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conclusion of the column. GNSSS receivers that use a vector
delay lock loop (VDLL) also estimate
their position and clock bias from the
satellite signal arrival times. However,
individual delay lock loops are not
present in the VDLL. Instead, the navi-
gation processor itself is used to track
the satellite signals, see the lower dia-
gram in Figure 1.

This means that the navigation
processor must predict the arrival
times of the satellite signals based on
its estimates of the receiver’s position
and clock bias in order to generate the
local signal. The goal of this article is
to explain how the satellite signals are
predicted and tracked by the VDLL.

We make several assumptions to
facilitate explaining how the VDLL
works. First, we assume that the VDLL
uses an extended Kalman filter (EKF)
as the navigation processor. Further-
more, we assume that the state vector of
the EKF contains the position and clock

bias of the receiver (i.e. the EKF directly
estimates these values). An alternate
and less common form of the VDLL
uses the received pseudoranges as the
elements of its state vector. This variant
of the VDLL is not discussed here.

Second, assuming a specific signal
structure helps when explaining how
the VDLL works, and we use the civil-
ian GPS L C/A code here. However,
the techniques used to predict the C/A
code signals can be easily modified for
the other GPS signals and GNSS con-
stellations. We will review structure of
the C/A code briefly before explaining
the VDLL mechanization.

The civilian GPS L, signal consists
of a carrier at L , a pseudo-random
noise (PRN) sequence, and a low rate
navigation (Nav) message. The PRN
sequences (i.e. C/A codes) consist of
1,023 chips that repeat every millisec-
ond. The Nav message is broadcast at
50 bits per second and contains satellite
ephemeris, almanac, and other data.

The timing of the C/A code and
Nav message is critical to receiver
operation. The rising edge of any
navigation bit coincides with the rising
edge of the first chip of the C/A code.
Furthermore, embedded in the naviga-
tion message is the approximate time
that the rising edge of the Nav message
bit is transmitted. (Actually, the time
of the start of a sub-frame is provided,
but the receiver can use this to deter-
mine the time of any bit within the
sub-frame.)

The actual GPS time when the Nav
message is transmitted differs from
the (ideal) time contained in the Nav
message. This difference is caused by
errors in the clock of the broadcasting
satellite. However, the Nav message
also contains the coefficients of a satel-
lite clock correction polynomial that a
receiver uses to correct the time offset
of the satellite clock. Corrections are
also applied for relativistic effects and
group delay (T, ).

We should also note that all satel-
lites broadcast their signals synchro-
nously. This means that in the absence
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FIGURE 1 Satellite signal arrival time measurement and code trackingina

traditional receiver and a vector delay lock loop

of satellite clock offsets, all the Nav bits
would be broadcast at the same time.
GPS receivers track the C/A code
and maintain precise estimates of its
phase (i.e., the code phase). The phase
of the C/A code can be directly related
to the signal’s time of transmission
because of the known timing relation-
ship between the C/A code and Nav

bits. Consequently,
predicting the
arrival time of the
Nav bits is equiva-
lent to predicting
the C/A code phas-
es, assuming the
navigation message
can be extracted
from the receiver.
The case where the
received signal is
too weak to extract
the Nav message
data is not consid-
ered here.

The VDLL
exploits the struc-
ture of the GPS
signals to predict
the code phases
of the received signals based upon its
state vector. It is assumed that the Nav
messages from all the satellites have
been decoded and that at least one set
of pseudoranges have been processed
(i.e. the VDLL has been initialized,
or equivalently, that a position has
been computed). The state vector of
the VDLL is then time referenced to a

FIGURE 2 Timing diagram of VDLL mechanization for a single channel

specific sample of the IF data.

Point A in Figure 2 corresponds to
the sample to which the state vector is
referenced and is the current time.

For convenience, we assume that
the current time at point A is at the
end/beginning of a Nav bit. From the
Nav message, the receiver can easily
determine the satellite time corre-
sponding to when the rising edge of bit
k was transmitted.

The VDLL now needs to predict
when the rising edge of Nav bit k+1
is going to arrive, labeled point D in
Figure 2. Because sampled data is being
used, this prediction will correspond to
a particular sample index. The locally
generated C/A code for the satellite will
then start at this index.

Step one in Figure 2 is to determine
the sample index in the past that cor-
responds to when the rising edge of
Nav bit k was transmitted, that is, point
B in Figure 2. The sample index cor-
responding to point B (S,) is calculated
from the transit time of the signal
t,,,) and the current reference recep-
tion sample (S, ):

Sy =S5,- bna® % @

The symbols c and f, in the preced-
ing equation are the speed of light and
the sampling frequency of the receiver,
respectively. The values needed in (1)
should have already been calculated,
because they are all required to process
pseudorange measurements.

After determining the sample index
corresponding to when the rising edge
of Nav bit k was transmitted (point
B), step two is to determine the satel-
lite position and sample index when
bit k+1 would have been transmitted
(point C). This is done by adding 20
milliseconds to the satellite clock time
and then calculating the satellite’s posi-
tion at this new time.

The sample index when Nav bit
k+1 was transmitted is then found by
taking the sample index when bit k
was transmitted, and adding to it the
elapsed time (in samples) between the
consecutive Nav bits. The true GPS
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time when Nav bit k+1 was transmitted
is calculated when computing the satel-
lite position at the next transmission. The
elapsed time should be very close to 20
milliseconds since the drift in the satel-
lite clocks is very small over the Nav bit
interval.

Step 3 in the VDLL mechanization
is to add the transit time of Nav bit k+1
(t,, ) to point C. The time of transit is
calculated using the satellite position
at transmission (PSV , the atmospheric
delays for the signal (d , ), and the posi-
tion of the receiver at reception
® RCVR):

~

b = ( | Pgy= Preyp Il + d,,,,,07¢ @

FIGURE 3 Alternate VDLL mechanization scheme

The position of the receiver at recep-
tion is determined by taking the state vector of the VDLL at
point A and propagating it forward 20 milliseconds. This also
yields the clock bias of the receiver at reception. Calculation
of ¢, , typically requires iteration because the satellite posi-
tion in the ECEF frame is a function of the transit time.
Finally, point D (S,), the sample index when Nav bit k+1

will arrive, is calculated by adding the transit time and clock
bias of the receiver at reception (d ,,. ) to point C:

(o + Do)
S =8 4 —mb _dom ®)

D C .ﬁ

The sample index S, is when the rising edge of the first
chip of the C/A code should occur.

Note that the propagation of the VDLLS state vector
ahead by 20 milliseconds is an approximation, because it is
assumed that the next Nav bit will arrive 20 milliseconds
after the previous one — which is not exactly correct because
of clock errors and relative motion between the receiver and
satellite.

We can evaluate the effects of relative motion on the accu-
racy of this assumption by first considering that the maxi-
mum observed Doppler shift by a stationary receiver on the
Earth’s surface is about +/- 5 kilohertz at L. This translates
to a line-of-sight velocity of about 952 m/s, or 2130 mph. The
change in the period of the Nav bits caused by this magnitude
of line of sight velocity is:

AT, = (002's) ;952?) - 63 ns @

If the receiver is assumed to have the same line-of-sight
velocity toward the satellite, the change in the Nav bit period
is then 126 nanoseconds. The approximate pseudorange error
incurred by assuming the Nav bit interval to be 20 millisec-
onds is then:

P =(126-107s) (9525) = .11 mm (5)

error

This error is quite small, even for an extremely high
dynamic platform.

A second method of predicting the satellite signals for the
VDLL is shown in Figure 3. There, the receiver first processes
a full set of pseudoranges at point A. The state vector of the
VDLL is then referenced to point A, and the receiver needs
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to predict the arrival times of the k+1
Nav bits, shown arriving to the right of
point A. The receiver first calculates the
sample (point B) corresponding to GPS
system time when the k Nav bits would
ideally have been transmitted. Point B
is when all the Nav bits labeled k would
be transmitted if all the satellite clock
offsets were zero.

The receiver then adds 20 millisec-
onds to point B to yield point C, which
corresponds to the sample when all the
satellites would ideally transmit the
k+1 Nav bit. GPS system time at point
C is then the value of satellite time used
to calculate the satellite positions at the
transmission of the k+1 Nav bits.

The sample indexes correspond-
ing to the time of transmission for the
satellites will generally not be the same
as point C because of the satellite clock
errors. The actual sample index of
transmission for each satellite is deter-
mined by taking the satellite clock cor-

rection and subtracting it from point
C. This is shown graphically in Figure
3 by the slewed transmission times of
the signals.

The receiver’s position and clock
bias at reception are again calculated
by propagating the VDLLs state vec-
tor forward. However, the propagation
times are different for each channel
due to the different signal arrival
times. After propagating the state vec-
tor forward to the appropriate time,
Equations 2 and 3 are again used to
calculate the sample index when the
next (k+1) Nav bit will arrive. It should
be emphasized that the transmission
sample indexes have been adjusted for
the satellite clock errors.

This second method of predict-
ing the C/A code phases is the actual
technique used by the authors. Further
details on processing the satellite signals
with the VDLL are given in articles cited
in the Additional Resources section.
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