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What are vector
tracking loops,
and what are
their benefits and
drawbacks?

"GNSS Solutions” is a
regular column featuring
questions and answers
about technical aspects of
GNSS. Readers are invited
to send their questions to
the columnist, Dr. Mark
Petovello, Department of
Geomatics Engineering,
University of Calgary, who
will find experts to answer
them. His e-mail address
can be found with

his biography at the
conclusion of the column.

ector tracking loops are a type

of receiver architecture. The

difference between traditional

receivers and those that use
vector tracking algorithms is the man-
ner in which they process the received
GNSS satellite signals, and how they
determine the receiver’s position and
velocity.

Vector-based tracking loops com-
bine the two tasks of signal tracking
and position/velocity estimation into
one algorithm. In contrast, traditional
— or scalar — tracking methods track
each satellite’s signal(s) independently;
both of each other and of the position/
velocity solution.

Vector tracking has many advan-
tages over scalar tracking loops. The
most commonly cited advantage is
increased immunity to interference
and jamming. The minimum carrier-
to-noise power density ratio (C/N,) at
which the receiver can operate is low-
ered by processing the signals in aggre-
gate instead of separately.

Vector tracking algorithms also
have the ability to bridge signal outages
and immediately reacquire blocked sig-
nals. Moreover, vector tracking loops
have a greater immunity to receiver
dynamics than scalar tracking loops.

A final advantage: The vector track-
ing architecture allows the receiver’s
motion to be constrained in different
dimensions, which can be exploited by
receivers whose motion occurs primar-
ily in one or two directions, such as
ships or automobiles, for example.

The primary drawbacks of vector
tracking loops relative to traditional
approaches are their processing load
and complexity. The Kalman filter used
by the vector tracking architecture
(more details to follow) must be iterat-
ed on a time scale commensurate with

the integrate-and-dump period used by
the algorithm (~ 50 Hz). The numeri-
cally controlled oscillators (NCOs) in
each channel also must be controlled
directly by the central Kalman filter.

Another drawback of vector track-
ing is that the presence of a fault in one
channel will affect all the other chan-
nels, possibly leading to receiver insta-
bility or loss of lock on all satellites.

Before discussing how vector track-
ing loops operate, let’s first review how
a traditional receiver operates. Figure 1
shows a block diagram of a typical GPS
receiver.

In the traditional GNSS receiver,
scalar tracking loops are used to esti-
mate the pseudoranges and pseudor-
ange-rates for the available satellites. A
delay lock loop (DLL) is generally used
for estimating the pseudoranges, and
either a Costas loop or frequency lock
loop (FLL) is used to estimate the pseu-
dorange-rates or carrier Doppler. (A
phase lock loop can also be implement-
ed, although it is not strictly required
for signal tracking).

The pseudoranges and pseudo-
range-rates are fed forward to the
navigation processor, which solves for
the receiver’s position, velocity, clock
bias, and clock drift (i.e., the naviga-
tion states). The navigation processor
is typically an iterative least squares
algorithm or a Kalman filter.

In Figure 1, note that the flow of
information in the receiver is strictly
from left to right. Each channel of the
receiver tracks its respective signal
independent of the other channels.

In addition, no information from the
navigation processor is fed back to the
tracking loops.

The only exception to this may
occur when the navigation solution is
used to initialize the acquisition pro-
cess for a particular satellite. Although
this may reduce acquisition time, it
does not improve the receiver’s satellite
tracking capability.

By its very nature, the traditional
receiver architecture does not exploit
the inherent relation between signal
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tracking and navigation state estima-
tion. In particular, recall that the basic
concept of GNSS is that the signal
tracking information (i.e., pseudor-
anges and pseudorange-rates) can be
used to estimate the desired navigation
states (i.e., position, velocity, and clock
information).

In contrast to traditional receiv-
ers, vector tracking algorithms exploit
the inherent coupling between signal
tracking and navigation solution com-
putation, and combines them into a
single step. In other words, in a vec-
tor tracking approach, the navigation
processor is used to perform both tasks
and eliminates the need for intermedi-
ate tracking loops.

Figure 2 shows a block diagram of
a receiver employing a vector delay/
frequency lock loop (VDFLL). In this
architecture, the pseudoranges and
pseudorange-rates are predicted by the
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FIGURE 1 Traditional Receiver Architecture

navigation processor (in this case an
extended Kalman filter (EKF)) for each
signal that is to be tracked. This predic-
tion is performed using the estimated
navigation states and the computed
satellite position and velocity.

Each channel of the receiver then
produces pseudorange and pseu-
dorange-rate residuals (differences)

relative to the predicted pseudorange
and pseudorange-rates. In turn, the
EKF uses the residuals to update its
estimates of the receiver’s navigation
states. In the VDFLL, the vector track-
ing loop is closed through the EKFE.
For a VDFLL, the typical states

used in the EKF are shown in equation
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Higher order derivative states can be appended to (1) but
are not necessary for the VDFLL to function. The residuals
produced in the j-th channel are related to errors in the states
of the EKF by equation (2). Cox T
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In (2), the symbol § denotes an error in a state. The receiv-
er’s Cartesian coordinates are represented by x, ¥, and z (dots
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FIGURE 2 Vector Tracking Receiver Architecture

above a value represent its time derivative). The receiver’s
clock error is denoted as t and the letter ¢ represents the
speed of light. The terms a, , a , a_;are the elements of a unit
vector pointing from the receiver’s estimated position to the
j-th satellite.

Equation (2) is very important in that it shows how the
channels of the receiver are coupled. The pseudoranges
are tied together through the three position states and one
clock bias state. Similarly, the pseudorange-rates are coupled
through three velocity states and one clock drift state. The
position and velocity states are related to the residuals by the
line-of-sight vectors.

We should note that the phase of the received carrier sig-
nals can also be tracked using the vector tracking approach.
This is referred to as a vector phase lock loop (VPLL). The
VPLL requires an alternate formulation of the central EKF
due to the fact that the carrier phases of the received signals
cannot be predicted unambiguously from the filter states
shown in (1).

The VPLL is not as common as the VDLL and VFLL
because the carrier frequencies and code phases can be
tracked at lower C/N, ratios than the carrier phases. In gen-
eral, vector tracking is used specifically for situations where
low C/N, ratios are encountered.

The advantage of vector tracking over scalar tracking
loops stems from the number of unknowns that the two algo-
rithms are attempting to estimate, and how the unknowns
are related to the available measurements. A traditional
receiver uses N scalar DLLs to estimate N pseudoranges. In
contrast, a VDLL uses N pseudorange residuals to estimate
four states (three position and one clock bias). Similar num-
bers apply to the VFLL case as well and are therefore not
provided here.

To illustrate this point, consider the situation where N
pseudorange residual measurements are available, as shown
in (3).
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In this equation, the pseudorange residuals (denoted
with a tilde) are assumed to consist of the true residuals plus
white noise. In a manner analogous to using scalar DLLs, the
pseudoranges are estimated using the equations in (3) with
weighted least squares. The weighted least squares estimate of
the pseudoranges (A ,A)) and associated covariance are shown
in (4).
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Examining equation (4) reveals an important drawback
of scalar tracking loops. As the number of available pseudo-
ranges increases, the variance of the estimated pseudoranges
remains constant. This is a direct result of the pseudoranges
in (3) being modeled as completely uncoupled.

Now, consider using the N pseudorange residuals to first
estimate three position errors and one clock bias error. This
is analogous to the VDLL approach. Equation (5) relates the
position and clock errors to the residuals.
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The weighted least squares estimate of the vector AX and
its associated covariance are shown in (6).
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The vector AX is related back to the estimated pseudor-
anges by Equation (7).

A
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Therefore, the covariance of the estimated pseudoranges
from the vector tracking approach are:
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FIGURE3 PDOP and Number of Satellites
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Comparing the pseudorange covariances in (4) and (8),
the vector tracking approach will yield smaller pseudorange
variances when the diagonal elements of W are less than one.
In the case of four satellites, the pseudorange covariances in
(4) and (8) are equal (assuming H has full rank).

In a case where N exceeds four, the pseudorange vari-
ances from the vector tracking method in (8) will generally
be less than those in (4). This is the main benefit of vector-
based tracking.
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Equation (8) also shows that the
performance of vector tracking is a
function of how many satellites are
available and their geometry. To deter-
mine the relative performance advan-
tage of the vector-tracking algorithm
for a typical GPS receiver, the visible
satellite constellation was recorded
every minute for about 14 hours at
Auburn University.

For each satellite geometry, the
effective gain in C/N ratio was deter-
mined by examining the maximum
and minimum diagonal elements of
the matrix Win (8). A nominal C/N
ratio of 45 dB-Hz was assumed for all
of the available satellites. At 45 dB-Hz,
the noise variance 6 is 34.1 m>.

The reduction in C/N, ratio needed
to make the largest pseudorange vari-
ance equal to 34.1 m? is defined as the
minimum gain in effective C/N| ratio.
Conversely, the reduction in C/N, ratio
needed to make the smallest pseu-
dorange variance equal to 34.1 m?*is
defined as the maximum gain in effec-
tive C/N ratio.

Figure 3 shows the position dilution
of precision (PDOP) and number of vis-
ible satellites over the 14-hour period.

The maximum and minimum gain
in effective C/N| ratio over the 14-hour
period are shown in Figure 4.

The maximum gain in C/N| ratio
varies from 2 to 6.5 decibels and has
amean of 5.1 decibels. The minimum
gain in C/N| ratio varies from nearly
0 to 2.8 decibels and has a mean of 1.1
decibels. Figure 4 demonstrates that
the vector approach can significantly
improve a receiver’s ability to track the
received signals.

——o0 Mark Petovello is an Assistant
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Geomatics Engineering at the
University of Calgary. He has been
actively involved in many aspects
of positioning and navigation since
1997 including GNSS algorithm
development, inertial navigation,
sensor integration, and software
development.

Email: mark.petovello@ucalgary.ca

In conclusion, vector tracking
algorithms combine the operations of
signal tracking and navigation state
estimation. The performance improve-
ment brought about by vector tracking
is contingent on the number of avail-
able satellites and their geometry. The
only major drawbacks of vector track-
ing are their complexity and computa-
tional loads.
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