical one; however, for
a commensurate sampling (fs = 4 - f.), the computed crosscorrelation is a staircase-like approximation of the
ideal one, the step width being the sampling period (1/4 chips in this example). For the non-commensurate
example, the ratio p/q is 9093/1705, so that more than one code epoch must be processed to obtain a resolution
of 1/9093 chips. In fact, 5 epochs are used.

Despite the excellent resolution achievable by means of non-commensurate sampling, the ultimate precision
in the code delay estimation for the One-Shot receiver would be the sampling period, since the receiver computes
a sampled version of the crosscorrelation of Fig. 3. That is, X;(7, f) in (3) is computed for a discrete grid of
code delays and Doppler frequencies. For the code delays, this grid is given by: 7=m/fs, m =0,..., | L:T.fs]
(|z] means the greatest integer smaller or equal to x); for the Doppler, the grid resolution is Af = 2/3L.T.N,.
The precision in the code delay estimation can be improved by interpolation. This paper has explored to meth-
ods: quadratic and piecewise linear interpolation. Let 7 = m™*/fs and f* be the code delay and Doppler
frequency for which the squared crosscorrelation X;(7, f) is maximum, both interpolation methods utilise the
values {X; (m* = 1)/ fs, f*), Xi (m*/ fs, f*), Xi (m* 4+ 1)/ fs, f*)}, and their corresponding code delays. With
these values, the quadratic interpolation fits a parabola and the final code delay estimate corresponds to the
parabola maximum. The piecewise linear constructs a straight line passing by /X; (m*/fs, f*) and the mini-
mum of \/Xi ((m* = 1)/fs, f*) and \/X; ((m* + 1)/ fs, f*). Then, it builds another straight line passing by the
remaining point with the same slope but opposite sign. The final code delay corresponds to the intersection of
both lines. The piecewise linear interpolation relies on the fact that the infinite-bandwidth crosscorrelation is
triangular. Figure 4 shows the error in the code delay estimation for two interpolation methods, the piecewise




linear interpolation being the most adequate since the simulations consider infinite bandwidth. First investiga-
tions with bandlimited receivers suggest that both methods tend to be similar. Nevertheless, piecewise linear
interpolation is less computationally demanding and, for that reason, is the one used in the rest of the paper.

In Figure 4, the error of both methods hold a linear trend due to the practical implementation of the
crosscorrelation of (3). This crosscorrelation is computed off-line by an algorithm that performs a sequential
search in Doppler, and a parallel search in the code delay. The parallel search is carried implemented by means
of the discrete Fourier Transform whose length corresponds to a code epoch. Thus, the code search is based
on circular convolutions rather than linear ones, i.e. we assume code-epoch periodicity in the signal and in the
code replica. Nevertheless, since we use non-commensurate sampling, the sampled signal and code replica do
not hold code-epoch periodicity any more. If a serial code search by linear correlation were carried out, the
linear trend in the errors would not appear. In any case, this component of the error is very small (smaller
than 3% of the chip period). Figure 5 shows the error in the code delay estimation for a HS-GPS receiver with
N. =5, N; = 200 and Ppa = 1079, its sensitivity for Pp = 90% becomes CNy = 20 dBHz, and the sampling
frequency is the previously considered one (fs = 5.4558 MHz). The simulated signal is composed of the GPS L1
C/A SV3 signal with a 3.84 chip delay plus noise. The coarse acquisition estimation corresponds to the delay
at which the sampled crosscorrelation is maximum 7 = m™*/fs. For high CNgs, its error is constant since the
coarse acquisition obtains the closest value in the code delay grid to the true delay, i.e. m* = 21 or equivalently
3.94 chips. The error of the piecewise linear estimate decreases as the CNy increases, and is clearly superior.

4 CNo ESTIMATION

Let 7 = m*/fs and f* be the code delay (previous to interpolation) and Doppler frequency at which the

ith satellite signal is acquired, and P the mean power of the received signal z(t) within the dwell time, i.e.

P= v o ()]

v Jo % dt. The ith satellite CNy; estimate is computed as
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This estimator is obtained by assuming only one satellite signal in noise of equivalent bandwidth B,, and
substituting P and X;(7*, f*) by their corresponding statistical mean values. That approximation is valid for
large noncoherent integration. The bandwidth B,, accounts for every filtering that could have been done before
acquisition; otherwise, B,, = fs;. Due to the previous assumptions, this estimator assumes zero multiaccess
interference and should be conveniently modified when the near-far problem arises (see Section 5). Figure 6
shows the estimator performance for a HS-GPS receiver with N, = 5, N; = 200, and Ppa = 107%. As in
Figure 5, the simulated signal consists of the SV3 signal, with 3.84 chip delay and zero Doppler, plus white
noise (B, = fs and f; = 5.4558 MHz). As can be noticed, above the receiver sensitivity (CNg = 20 dBHz) the
performance of the estimator is good, the bias being smaller than 1 dB. This bias is related to the losses due to
the sampling of the delay-Doppler search space in acquisition: whereas the SV3 Doppler is in the search grid,
the code delay is not. Apart from the small bias, the root-mean squared error (RMSE) becomes very close to
the Cramer-Rao bound (CRB).

The proposed estimator has shown a high performance for both code delay and Doppler frequency offsets
due to the sampled acquisition search. Typical CNj estimators, such as the van Dierendoncks’ one [15], are
very sensible to these offsets and cannot be applied in One-Shot receivers since they can suffer from a bias of
more than 20 dB. In the case of van Dierendoncks’ estimator, this is due to the use of postcorrelation coherent
sums [15].

5 NEAR-FAR PROBLEM

Given the properties of the propagation in dense urban and indoor environments, the near-far problem,
i.e. the nonzero multiuser access interference (MAI), arises in many situations and can give rise to a false
signal acquisition [8]. The near-far problem lead to the consideration of multiuser detection techniques [9].
Nevertheless, theses techniques are very computationally demanding, so that a previous stage to identify those
signals suffering from the near-far problem is desirable. The computational load of the multiuser technique is
then reduced since it acts only in those cases.
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The near-far detector is based on the different statistical model of the squared crosscorrelation of (4) for zero
and nonzero MAT situations. Let 7% and f* be the code delay and Doppler frequency at which the ith satellite
signal has been acquired. For zero MAI, the squared correlation X;(7, f*) will be dominated by the noise for
any 7 more than one chip away from 7*. Hence, it will follow a x? distribution of 2N; degrees of freedom (mean
2NoL.T.N,, and variance 2NoL.T.N./Ny), and the probability of X;(7, f*) surpassing a given threshold X g
can be theoretically computed. However, for nonzero MAI, X, (7, f*) will be dominated by the crosscorrelation
between the interfering signal and the code replica of the ith satellite signal, and its distribution will differ much
from the previous theoretical one. Indeed, the probability of X;(7, f*) surpassing a given threshold Xrp for
nonzero MAI will be much higher than the same probability for zero MATI due to the crosscorrelation properties
of the GPS C/A codes. The near-far problem detector is defined as the ratio between the probability of X; (7, f*)
surpassing a threshold Xrp (for a 7 more than one chip away from 7*) estimated from the computed squared
crosscorrelation, and the same probability computed according to the theoretical model for zero MAI. This ratio
will be close to unity for zero MAI, and large for nonzero MAI. The near-far problem detector compares the
obtained ratio with a threshold Prg to distinguish both situations. A nonzero MAI situation is illustrated in
Fig. 7 for a HS-GPS receivers and a signal composed of a strong satellite signal and a weak one. Note, that
the estimated probability of surpassing X7z is 4% and the theoretical one is smaller than 10710, The Xpp is
selected as 0.5 dB lower than the maximum of the squared correlation (X;(7*, f*)) and is shown in the figure
as well. The mean of X;(7, f*) has to be estimated as well, since the noise spectral density (Ng) is unknown.
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receiver with N. = 5, N; = 1000 and Pra = 10~9; sensitivity
CNp = 16 dBHz (Pp = 90%).

The threshold Prpy is set to 10.

If the near-far detector finds that a satellite signal is affected by nonzero MAI, the receiver skips the
acquisition of that satellite and continues acquiring other visible satellites. When the acquisition has finished,
the multiuser technique is applied to each of the skipped satellite signals. The multiuser technique [9, 10]
consists of computing the orthogonal complement of the received signal to the subspace spanned by the satellite
signals previously acquired holding a high CNg estimated value (20 dB over the receiver sensitivity). That is,
let 7 be the set of satellites fulfilling the former condition, the receiver estimates the code delay and Doppler

frequency for each one. The subspace spanned by them is defined as span ({ci(t —7i) e @rfi t)}q;eI)- Note

that, those strong satellite signals cannot be subtracted from the received signal in a straightforward way since
the phase offsets {¢; }icz (see Eqn. 1) cannot be estimated from the squared crosscorrelation of (4).

The orthogonal complement of the received signal is utilised in the acquisition of the satellite signals that
were found to be affected by MAI. This acquisition is similar to the one described in Section 3. Nevertheless,
the estimation of the CNy for these satellite signals uses the mean power (P) of the orthogonal complement
instead of the total mean power of the received signal.

6 EXPERIMENTAL RESULTS

Live intermediate frequency GPS samples have been collected by the SampleStreamer of the NordNav
R30 software receiver [16], at 16 MHz sampling rate (approximately), 4 MHz intermediate frequency, 3 MHz
bandwidth and 4 bits. Off-line preprocessing demodulates, filters, and decimates (by 3: fs = 5.4558 MHz) the
sampled signal. The preprocessed environments have been analysed by a One-Shot receiver with the following
parameters: N. = 5, Ny = 1000, Prpa = 107°, sensitivity CNg = 16 dBHz (for Pp = 90%), and piecewise
linear interpolation. Both the preprocessing and the receiver have been implemented in Matlab. The results for
two indoor datasets are shown in Table 1, and are in accordance with those obtained by the NordNav receiver
processing the equivalent outdoor environment. Following the A-GNSS philosophy, the Nordnav receiver itself
has been used as a reference receiver, i.e.: Only those satellites detected by the NordNav receiver in the
equivalent outdoor environment have been searched for indoors, and the indoor Doppler search is constrained
around the frequency estimated by the NordNav receiver outdoors. The degradation in CNg for both indoor
environments is around 20 dB, and some of the satellites acquired outdoors cannot be detected indoors. The
crosscorrelation of the acquired satellites is shown in Fig. 8 for dataset A. After computing the position indoors
by means of an A-GNSS location processor as suggested in [12, Category 3|, the positioning error is slightly
higher than 150 m for both datasets, probably due to the effect of the multipath.



Table 1: Analysis of live GPS indoor environments.
Visible SV (Nordnav) | Code Delay (chips) | Doppler (Hz) | Indoor CNo (dBHz) | Outdoor CNg (dBHz) |

INDOOR DATASET A, 11 June 2004, 8:06am
3 102.76 -2858.49 29.6 50.6
11 150.63 2265.33 26.4 45.7
14 123.88 2349.37 34.8 45.0
15 583.23 -3379.89 26.5 49.7
19 101.11 -181.48 23.6 50.0
22 356.11 -2242.82 33.2 51.8
31 219.53 2235.88 24.6 48.7
18,28 Not Detected 43.4,44.4

INDOOR DATASET B, 15 June 2004, 10:44am
1 208.97 3027.33 29.1 45.9
11 955.83 -1876.67 24.2 51.3
19 337.09 -4390.33 35.7 45.2
20 110.76 900.33 34.2 50.9
28 187.37 -3100.00 21.0 43.2
7,14 Not Detected 46.8,48.3

7 CONCLUSIONS: EXTENSION TO GALILEO

A One-Shot receiver for indoor positioning has been studied, and tested with simulated and live GPS
indoor samples. It is based on the HS-GNSS principle, and includes piecewise linear interpolation, a novel CNg
estimator adequate for weak signals, and a near-far problem mitigation technique. The receiver operation is
based on A-GNSS and includes an A-GNSS positioning processor. The slightly high positioning errors found
in live indoors environments suggest the influence of multipath. A future activity will be the development of a
suitable multipath mitigation algorithm.

The operation principles of the proposed receiver are of general nature and, therefore, they are applicable
in the same way to Galileo. Galileo will bring a large number of benefits to satellite-based indoor positioning.
First of all, the number of available measurements will at least be doubled on average. At present, in deep
indoor environments the number of available satellite signals may be less than four, what makes impossible
the computation of the position in those circumstances. This will be improved if Galileo and GPS are used
simultaneously. In the second place, the Galileo signals contain several features improving the performance
of A-GNSS/HS-GNSS receivers. The increase in transmitted power is the most evident advantage. Next, the
existence of pilot signals (i.e. signals without data modulation) will make possible to extend the coherent
correlation time without data aided techniques, and the losses caused by bit transitions will be avoided. Finally,
Galileo signals will have longer codes, which is doubly advantageous: 1) The cross-correlation between signals
diminishes (more robustness to the near-far problem), and 2) the ambiguity in the pseudorange measurements
performed by the A-GNSS positioning processor is also reduced and the computation of the GNSS time will
be easier [12]: This will lead either to relaxed synchronisation requirements between the receiver time and
the GNSS time for A-GNSS systems, e.g. in 3G mobile networks, in that the receiver is maintained tightly
synchronised to GNSS time, or to a reduced complexity in the computation of the position for A-GNSS systems,
e.g. in GSM mobile networks, in that the synchronisation to the A-GNSS is not very tight and the receiver
itselt has to solve for the ambiguity in the pseudoranges by computing the least-square residuals within the
clock uncertainty range (see [12, Category 3]).
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