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(57) Abstract: An apparatus for vector tracking a plurality of satellite signals received by a Global Navigation Satellite System (GNSS)
receiver from a plurality of satellites and a method for use thereof. The apparatus comprises: a hypothesis determiner configured to
determine a most likely velocity hypothesis from a plurality of velocity hypotheses based on a plurality of correlation values, and
to transfer data related to the most likely velocity hypothesis to a navigation engine of the GNSS receiver for tracking the satellite
signals,wherein the plurality of velocity hypotheses have been generated based on a navigation engine output indicative of a current and/
or a previous extended velocity solution for the GNSS receiver;and wherein the plurality of correlation values have been determined
by a plurality of correlators and represent correlations between a plurality of first signals each comprising an expected Doppler shift
derived from one of the plurality of velocity hypotheses,and a plurality of second signals each comprising a true Doppler shift derived
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GLOBAL NAVIGATION SATELLITE SYSTEM (GNSS) SIGNAL TRACKING

Technical field

The invention relates to methods and apparatus for vector tracking of Global
Navigation Satellite System (GNSS) signals received from a plurality of satellites. In
particular arrangements, the invention relates to methods and apparatus for vector

tracking GNSS signals based on velocity hypotheses for a GNSS receiver.

Background

Many known GNSS receivers use code tracking loops to estimate pseudoranges to
GNSS satellites and carrier tracking loops to estimate a carrier Doppler (or
pseudorange rate) of signals received from the GNSS satellites. This method of

satellite signal tracking may be termed scalar tracking.

A code tracking loop may, for example, be a delay lock loop (DLL) and a carrier
tracking loop may, for example, be a frequency lock loop (FLL), a phase lock loop
(PLL) or a combination of both, e.g. a FLL-assisted PLL. Such GNSS receivers include
a code tracking loop and a carrier phase tracking loop per channel and each channel of

the receiver processes signals from a specific GNSS satellite.

Broadly speaking, a DLL minimizes the timing difference between a signal received
from a GNSS satellite and a locally generated version of the satellite signal. A DLL
typically comprises two code correlators that correlates a received signal with a locally
generated signal produced based on an output of a numerically controlled oscillator
(NCO). The output of the code correlator is integrated over time to improve noise
performance and the resulting signal is used in an algorithm to control the NCO to
update the code phase of the next locally generated signal. In exemplary DLLs, there
may be more than two code correlators, each producing one of early, prompt and late

code correlations.

Broadly speaking, a FLL follows the same statistical signal processing technique. In
one example, a carrier correlator correlates part of a received satellite signal (possibly

at an intermediate frequency) with a corresponding locally generated carrier signal
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provided by a NCO. The output of the carrier correlator is integrated over time to
improve noise performance and the resulting signal is used in an algorithm to control

the NCO to update the locally generated carrier signal.

In practical implementations of GNSS receivers, the carrier tracking loop may be used
to aid the code tracking loop. Further, the code and carrier tracking loops are typically
in a nested arrangement whereby the carrier correlator is used to remove the carrier
frequency and the resulting signal, which, in the case of perfect carrier tracking a DC

signal, is passed to the code correlator.

Such GNSS receivers may implement separate signal tracking and navigation solutions
in that the tracking loops operate in isolation to navigation solution determination. The
code and carrier tracking loops provide the code and carrier measurements to a
navigation engine, which uses those measurements to determine navigation solutions,
typically position, velocity and time (i.e. receiver clock offset and drift) (PVT). Further,
in scenarios where satellites from different GNSS constellations (for example, GPS,
Galileo, GLONASS or BeiDou) are used to determine a navigation solution, satellite
signals from each GNSS will also require separate tracking loops, which will be

separately implemented and require separate elements and different configurations.

Vector tracking loops use a different architecture that combines signal tracking and
navigation solution determination into a single loop. In exemplary vector tracking
loops, pseudoranges and/or pseudorange rates are predicted, for example by a
navigation engine, for each satellite signal to be tracked based on the navigation
engine output, which may be a navigation solution (i.e. position, velocity and/or time).
The predicted pseudoranges and pseudorange rates are fed into the tracking loop of
each channel and are used to determine code estimates and carrier estimates that are

fed to the navigation engine as in a standard GNSS receiver.

Summary

According to the invention in an aspect, there is provided an apparatus for vector
tracking a plurality of satellite signals received by a Global Navigation Satellite System
(GNSS) receiver from a plurality of satellites. The apparatus comprises a hypothesis

determiner configured to determine a most likely velocity hypothesis from a plurality of
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velocity hypotheses based on a plurality of correlation values, and to transfer data
related to the most likely velocity hypothesis to a navigation engine of the GNSS
receiver for tracking the satellite signals. The plurality of velocity hypotheses have
been generated based on a navigation engine output indicative of a current and/or a
previous extended velocity solution for the GNSS receiver. The plurality of correlation
values have been determined by a plurality of correlators and represent correlations
between a plurality of first signals each comprising an expected Doppler shift derived
from one of the plurality of velocity hypotheses and a plurality of second signals each

comprising a true Doppler shift derived from one of the plurality of satellite signals.

Optionally, the data related to the most likely velocity hypothesis comprises one or
more of: the most likely velocity hypothesis; and a plurality of expected Doppler shifts
based on the most likely velocity hypothesis, each of the plurality of expected Doppler

shifts relating to one of the plurality of satellites.

The plurality of velocity hypotheses may have been generated based on a predicted

change in one or more elements of the extended velocity solution.

The predicted change has optionally been determined based on one or more of:
dynamics of the receiver, a variance of the navigation data, inertial sensor data and

map data.

In exemplary arrangements, corresponding first and second signals each relate to one
of the plurality of satellites, and wherein the correlation values represent correlations

between the corresponding first and second signals.

Optionally, each of a plurality of sets of corresponding first and second signals relates
to one of the velocity hypotheses. Each of the plurality of sets of corresponding first
and second signals therefore comprises a plurality of first signals derived from one of
the velocity hypotheses and relating to each of the plurality of satellites, and a
corresponding plurality of second signals comprising the true Doppler shift and relating
to each of the plurality of satellites. Each of the plurality of sets of corresponding first

and second signals may include one or more common second signals.
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Each of a plurality of sets of the correlation values may comprise a correlation value for
each corresponding first and second signal in a set of corresponding first and second

signals.

In some exemplary arrangements, a set of second signals may comprise a plurality of
second signals each relating to a different one of the plurality of satellites, and a
plurality of sets of first signals each comprise a plurality of first signals each relating to
a different one of the plurality of satellites, wherein the plurality of first signals in a set of
first signals have been derived from one of the plurality of hypotheses. In such
exemplary arrangements, each of a plurality of sets of correlation values may comprise
a correlation value for each of the second signals in the set of second signals and each

of the first signals in a different set of first signals.

The hypothesis determiner may be configured to determine at least one sum of a
plurality of correlation values in a set of correlation values, and to determine the most
likely velocity hypothesis based on the at least one sum. In exemplary arrangements,
the hypothesis determiner may be configured to determine at least two sums of a

plurality of correlation values in different sets of correlation values.

In optional arrangements, the hypothesis determiner is configured to determine a
plurality of the sums each relating to a different set of correlation values, and to
determine the most likely velocity hypothesis to be the velocity hypothesis relating to a

largest sum of the plurality of sums.

The hypothesis determiner may be configured to determine the most likely velocity
hypothesis to be the velocity hypothesis relating to the largest sum in dependence on

the largest sum being greater than a threshold value.

Optionally, one or more of the plurality of correlators may be configured to undertake a
discrete Fourier transform, DFT, of a signal derived from one or more of late code
correlation samples, prompt code correlation samples and early code correlation
samples generated within the GNSS receiver, wherein the DFT spans a range of
frequencies encompassing a frequency of the expected Doppler shift, and wherein a
corresponding correlation value is indicative of a magnitude of an output of the DFT at

the frequency of the expected Doppler shift.
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Modulating data, such as a navigation message, may be removed from the signal
derived from the one or more of the late code correlation samples, the prompt code
correlation samples and the early code correlation samples by a modulating bit removal
unit before the one or more of the plurality of correlators undertakes the DFT. The
modulating bit removal unit may be a separate element of the apparatus for vector
tracking or may form part of DFT block. The modulating bit removal unit may be a
mixer or multiplier configured to receive modulating data and a signal comprising the
modulating data and to produce an output comprising the signal with the modulating
data removed, i.e. the signal without the modulating data. This may be achieved, for
example, by multiplying the modulating data with the signal comprising the modulating

data.

The apparatus may further comprises one or more code phase estimation units
configured to receive a signal derived from late code correlation samples, prompt code
correlation samples and/or early code correlation samples for one or more of the
plurality of satellites, to determine one or more code phase estimates based on the
signal derived from the late code correlation samples, prompt code correlation samples
and early code correlation samples, and to transfer each code phase estimate to the

navigation engine.

The first signals may comprise a transformation of each velocity hypothesis to line-of-

sight vectors for each of the plurality of satellites.

Optionally, the apparatus further comprises one or more of: a velocity hypothesis unit
for generating the plurality of velocity hypotheses and/or the first signals; the plurality of

correlators; and the navigation engine.

The apparatus may comprise the navigation engine, wherein the navigation engine is
configured to determine a subsequent extended velocity solution based at least in part

on the data related to the most likely velocity hypothesis.

According to the invention in a further aspect, there is provided a GNSS receiver

comprising an apparatus according to any set out above.
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According to the invention in a further aspect, there is provided a method for vector
tracking a plurality of satellite signals received by a Global Navigation Satellite System
(GNSS) receiver from a plurality of satellites. The method comprises determining, by a
hypothesis determiner, a most likely velocity hypothesis from a plurality of velocity
hypotheses based on a plurality of correlation values. The method further comprises
transferring, by the hypothesis determiner, data related to the most likely velocity
hypothesis to a navigation engine of the GNSS receiver for tracking the satellite
signals. The plurality of velocity hypotheses have been generated based on a
navigation engine output indicative of a current and/or a previous extended velocity
solution for the GNSS receiver. The plurality of correlation values have been
determined by a plurality of correlators and represent correlations between a plurality of
first signals each comprising an expected Doppler shift derived from one of the plurality
of velocity hypotheses and a plurality of second signals each comprising a true Doppler

shift derived from one of the plurality of satellite signals.

The data related to the most likely velocity hypothesis may comprise one or more of:
the most likely velocity hypothesis; and a plurality of expected Doppler shifts based on
the most likely velocity hypothesis, each of the plurality of expected Doppler shifts

relating to one of the plurality of satellites.

Optionally, the method further comprises a velocity hypothesis unit generating the

plurality of velocity hypotheses.

The plurality of velocity hypotheses may be generated based on a predicted change in

one or more elements of the extended velocity solution.

The method may further comprises the velocity hypothesis unit determining the
predicted change based on one or more of: dynamics of the receiver, a variance of the

navigation data, inertial sensor data and map data.

In exemplary arrangements, corresponding first and second signals each relate to one
of the plurality of satellites, and wherein the correlation values represent correlations

between the corresponding first and second signals.
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Each of a plurality of sets of corresponding first and second signals may relate to one

of the velocity hypotheses.

Optionally, each of a plurality of sets of the correlation values comprises a correlation
value for each corresponding first and second signal in a set of corresponding first and

second signals.

The method may further comprise: the hypothesis determiner determining at least one
sum of a plurality of correlation values in a set of correlation values; and the hypothesis
determiner determining the most likely velocity hypothesis based on the at least one

sum.

The method may further comprise: the hypothesis determiner determining a plurality of
the sums each relating to a different set of correlation values; and the hypothesis
determiner determining the most likely velocity hypothesis to be the velocity hypothesis

relating to a largest sum of the plurality of sums.

Optionally, the method further comprises: the hypothesis determiner determining the
most likely velocity hypothesis to be the velocity hypothesis relating to the largest sum

in dependence on the largest sum being greater than a threshold value.

Exemplary methods may further comprise the plurality of correlators determining the

plurality of correlation values.

One or more of the plurality of correlators may undertake a discrete Fourier transform,
DFT, of a signal derived from one or more of late code correlation samples, prompt
code correlation samples and early code correlation samples generated within the
GNSS receiver, wherein the DFT spans a range of frequencies encompassing a
frequency of the expected Doppler shift, and wherein a corresponding correlation value
is indicative of a magnitude of an output of the DFT at the frequency of the expected

Doppler shift.

The method may further comprise removing, by a modulating bit removal unit, a
navigation message from the signal derived from the one or more of the late code

correlation samples, the prompt code correlation samples and the early code
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correlation samples before the one or more of the plurality of correlators undertakes the
DFT.

Exemplary methods further comprise: one or more code phase estimation units
receiving a signal derived from late code correlation samples, prompt code correlation
samples and/or early code correlation samples for one or more of the plurality of
satellites; the one or more code phase estimation units determining one or more code
phase estimates based on the signal derived from the late code correlation samples,
prompt code correlation samples and early code correlation samples; and the one or
more code phase estimation units transferring each code phase estimate to the

navigation engine.

Optionally, the method further comprises a velocity hypothesis unit deriving the first
signals comprising a transformation of each velocity hypothesis to line-of-sight vectors

for each of the plurality of satellites.

The method may further comprise the navigation engine determining a subsequent
extended velocity solution based at least in part on the data related to the most likely

velocity hypothesis.

According to the invention in a further aspect, there is provided a computer program
comprising instructions which, when executed on at least one processor, cause the at

least one processor to carry out any one of the methods mentioned herein.

According to the invention in a further aspect, there is provided a carrier containing the
computer program mentioned above, wherein the carrier is one of an electronic signal,
optical signal, radio signal, or non-transitory computer readable storage medium.

Brief description of the drawings

Exemplary embodiments of the invention are described herein with reference to the

accompanying drawings, in which:

Figure 1 is a block schematic diagram of an apparatus for vector tracking of a plurality

of satellite signals received at a GNSS receiver;
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Figure 2 is a flow diagram showing a method for vector tracking of a plurality of satellite
signals received at a GNSS receiver;

Figure 3 is a block schematic diagram of an apparatus for vector tracking of a plurality
of satellite signals received at a GNSS receiver; and

Figure 4 is a block schematic diagram of an apparatus for vector tracking of a plurality

of satellite signals received at a GNSS receiver.

Detailed description

Generally, disclosed herein are methods and apparatus for extended velocity vector
tracking of a GNSS receiver using satellite signals received from a plurality of GNSS
satellites. In this context, the extended velocity vector comprises the 3-D velocity and
the local clock drift of the receiver. Exemplary methods and apparatus are arranged to
track the velocity of the receiver directly and to track the satellite signals indirectly,
partly in the velocity domain and partly in the tracking parameter domain. That is, the
satellite signals are tracked based on a plurality of velocity hypotheses and a plurality

of measurement hypotheses that are in the tracking parameter domain.

The velocity hypotheses and the measurement hypotheses are based on a navigation
engine output from a current and/or a previous epoch. The navigation engine output
used to determine the velocity hypotheses may be an extended velocity solution or an
updated extended velocity solution, v =[x" y' z' §']7, and the navigation engine
output used to determine the measurement hypotheses may be a full PVT solution or
an updated full PVT solution. The updated extended velocity solution and the updated
full PVT solution may be determined based on a transition matrix of a system dynamic
equation, such as a Kalman filter, implemented by the navigation engine. This is

explained in greater detail below.

The velocity hypotheses may comprise hypothesised (or predicted) velocity domain
data based on the navigation engine output. The velocity hypotheses may be an
extended velocity hypothesis comprising an extended velocity vector. For the
remainder of this document the terms “velocity hypothesis” and “velocity solution” are
used, but it should be understood that these terms encompasses the extended velocity

hypothesis and extended velocity solution respectively.
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The most likely velocity hypothesis is determined and used to track the GNSS satellite
signals. This may be done by updating a navigation solution for a GNSS receiver,
which can then be used to control, for example, a carrier numerically controlled

oscillator (NCO) as explained below.

Exemplary methods and apparatus use the velocity hypotheses to replace a tracking
parameter hypothesis that may be used during satellite signal re-acquisition and
satellite signal tracking using standard carrier tracking loops. Unlike traditional multi-
GNSS receivers where each tracking channel measures a pseudorange estimate and a
Doppler estimate for a particular satellite in order to track satellite signals and calculate
a PVT solution, exemplary methods and apparatus may use velocity hypotheses

directly along with psuedorange or code phase estimates to track GNSS satellites.

The velocity hypotheses may be mapped to the tracking parameter domain in order to
drive correlators, as explained in more detail below. This way the velocity hypotheses
may be evaluated in both satellite signal re-acquisition and satellite signal tracking.
Therefore, signal power from all visible satellites, which may be part of different GNSS
systems, can be combined coherently or non-coherently for signal to noise ratio (SNR)
improvement in extremely low Carrier-to-Noise power density ratio (C/Np)

environments.

The advantages of exemplary methods and apparatus disclose herein include:

e With an increasing number of satellite signals received, the overall signal power
and therefore the SNR of the GNSS receiver increases linearly, which improves
signal tracking sensitivity;

e Integration of received satellite signals over time is interchangeable with
integration of received satellite signals over satellites, i.e., in order to reach
similar levels of SNR performance to scalar tracking algorithms, the methods
and apparatus disclosed herein require shorter integration time, which allows
for higher tracking loop dynamics;

e As the signal model only consists of line-of-sight (LOS) signals, an improved
multipath and interference rejection is possible;

o An at least partial combination of satellite signal tracking and navigation solution

determination;
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¢ Areduction in the number of tracking loops required in a GNSS receiver; and
e A platform for combining satellite signals received from multiple GNSSs in a

single GNSS receiver.

Figure 1 shows a block schematic diagram of an exemplary apparatus for tracking
GNSS satellite signals. The apparatus comprises a navigation engine 100 configured
to determine a navigation solution comprising one or more elements of a PVT vector

for a given GNSS receiver.

The apparatus also comprises a hypothesis determiner 102 configured to determine a
most likely velocity hypothesis from a plurality of velocity hypotheses. In the exemplary
arrangement of Figure 1, the velocity hypotheses are extended velocity hypotheses,
which include a clock drift hypothesis. The hypothesis determiner 102 is further
configured to transfer to the navigation engine 100 data relating to the most likely
velocity hypothesis. Such data may comprise the most likely velocity hypothesis and/or

Doppler shift data for each satellite signal, as explained in detail below.

The apparatus also comprises a velocity hypothesis unit 104 for generating the plurality
of velocity hypotheses. The plurality of velocity hypotheses are generated based on a
navigation engine output from a most recent, or current, epoch. In exemplary
arrangements, the navigation engine output from the current epoch may comprise the
most recent velocity solution and the most recent clock drift solution. In the exemplary
arrangement of Figure 1, the navigation engine output from the current epoch
comprises the predicted velocity and clock drift determined by the navigation engine
100. For the remainder of this document, the term “velocity prediction” encompasses a
vector including the predicted velocity in the x-, y- and z-axis directions and the
predicted clock drift. The velocity prediction comprises the current velocity solution and
clock drift solution multiplied by a transition matrix of a system dynamic equation (e.g
matrix “A” in the Kalman filter dynamic equation). In exemplary methods and
apparatus, the velocity hypotheses may be generated by the addition of a delta in
velocity to the navigation engine output, which in the case of Figure 1 is the velocity

prediction.

The apparatus also comprises a plurality of correlators, which in the exemplary

apparatus of Figure 1 are provided by Discrete Fourier Transform (DFT) units 106a-
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106n. The process of correlation using the DFT units 106a-106n is explained in detail
below. The correlation using the DFT units 106a-106n may be undertaken on one or
more of early code correlation samples, prompt code correlation samples and late code
correlation samples generated by a plurality of baseband processing units 108a-108n.
In the exemplary apparatus of Figure 1, the prompt code correlation samples are used.
Specifically, the prompt code correlation samples from each channel are received by
modulating bit removal units 110a-110n before being passed to the plurality of DFT

units 106a-106n for long correlation.

The apparatus also comprises a plurality of integrate-and-dump units 112a-112n that
receive the early code correlation samples, prompt code correlation samples and late
code correlation samples and integrate them over time to average out the noise before
passing the integrated early code correlation samples, prompt code correlation
samples and late code correlation samples to a plurality of code phase estimation units
114a-114n that are configured to estimate the code phase based on the position and
clock offset prediction and pass the code phase estimates to the navigation engine
100.

In exemplary apparatus, each channel of a GNSS receiver comprises a baseband
processing unit 108a-108n, an integrate-and-dump unit 112a-112n, a code phase
estimation unit 114a-114n, a modulating bit removal unit 110a-110n and a DFT unit
106a-106n.

The navigation engine 100 is configured to transfer to the velocity hypothesis unit 104
variance data 116 indicating an estimated accuracy of the navigation solution and
therefore the velocity prediction. The navigation engine is also configured to transfer
the navigation engine output (including the velocity prediction) 118 and LOS data 120,
which comprises a LOS vector pointing from the receiver antenna to the satellite
antenna position. Both satellite velocity and the receiver velocity are projected to the
LOS vector in order to calculate the expected observed Doppler frequency. The
navigation engine output 118 received at the velocity hypothesis unit 104 may be used

to derive the velocity hypotheses, as described below.

It is noted that, in exemplary methods and apparatus, the transferring of data

encompasses the generation of electrical signals by one entity and the reception of
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those electrical signals by another entity. The transference may comprise a
transmission. The transmission may be over a wired connection and may be

undertaken within a processor.

The navigation engine 100 is also configured to transfer a further navigation engine
output 119 and the LOS data 120 for each satellite to a central parameter generator
(CPG) 122. The further navigation engine output 119 may comprise a navigation
solution prediction, which e.g. may be calculated by multiplying the current navigation
solution by a transition matrix of a system dynamic equation (e.g. the matrix “A” of the
Kalman filter dynamic equation) running in the navigation engine 100. The CPG 122
maps the further navigation engine output to the LOS vector for each satellite and
determines a predicted carrier frequency and code phase for each satellite. The CPG
122 transfers the predicted carrier frequencies to carrier generators 126a-126n in the
baseband processing units 108a-108n and transfers the predicted code phases to code
generators 128a-128n in the baseband processing units 108a-108n. The carrier
generators 126a-126n and the code generators 128a-128n are configured to generate
the replicas of the carrier for carrier wipe-off and code with corresponding carrier
frequency, code phase and chipping rate for production of the multiple of early code
correlation samples, prompt code correlation samples and late code correlation

samples.

A number of signals and equations that may be used in exemplary methods and

apparatus are defined below.
Firstly, a signal that is received at an antenna of a GNSS receiver may be modelled as
a sum of a plurality of satellite signals corrupted by additive noise. This received
complex baseband signal can be written as:

r(®) =g@® +n() (1)
Where

g@®) = XK g (1) (2)

And
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9 (®) = hye @t Dtg (¢ — 1 — T) (3)

Where

e K is the number of satellites

e g«t) is the noise-free received signal component from satellite k

e g(t) is the noise-free received signal

e n(t) is the additive white Gaussian noise

e sit) is the base-band transmitted signal from satellite k with corresponding

pseudo-random noise (PRN) code and individual modulating bits

o [hw wew T, Q T]' = 6 is a vector consisting of the following tracking relevant

parameters, and [...]" denotes the matrix transpose

e}

e}

e}

hy is the complex amplitude of satellite k

wy is the Doppler frequency of satellite k

7 is the propagation delay of satellite k

T is an apparent common delay introduced by the local clock offset,
which is satellite independent

Q is an apparent common frequency introduced by the local clock drift,

which is satellite independent

In the above, only the LOS component of the received signal is considered and

multipath effects are neglected. Further, minor atmospheric effects are also neglected.

The navigation state of the GNSS receiver in which the apparatus is located can be

described by a time variant position, velocity and time (PVT) vector. Any part of the

PVT vector is considered to be navigation data herein.

p=[xy z 6§ xy 2z &

Where

e x,y,z denotes a time varying three-dimensional position of the GNSS receiver

e x',y’, 7" denotes a time varying three-dimensional velocity of the GNSS receiver

e §,68 denotes a local clock offset and a local clock drift of the GNSS receiver

(...)" denotes a first derivative
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For a given p and a given satellite constellation with known ephemeris, a LOS vector,
uy, pointing from the receiver antenna to the antenna position of satellite k can be
derived. A standard mapping function, 8, = f(p,4;) can be determined that transforms
p into 8 (defined above) except for the complex amplitudes hy within 8. The complex
amplitudes cannot be determined mainly because the Channel State Information (CSI)
for the transmission of the satellite signals from the satellites to the GNSS receiver, in
particular the phase information, is unknown, although the ionosphere distortion is

known to some extent and is broadcast by the satellites.

Both coherent and non-coherent estimation schemes for the extended velocity vector

o0 o T
v=|[x y z §] can be formulated as follows, where a central PVT vector, ;3(0),

serves as a basis in each estimation iteration. It is assumed that hy is known from a
previous tracking epoch or from classical techniques for satellite signal acquisition as

explained below.

As discussed above, the remaining tracking parameters in the vector 6 defined above
as part of the signal model are mutually constrained through p and may be determined
from the mapping function f(p,u;). The maximum likelihood (ML) estimation of p or
any subset of p does not require the complete intermediate estimates of 6, as is
typically done in scalar tracking architectures, such as those discussed in the
background section. Instead, a log-likelihood function can be maximized directly with
respect to v as follows, which is referred to as PVT domain tracking, joint parameter

estimation or vector tracking.
? ~ argmax, o LR {7 r(©gi (60010 ) dt} 4)
Where

e ¥ denotes an estimate of v
o 1" denotes v projected to Ty

¢ R denotes the real part

(...)* denotes the complex conjugate
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o H,EO) denotes the vector 6 corresponding to the further navigation engine output
119 transformed to the tracking parameter domain using the LOS vector

associated with satellite k

Here we neglect the cross-correlation between the satellites, which is reasonable for
the PRN code properties in GNSS, and v denotes the i-th extended velocity
hypothesis.

In practice, hy should be estimated, which is only possible for relatively strong signals.
For weak signals equation (4) may be further developed to remove the dependency on

hg. To that end, a non-coherent estimation of v may be derived, as set out below.
[ee] * ] n
D = argmax,m L |f_oor(t)gk (t; U,El)|9,£0)) dt| (5)

Where n is typically either 1 or 2. The above present two estimations of v: a coherent
estimation in equation (4), which is suitable for use with phase locked loop (PLL)
applications and/or in moderate/high C/Ng environments; and a non-coherent estimate
in equation (5), which is suitable for use with frequency lock loop (FLL) applications
and/or with relatively weak received satellite signals when it comes to carrier tracking.

In the remainder of this document only the non-coherent estimation is discussed.

The navigation engine 100 may use a Kalman filter to generate a navigation solution.
Upon defining the observation to be a mixture of the extended velocity vector v
together with the traditional code phase of all satellites as well as the local clock offset
to be a new observation vector, a model for the Kalman filter may be formulated based

on the following dynamic equation (6) and a velocity relevant observation equation.
pln+1] = Ap[n] + z[n] (6)
In equation (6), A is the transition matrix, and z[n] is the process noise.

An exemplary method for tracking GNSS signals will now be described with reference

to Figure 2 and the signals and equations given above.
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The navigation engine 100 transfers 200 the navigation engine output (in this case the
velocity prediction) 118, to the velocity hypothesis unit 104 and the further navigation
engine output (in the case a navigation prediction) 119 to the CPG 122. The navigation
engine output 118 and the further navigation engine output 119 are based on a
navigation solution for the current epoch. The navigation solution may be arrived at by
a dynamic model, such as a Kalman filter, running in the navigation engine 100 during
a previous iteration of the methods disclosed herein. Alternatively, the navigation
solution may be arrived at by a first fix of the GNSS receiver using classical techniques
for satellite signal acquisition followed by a least squares estimation of the navigation
solution. In the exemplary methods and apparatus disclosed, the navigation engine
100 also transfers the LOS data 120 to the velocity hypothesis unit 104 and the CPG
122.

At step 202, the CPG 122 generates a mapping function 6, = f(p,1;), maps the
further navigation engine output 119 using the LOS data 120 for the satellites and
determines a predicted carrier frequency and code phase for each satellite. The CPG
122 transfers the predicted carrier frequencies to carrier generators 126a-126n and
transfers the predicted code phases to code generators 128a-128n in the baseband

processing units 108a-108n.

The velocity hypothesis unit 104 generates 204 a plurality of velocity hypotheses based
on at least the received velocity prediction 118. The velocity hypothesis unit 104 uses
the velocity prediction 118, which is from the current navigation epoch, to generate the
plurality of velocity hypotheses. The velocity hypothesis unit 104 may generate at least
some of the plurality of velocity hypotheses by adding and/or subtracting a predicted
velocity change and a predicted clock drift change to at least the values of the velocity
prediction (i.e. the predicted velocity along the x-, y- and z-axis and the predicted clock
drift) 118. The predicted change may be determined based on one or more
constraints, such as the variance data 116, which may also be transferred to the
velocity hypothesis unit 104 by the navigation engine 100, data received from an
inertial navigation system and any constraints provided by the physical environment,
which may be determined based on geographic map data or other external information

sources.
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In exemplary methods and apparatus, the velocity hypothesis unit 104 may determine
a central hypothesis v(©[n], which is the velocity prediction 118, from the previous
navigation epoch and one or more of the constraints discussed above. The velocity
hypothesis unit 104 may then determine the remainder of the plurality of velocity
hypotheses v[n] v > 0 by determining one or more delta values based on one or
more of the constraints mentioned above and adding and/or subtracting the delta
values to/from the central hypothesis. The remainder of the plurality of velocity

hypotheses each comprise hypothesised [x' y' z' §']7.

Therefore, an exemplary plurality of velocity hypotheses may be represented as

v®[n], i = 0 and in a specific example may comprise the following.

Velocity
Hypothesised values
hypothesis

vO[n] £ O y (O oL 5©7
vD[n] MODNYY y (O (0 OL
v@[n] O yO 14, L (0) 57
v®[n] MODY y© L0 O
v@[n] MOY y (O 20 A, OL
v®[n] x© 1A, y(©) 20 A, NOL
v©®[n] O yO 14, 20 A 57
v [n] x©" A, y O 4 A, 2O LA, 507
v®[n] £ O y (O QY ROV
v [n] x©7 + A, y o PACH 5O+ A’
10 [n] x 0 y O 4 A, 7O 5O 4 A
vy RO MO 200 5O 1 A’
v(12)[n] x (O y o PACE . 5O+ A’
v(13)[n] x©7 + A, y o PACE . 5O+ A’
v [n] x 0 y O 4 A, zO A, 5O 4 A
v(15)[n] x©" + A, y©O +A, 7O+ A, 5@+ AS
v [n] MOy y (O (0 OL
v [n] MO y (O — A, (0 50
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v(18)[n] x© — A y© —a, 70 NOL
v [n] OY, y(©r 20— 5
v [n] x© A 5 20 _p OL
v@D[n] x (07 y© —a, 20 —p NOL
v [n] x© A y© A, 200 A, 57
v@3[n] x (07 5 20 ROV
v@[n] x© A 5 20 ROV
v(25)[n] MO y (O — A, (0 SO _ A
v [n] x© A y© A, QY O
v@[n] x (07 5 20 _p ROV
v@[n] x© — A, y(©r 20— ROV
v [n] x (@) y© —A, PAQE 5@ — A’
GO n] MO y©@ —a, 20— a, POIEYNY

It should be noted that additional velocity hypotheses may be generated based on the
addition and/or subtraction of multiple delta values in one or more of the x, y and z
axes and the clock drift. Further, the delta values in each of the x, y and z axes may be

different.

Based on the LOS vector data 120 received from the navigation engine 100, the
velocity hypothesis unit 104 determines 206 the mapping function. Using the mapping
function, the velocity hypothesis unit 104 transforms 208 each of the plurality of velocity
hypotheses onto an LOS vector for each satellite using f(v®[n], ;)i = 0. This
produces a plurality of transformed velocity hypotheses 132, each transformed velocity
hypothesis comprising a set of Doppler estimates, one for each satellite, and a clock
drift. It is noted that the clock drift is unaffected by the transformation and is the same

in the velocity hypothesis as it is in the transformed velocity hypothesis.

The velocity hypothesis unit 104 transfers 210 the plurality of velocity hypotheses 130
and the plurality of transformed velocity hypotheses 132 to the hypothesis determiner
102.

Therefore, the hypothesis determiner 102 now comprises the plurality of velocity

hypotheses 130 and a plurality of transformed velocity hypotheses, each comprising a
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set of Doppler estimates and a clock drift for each satellite and each velocity
hypothesis. Each Doppler estimate provides an expected Doppler shift for a satellite

signal received from the corresponding satellite based on the velocity hypothesis.

A correlation is undertaken 212 between a first signal comprising an expected Doppler
shift derived from one of the plurality of transformed velocity hypotheses, f(v®[n]),i =
0, and a second signal comprising a true Doppler shift and derived from one of the
plurality of satellite signals (in the case of Figure 1, the prompt code correlation
samples). These corresponding first and second signals each relate to the same

satellite.

The corresponding first and second signals may be grouped into a plurality of sets
relating to a single velocity hypothesis. For example, each set of corresponding first

and second signals may comprise:

e a plurality of second signals each derived from a different one of the received
satellite signals, e.g. the prompt code correlation samples for each satellite, and
each comprising a true Doppler shift; and

e a plurality of first signals each comprising an expected Doppler shift for the

same satellite signals and all based on a single velocity hypothesis.

Each correlator outputs a correlation value showing a correlation between the expected
Doppler shift and the true Doppler shift. The correlation values may also be grouped
into sets of correlation values relating to the sets of first and second signals. In
exemplary methods and apparatus, the sets of correlation values may comprise a
correlation value for first and second signals for each satellite and all relating to a

single velocity hypothesis.

In the exemplary method of Figure 2, the correlation is undertaken by the DFT units
106a-106n, which undertake a DFT on the prompt code correlation samples output by

each of the baseband processing units 108a-108n.

The DFT units 106a-106n are configured to undertake a DFT within a range of
frequencies covering the expected Doppler shifts for the satellite signal received on

that channel of the GNSS receiver. In exemplary arrangements, the DFT units 106a-
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106n are configured such that the frequency bin spacing is the inverse of the DFT
window length, and the spectrum coverage is broad enough to cover all the velocity
hypotheses. A DFT is undertaken for each received satellite signal. The DFT units
106a-106n transfer 214 the DFT results 134a-134n to the hypothesis determiner 102.

A DFT can be considered as a plurality of correlations spanning a frequency range.
That is, a DFT of a given signal represents a correlation of that signal with a plurality of
further signals at equally spaced frequencies (frequency bins) within a range of
frequencies. The output of a DFT comprises a frequency value and a magnitude
(representing a correlation value), which may be plotted to give a frequency spectrum
for the signal. Therefore, provided that the DFT spans a frequency range
encompassing the expected Doppler shift relating to a given velocity hypothesis, the
magnitude relating to the frequency of the expected Doppler shift represents the

correlation value for that velocity hypothesis.

Therefore, each DFT output from a DFT unit 106a-106n comprises a plurality of pairs
of magnitudes and frequencies. The correlation values are determined by selecting

DFT magnitude values relating to the frequencies of the expected Doppler shifts.

A navigation message is a continuous data stream modulated onto the carrier signal of
every satellite before transmission. The modulating bit removal units 110a-110n
remove these modulating data bits from the prompt code correlation samples, and pre-
integrate the latter over several milliseconds. The pre-integrated samples are buffered
before being transferred to the DFT units 106a-106n for further correlation. Removal of
the modulating bits allows integration of the prompt code correlation samples over
timeframes up to hundreds of milliseconds in 110a-110n depending on the clock
stability. This is in contrast to the much smaller (maximum 20 millisecond) integration
times typically used in some GNSS receivers. The advantage of the long coherent
integration is higher tracking sensitivity and higher frequency resolution in the DFT

units 106a-106n since the latter is proportional to the integration length.

The modulating bit removal units 110a-110n receive a copy of the navigation
messages 140a-140n. The copy of the navigation message is generated by decoding
the satellite signals in the receiver. The modulating bit removal units 110a-110n use

that copy of the navigation messages to remove the bit flips in the prompt code
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correlation samples before further integration. This may be done, for example, by
multiplying the prompt code correlation samples by the copy of the navigation message
to cancel out the modulating bits. This prevents the destructive superposition in an
integration spanning multiple bits of the navigation messages and allows longer
integration times. This in turn increases the frequency resolution of the DFTs
undertaken by the DFT units 106a-106n. When receiving the modulating bits from the
internal navigation message buffer, the modulating bit removal units 110a-110n use the
signal time-of-week to determine which modulating bit is applicable for the current
prompt code correlation output. If no modulating bit is applicable a coherent integration
length of 20 milliseconds instead of hundreds of milliseconds are configured in the DFT
units 106a-106n.

The hypothesis determiner 102 is configured to sum 216 the correlation values across
all received satellite signals relating to a single velocity hypothesis. That is, the
hypothesis determiner 102 is configured to sum the correlation values in a set of
correlation values, which all relate to a single velocity hypothesis. The summation is
repeated by the hypothesis determiner 102 for each velocity hypothesis. In practice,
the hypothesis determiner 102 may undertake the summations using equation (5)
above. The hypothesis determiner 102 determines 218 the most likely velocity

hypothesis to be the velocity hypothesis that relates to the largest summation.

The hypothesis determiner 102 transfers 220 data relating to the most likely velocity
hypothesis 136 to the navigation engine. In the exemplary method of Figure 2, the
hypothesis determiner 102 transfers the actual most likely velocity hypothesis to the
navigation engine 100. The navigation engine 100 uses the most likely velocity
hypothesis in the new Kalman filter observation vector along with code phase
estimates (discussed below) and determines 222 the next epoch of the navigation
solution and navigation engine output based on the Kalman filter observation vector
and p©@[n].

In exemplary methods and apparatus, the early, prompt and late code correlation
samples may also be transferred to the integrate-and-dump units 112a-112n from the
baseband processing units 108a-108n, where integration occurs in the usual way. The
integrated early, prompt and late code correlation samples are transferred to the code

phase estimation units 114a-114n, which determine the code phase estimates based
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thereon in the usual way. The code phase estimates 138a-138n are sent to the
navigation engine 100 and are added to the observation vector and used by the
navigation engine to determine the next epoch of navigation solution and the next
navigation engine output to be provided to the velocity hypothesis unit 104 and the
CPG 122.

In exemplary methods and apparatus, the hypothesis determiner 102 is configured to
determine the most likely velocity hypothesis associated with the greatest summation
of the correlation values discussed above in dependence on that summation being
greater than a threshold value. The threshold value is determined to ensure that the
selected hypothesis is truly the most likely hypothesis and is not simply noise. The
hypothesis determiner 102 may comprise a threshold detector, which serves as a lock
loss detector when tracking extremely weak signals. Similarly, exemplary methods and
apparatus may be used for reacquisition of satellite signals after signal loss, for
example on entry into a building, as the last known navigation solution (before signal

loss) should be accurate enough to be able to reacquire the satellites.

Figure 3 shows a block schematic diagram of an exemplary apparatus for tracking
GNSS satellite signals. Many of the features of Figure 3 are the same or similar to
those already discussed above in relation to Figure 1. Those features have the same
reference numerals as in Figure 1 except that they begin with a “3” instead of a “1” and
are not discussed again except to the extent that they relate to the operation of the

apparatus of Figure 3.

In the exemplary arrangement of Figure 3, the hypothesis determiner 302 is configured
to determine the most likely velocity hypothesis using the method described above in
relation to Figures 1 and 2. In the case of the apparatus of Figure 3, the data relating
to the most likely velocity hypothesis that is transferred by the hypothesis determiner
302 to the navigation engine 300 comprises Doppler estimates 336a-336n for each
satellite and a clock drift estimate 337. The hypothesis determiner 302 determines the
most likely velocity hypothesis and then identifies the transformed velocity hypothesis
from the plurality of transformed velocity hypotheses that corresponds to that most
likely velocity hypothesis. The hypothesis determiner 302 then ftransfers the
corresponding set of Doppler estimates 336a-336n and the clock drift estimate 337 to

the navigation engine 300.
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The navigation engine 300 is configured to use the Doppler estimates 336a-336n, the
clock drift estimate 337 and the code phase estimates 338a-338n in a Kalman filter to

provide the next navigation solution.

An advantage of the apparatus of Figure 3 is that it can be used with a standard
Kalman filter running in the navigation engine of known GNSS receivers. No
modification of the Kalman filter used in the navigation engine is required because the
observation vector includes the Doppler estimates 336a-336n and the code phase
estimates 338a-338n. The apparatus of Figure 3 can therefore be more easily

integrated into existing GNSS receivers.

Figure 4 shows a block schematic diagram of a further exemplary apparatus for
tracking GNSS satellite signals. Many of the features of Figure 4 are the same or
similar to those already discussed above in relation to Figures 1 and 3. Those features
have the same reference numerals as in Figures 1 and 3 except that they begin with a
“4” instead of a “1” or a “3” and are not discussed again except to the extent that they

relate to the operation of the apparatus of Figure 4.

In Figure 4, a specific correlator 406a-406n in each channel is used rather than a DFT
unit configured to undertake a DFT spanning a frequency range including an expected
Doppler shift. The correlator 406a-406n may be embodied in hardware or software. In
fact the correlator 406a-406n may be still be configured to undertake a DFT, although
that DFT is only computed at a single frequency bin(or a plurality of selected frequency

bins) corresponding to the expected Doppler shift(s).

The correlator 406a-406n is configured to receive a first signal 432 from the velocity
hypothesis unit 404 comprising an expected Doppler shift and a second signal 442a-
442n comprising a true Doppler shift. The correlator 406a-406n in each channel is
configured to output 434a-434n a value indicative of the correlation between the first
signal and the second signal. As shown in Figure 4, the first signal 432 may be derived
from the transformed velocity hypotheses from the velocity hypothesis unit 404, and be
representative of the expected Doppler shifts, each for a given satellite and a given
velocity hypothesis. The second signal is derived from the prompt code correlation

samples, as explained above.
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It should be noted that the correlator 406a-406n may be embodied as a plurality, or
bank, of correlators in each channel, for example, one for each velocity hypothesis that
are configured to run correlations in parallel. In such arrangements, each correlator in
a channel may receive a generated signal representative of an expected Doppler shift
for a given velocity hypothesis and a given satellite relevant to the channel.
Alternatively, there may be a single correlator 406a-406n in each channel that is
configured to undertake sequential correlations, each sequential correlation between
the second signal 442a-442n and a generated signal representative of an expected

Doppler shift for a different one of the velocity hypotheses.

Therefore, the correlator 406a-406n in each channel is configured to determine a
plurality of correlation values 434a-434n, each relating to a different one of the velocity

hypotheses.

Each correlator 406a-406n transfers the determined correlation values to the
hypothesis determiner 402. The hypothesis determiner 402 is configured to sum the
correlation values across all satellites for each velocity hypothesis. The hypothesis
determiner 402 is then able to determine the most likely velocity hypothesis and
transfer data 436 relating to that most likely hypothesis to the navigation engine 400, as
described above. The data relating to the most likely velocity hypothesis may comprise
the most likely velocity hypothesis itself and/or the estimated Doppler and estimated

clock drift relating to the most likely velocity hypothesis.

A computer program may be configured to provide any of the above described
methods. The computer program may be provided on a computer readable medium.
The computer program may be a computer program product. The product may
comprise a non-transitory computer usable storage medium. The computer program
product may have computer-readable program code embodied in the medium
configured to perform the method. The computer program product may be configured

to cause at least one processor to perform some or all of the method.

Various methods and apparatus are described herein with reference to block diagrams
or flowchart illustrations of computer-implemented methods, apparatus (systems and/or

devices) and/or computer program products. It is understood that a block of the block
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diagrams and/or flowchart illustrations, and combinations of blocks in the block
diagrams and/or flowchart illustrations, can be implemented by computer program
instructions that are performed by one or more computer circuits. These computer
program instructions may be provided to a processor circuit of a general purpose
computer circuit, special purpose computer circuit, and/or other programmable data
processing circuit to produce a machine, such that the instructions, which execute via
the processor of the computer and/or other programmable data processing apparatus,
transform and control transistors, values stored in memory locations, and other
hardware components within such circuitry to implement the functions/acts specified in
the block diagrams and/or flowchart block or blocks, and thereby create means
(functionality) and/or structure for implementing the functions/acts specified in the block

diagrams and/or flowchart block(s).

Computer program instructions may also be stored in a computer-readable medium
that can direct a computer or other programmable data processing apparatus to
function in a particular manner, such that the instructions stored in the computer-
readable medium produce an article of manufacture including instructions which
implement the functions/acts specified in the block diagrams and/or flowchart block or

blocks.

A tangible, non-transitory computer-readable medium may include an electronic,
magnetic, optical, electromagnetic, or semiconductor data storage system, apparatus,
or device. More specific examples of the computer-readable medium would include the
following: a portable computer diskette, a random access memory (RAM) circuit, a
read-only memory (ROM) circuit, an erasable programmable read-only memory
(EPROM or Flash memory) circuit, a portable compact disc read-only memory (CD-

ROM), and a portable digital video disc read-only memory (DVD/Blu-ray).

The computer program instructions may also be loaded onto a computer and/or other
programmable data processing apparatus to cause a series of operational steps to be
performed on the computer and/or other programmable apparatus to produce a
computer-implemented process such that the instructions which execute on the
computer or other programmable apparatus provide steps for implementing the

functions/acts specified in the block diagrams and/or flowchart block or blocks.
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Accordingly, the invention may be embodied in hardware and/or in software (including
firmware, resident software, micro-code, etc.) that runs on a processor, which may

collectively be referred to as "circuitry,” "a module" or variants thereof.

It should also be noted that in some alternate implementations, the functions/acts noted
in the blocks may occur out of the order noted in the flowcharts. For example, two
blocks shown in succession may in fact be executed substantially concurrently or the
blocks may sometimes be executed in the reverse order, depending upon the
functionality/acts involved. Moreover, the functionality of a given block of the
flowcharts and/or block diagrams may be separated into multiple blocks and/or the
functionality of two or more blocks of the flowcharts and/or block diagrams may be at
least partially integrated. Finally, other blocks may be added/inserted between the

blocks that are illustrated.

The skilled person will be able to envisage other embodiments without departing from

the scope of the appended claims.
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CLAIMS:

1. An apparatus for vector tracking a plurality of satellite signals received by a
Global Navigation Satellite System (GNSS) receiver from a plurality of satellites, the
apparatus comprising:

a hypothesis determiner configured to determine a most likely velocity
hypothesis from a plurality of velocity hypotheses based on a plurality of correlation
values, and to transfer data related to the most likely velocity hypothesis to a navigation
engine of the GNSS receiver for tracking the satellite signals,

wherein the plurality of velocity hypotheses have been generated based on a
navigation engine output indicative of a current and/or a previous extended velocity
solution for the GNSS receiver;

and wherein the plurality of correlation values have been determined by a
plurality of correlators and represent correlations between a plurality of first signals
each comprising an expected Doppler shift derived from one of the plurality of velocity
hypotheses, and a plurality of second signals each comprising a true Doppler shift

derived from one of the plurality of satellite signals.

2. An apparatus according to claim 1, wherein the data related to the most likely
velocity hypothesis comprises one of: the most likely velocity hypothesis; and a plurality
of expected Doppler shifts associated with the most likely velocity hypothesis, each of

the plurality of expected Doppler shifts relating to one of the plurality of satellites.

3. An apparatus according to claim 1 or 2, wherein the plurality of velocity
hypotheses have been generated based on a predicted change in one or more

elements of the extended velocity solution.

4. An apparatus according to claim 3, wherein the predicted change has been
determined based on one or more of: dynamics of the receiver, a variance of the

navigation data, inertial sensor data and map data.

5. An apparatus according to any preceding claim, wherein corresponding first and
second signals each relate to one of the plurality of satellites, and wherein the
correlation values represent correlations between the corresponding first and second

signals.
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6. An apparatus according to claim 5, wherein each of a plurality of sets of

corresponding first and second signals relates to one of the velocity hypotheses.

7. An apparatus according to claim 6, wherein each of a plurality of sets of the
correlation values comprises a correlation value for each corresponding first and

second signal in a set of corresponding first and second signals.

8. An apparatus according to claim 7, wherein the hypothesis determiner is
configured to determine at least one sum of a plurality of correlation values in a set of
correlation values, and to determine the most likely velocity hypothesis based on the at

least one sum.

9. An apparatus according to claim 8, wherein the hypothesis determiner is
configured to determine a plurality of the sums each relating to a different set of
correlation values, and to determine the most likely velocity hypothesis to be the

velocity hypothesis relating to a largest sum of the plurality of sums.

10. An apparatus according to claim 9, wherein the hypothesis determiner is
configured to determine the most likely velocity hypothesis to be the velocity hypothesis
relating to the largest sum in dependence on the largest sum being greater than a

threshold value.

11. An apparatus according to any preceding claim, wherein one or more of the
plurality of correlators is configured to undertake a discrete Fourier transform, DFT, of a
signal derived from one or more of late code correlation samples, prompt code
correlation samples and early code correlation samples generated within the GNSS
receiver,

wherein the DFT spans a range of frequencies encompassing a frequency of
the expected Doppler shift,

and wherein a corresponding correlation value is indicative of a magnitude of an

output of the DFT at the frequency of the expected Doppler shift.

12. An apparatus according to claim 11, further comprising a modulating bit

removal unit configured to remove a navigation message from the signal derived from
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the one or more of the late code correlation samples, the prompt code correlation
samples and the early code correlation samples before the one or more of the plurality

of correlators undertakes the DFT.

13. An apparatus according to any preceding claim, further comprising one or more
code phase estimation units configured to receive a signal derived from late code
correlation samples, prompt code correlation samples and/or early code correlation
samples for one or more of the plurality of satellites, to determine one or more code
phase estimates based on the signal derived from the late code correlation samples,
prompt code correlation samples and early code correlation samples, and to transfer

each code phase estimate to the navigation engine.

14. An apparatus according to any preceding claim, wherein the first signals have
been derived based on a transformation of each velocity hypothesis using line-of-sight

data for each of the plurality of satellites.

15. An apparatus according to any preceding claim, further comprising one or more
of: a velocity hypothesis unit for generating the plurality of velocity hypotheses and/or

the first signals; the plurality of correlators; and the navigation engine.

16. An apparatus according to claim 15, comprising the navigation engine, wherein
the navigation engine is configured to determine a subsequent extended velocity

solution based at least in part on the data related to the most likely velocity hypothesis.

17. A GNSS receiver comprising an apparatus according to any preceding claim.

18. A method for vector tracking a plurality of satellite signals received by a Global
Navigation Satellite System (GNSS) receiver from a plurality of satellites, the method
comprising:
determining, by a hypothesis determiner, a most likely velocity hypothesis from
a plurality of velocity hypotheses based on a plurality of correlation values; and
transferring, by the hypothesis determiner, data related to the most likely
velocity hypothesis to a navigation engine of the GNSS receiver for tracking the

satellite signals,
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wherein the plurality of velocity hypotheses have been generated based on a
navigation engine output indicative of a current and/or a previous extended velocity
solution for the GNSS receiver;

and wherein the plurality of correlation values have been determined by a
plurality of correlators and represent correlations between a plurality of first signals
each comprising an expected Doppler shift derived from one of the plurality of velocity
hypotheses and a plurality of second signals each comprising a true Doppler shift

derived from one of the plurality of satellite signals.

19. A method according to claim 18, wherein the data related to the most likely
velocity hypothesis comprises one of: the most likely velocity hypothesis; and a plurality
of expected Doppler shifts associated with the most likely velocity hypothesis, each of

the plurality of expected Doppler shifts relating to one of the plurality of satellites.

20. A method according to claim 18 or 19, further comprising a velocity hypothesis

unit generating the plurality of velocity hypotheses.

21. A method according to claim 20, wherein the plurality of velocity hypotheses are
generated based on a predicted change in one or more elements of the extended

velocity solution.

22. A method according to claim 21, further comprising the velocity hypothesis unit
determining the predicted change based on one or more of: dynamics of the receiver, a

variance of the navigation data, inertial sensor data and map data.

23. A method according to any of claims 18 to 22, wherein corresponding first and
second signals each relate to one of the plurality of satellites, and wherein the
correlation values represent correlations between the corresponding first and second

signals.

24. A method according to claim 23, wherein each of a plurality of sets of

corresponding first and second signals relates to one of the velocity hypotheses.
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25. A method according to claim 24, wherein each of a plurality of sets of the
correlation values comprises a correlation value for each corresponding first and

second signal in a set of corresponding first and second signals.

26. A method according to claim 25, further comprising:

the hypothesis determiner determining at least one sum of a plurality of
correlation values in a set of correlation values; and

the hypothesis determiner determining the most likely velocity hypothesis based

on the at least one sum.

27. A method according to claim 26, further comprising:

the hypothesis determiner determining a plurality of the sums each relating to a
different set of correlation values; and

the hypothesis determiner determining the most likely velocity hypothesis to be

the velocity hypothesis relating to a largest sum of the plurality of sums.

28. A method according to claim 27, further comprising:
the hypothesis determiner determining the most likely velocity hypothesis to be
the velocity hypothesis relating to the largest sum in dependence on the largest sum

being greater than a threshold value.

29. A method according to any of claims 18 to 28, further comprising the plurality of

correlators determining the plurality of correlation values.

30. A method according to claim 29, wherein one or more of the plurality of
correlators undertakes a discrete Fourier transform, DFT, of a signal derived from one
or more of late code correlation samples, prompt code correlation samples and early
code correlation samples generated within the GNSS receiver,

wherein the DFT spans a range of frequencies encompassing a frequency of
the expected Doppler shift,

and wherein a corresponding correlation value is indicative of a magnitude of an

output of the DFT at the frequency of the expected Doppler shift.

31. A method according to claim 30, further comprising removing, by a modulating

bit removal unit, a navigation message from the signal derived from the one or more of
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the late code correlation samples, the prompt code correlation samples and the early
code correlation samples before the one or more of the plurality of correlators
undertakes the DFT.

32. A method according to any of claims 18 to 31, further comprising:

one or more code phase estimation units receiving a signal derived from late
code correlation samples, prompt code correlation samples and/or early code
correlation samples for one or more of the plurality of satellites;

the one or more code phase estimation units determining one or more code
phase estimates based on the signal derived from the late code correlation samples,
prompt code correlation samples and early code correlation samples; and

the one or more code phase estimation units transferring each code phase

estimate to the navigation engine.

33. A method according to any of claims 18 to 32, further comprising a velocity
hypothesis unit deriving the first signals based on a transformation of each velocity

hypothesis using line-of-sight data for each of the plurality of satellites.

34. A method according to any of claims 18 to 33 further comprising the navigation
engine determining a subsequent extended velocity solution based at least in part on

the data related to the most likely velocity hypothesis.

35. A computer program comprising instructions which, when executed on at least
one processor, cause the at least one processor to carry out the method according to

any one of claims 18 to 34.

36. A carrier containing the computer program of claim 35, wherein the carrier is
one of an electronic signal, optical signal, radio signal, or non-transitory computer

readable storage medium.
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