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inematic GNSS data processing
algorithms are constantly being
improved to work over long
inter-station distances. Within
the GNSS community some users have a
need for publicly available data for high-
frequency (equal to or greater than one
hertz) kinematic applications. These
applications may be separated into two
classes: those using post-processed data
and those requiring real-time or near
real-time data.
A variety of commercial and public
GNSS service providers offer reference
data derived from GNSS satellite broad-

casts and archived in near real-time,
which can be used for long-baseline
kinematic applications. Several com-
mercial vendors provide reference data
through satellite-based channels at rel-
atively high frequency rates (up to one
Hertz).

A number of public service provid-
ers, however, offer data free of charge via
the Internet, notably the International
GNSS Service (IGS) Tracking Network
with approximately 350 stations distrib-
uted globally. The IGS network has a rel-
atively high density over North-America
and Europe. Further densifications exist
regionally, such as the National Con-
tinuously Operating Reference Stations
(CORS) Network supported by the U.S.
National Geodetic Survey, the EUREF
Permanent Network in Europe, and the

Shenzehn CORS network in southeast-
ern China.

Consequently, publicly available
GNSS reference station data are becom-
ing more and more attractive for use in
kinematic applications. Unfortunately,
these archived data normally exhibit
sampling intervals as large as 30 seconds,
whereas kinematic positioning requires
sampling frequencies in the range of 1 to
20 Hz or even higher. For instance, only
sites belonging to the IGS Low Earth
Orbit (LEO) network — a subset of the
IGS tracking network — provide 1 Hz
data. There are many scientific applica-
tions, such as hydrographic surveying or
airborne photogrammetry, and gravim-
etry, that can benefit from using publicly
available, “freeware data” to generate 1
Hz data.
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The decision of the U.S. government
to turn off S/A (Selective Availability) in
May 2000 opened the door for accurate
densification of reference station data, but
this opportunity has not received proper
attention yet. In the future, the availabili-
ty of the future Galileo system, combined
with existing GPS and GLONASS satel-
lite constellations, will further improve
the positioning performance.

For the time being, however, in using
the low-frequency public reference net-
work data the need to interpolate refer-
ence station measurements in the time
domain arises, because both rover and
reference station data must be available
with the same temporal resolution (and
synchronously). This article will discuss
techniques by which low-frequency ref-
erence station data can be used to gener-
ate higher sampling rates for use in kine-
matic applications, both post-processed
and in real-time.

The Algorithm
In this article, GNSS data interpolation
is not carried out on the measurements
directly. Instead, the known orbit infor-
mation is used to compute observation
residuals that will be interpolated after-
wards. This procedure is slightly more
complicated than a direct interpolation
of the measurements — for example,
using high-order polynomials — but it
is still easy to implement.

The observation equation for a pseu-
dorange measurement PR at reference
station A to satellite i at epoch k is

i i i i i
PR L1k =Pak 0S4 Tropk * 55A,L1,Ion,k+(5tAk‘ oty ) c

p distance

0S 1yop tropospheric propagation delay
8S1,, ionospheric delay

8Sy  receiver clock error

8t satellite clock error

(All equations are only presented for
the primary L1 carrier frequency for the
sake of simplicity.) Most of the dynam-
ics are contained in the geometrical dis-
tance p because the satellites are cruising
at a speed of around 3 km/s.

Fortunately, both satellite and ref-
erence station positions are precisely
known, that is, the term p can be easily

evaluated. The atmospheric errors, on
the contrary, are considered as slowly
varying error terms. We employ default
models (subscript ‘MOD’) to predict
these terms. The satellite clock error
Ot! is treated as a quantity that does not
show any unexpected behavior within
the interpolation interval, now that S/A
is — and likely to remain — switched
off. Finally, the receiver clock error must
be estimated:

i i i i
PRA,Ll,k ~Pak~ 8S A,LLIon,MODKk — N A, TropMODk

Oneofthein-housereferencestationsof
UniversityFAFMunich,Germany(above)
CiutadellaReferenceStation,ENVISAT
Project, Spain (inset)

can be computed and basically repre-
sents the slowly varying terms of atmo-
spheric propagation delays. We omitted
the predicted errors of the tropospheric
and ionospheric delays in this formula
because these modeled quantities remain
almost

Of course, any sudden jumps of
the receiver clock term, which might
occur when a new satellite rises or an
observed one drops below the eleva-
tion mask angle, negatively affects the
interpolation process. In order to avoid
such jumps, the receiver clock error is
always deduced from the master satellite
— the one with
highest elevation.
Alternatively, one
could estimate the
clock error from
the entire ensem-
ble of measure-
ments employing
a strong elevation-dependent weighting
scheme that gives very little weight to
low-elevation satellites and considerably
larger weight to those of high-elevation
satellite measurements.

For all required epochs, the pseudo-
range residual

APRiA,Ll,k = PRiA,Ll,k_ piA,k —c- Bty - 8t 3)

+8t. (2) constant
during two

subsequent epochs and, thus, do not
require any further treatment.

Analogously, the carrier-phase resid-
ual reads

. ; Pk te Oty —dty)
ALK = PALLK ™ X

u @

and is given in cycles here. It contains
the atmospheric effects plus the (non-
varying) ambiguity unknown. Although
the receiver clock error is computed with
the help of pseudorange measurements,
this fact has very little effect because the
positioning software will employ dou-
ble differences that largely reduce clock
error inadequacies.

The interpolation of the observation
residuals can now be performed with the
following linear function

A@arie=2agt+a;t (5)

where the coefficients a, and a, are
derived using the observation residuals
of epochs ¢, and ¢, with ¢, <t <
t..,- Note that quadratic interpo-
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lation showed no improvement during
the tests described in this article. The
same statement is true regarding the
use of high-precision IGS orbits versus
broadcast orbit information. The latter is
less accurate, but not problematic either,
because orbit errors are slowly varying
and can also be compensated by the
linear interpolation procedure for short
time intervals.

The interpolated carrier phase then
reads '

. P +Ce Bty —5ty) .
PaLLL™ X TAPALL
Ll

with p, and 6t being computed with
knowledge of the orbit information and
dt, , 8t being interpolated in the same
manner as the observation residual A¢,.
An algorithm as depicted before was
implemented in the in-house software
“PrePos GNSS Suite - Module RInter”
<http://www.unibw.de/ifen/software/
prepos>and used in the tests described
later.

The main drawback of interpolation
compared with the use of reference data
recorded at the nominal frequency of
the roving receiver is that interpolation
cannot be carried out when (non-fixable)
cycle slips occur. However, because ref-
erence station data collection is a static
scenario, cycle slips tend to be less fre-
quent in comparison to kinematic sce-
narios, and we can often fix them when
they do occur.

Positioning Tests

Positioning experiments were carried
out on the campus area of the University
FAF Munich, Germany, in order to dem-
onstrate the feasibility of this interpola-
tion approach. A short baseline (about 40
meters) was established with one receiver
acting as rover and the other as reference
station. Data were collected for 37 min-
utes at a nominal sampling frequency of
1 Hz. Afterwards, the rover data were
decimated to 5, 10, 15, and 30 seconds
and interpolated back to the nominal
frequency. We decimated the data by
using the “worst case,” for example, for
the 15-second interval all those records
belonging to epochs different from Os,
15s, 30s, 45s, etc. were simply deleted.

(6)

Afterwards, the decimated
data were interpolated using the
algorithm described earlier, and
compared to the original data.
As this baseline is very short,
atmospheric errors are effec-
tively eliminated when double
difference measurements are
formed for GNSS positioning.
This statement is true when
using the original data. How-
ever, for the decimated data we
can expect those atmospheric

.S A

Sampling
interval

(in Double

seconds) Difference | North East Radial
1 - 43mm | 24mm | 7.5mm
5 24 mm 45mm | 24mm | 8.1 mm
10 3.3 mm 50mm | 27 mm | 8.9 mm
15 4.0 mm 54mm | 2.7 mm | 10.2mm
30 6.0 mm 74mm | 3.6 mm | 144mm

TABLE 1. Standard deviation of interpolated carrier
phasesandpositioningaccuracywithrespecttoreference
coordinates (1-second results: original data set,

no interpolation).

AL .

FIGURE1Horizontalpositionscatterplotsusingtheoriginaldata(1s)aswellasselectedinterpo-
lateddatasets(10s,15sand30s);samescalingforallplots.Thereddotrepresentsthereference

position;thegrayshadedareasrepresentconfidenceellipsesofprobabilities(fromcenter)of68,
95 and 99 percent.
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errors (and other remaining contribu-
tors to the error budget) will still show
variations that depart from linear nature
(the approach used for interpolation). So,

43.0,

208

0 421 843

0 420 840

we must anticipate a larger interpolation
error for longer data sampling intervals,
which maps into the double difference
measurements.

1264 1685

1259 1679 2099

0 417 LY

1251 1668 2085

FIGURE2Verticalscatterdiagramsusingtheoriginaldata(ls)aswellasselectedinterpolateddata
sets(15sand30s);y-axisinunitsofmillimeters,x-axisinseconds.Theredlinerepresentsthe

referenceposition;thegrayshadedareasrepresentprobabilitiesof68,95and99percent(darker
to lighter shades, respectively).

Please note that this contribution
concentrates on L1 measurements. L2
data were analyzed in the 2006 article
by this author cited in the Additional
Resources section at the end of this
article. That analysis showed an agree-
ment similar to the L1 observations.

Carrier Phase
Measurements

Table 1 shows results obtained from
interpolated carrier-phase measure-
ments on L1. The first column gives the
sampling interval of the input data for
the interpolator. The one-second data
are not interpolated. The second column
depicts the agreement of the original ver-
sus those double differences containing
interpolated data. As expected, we can
see that the longer the sampling interval
becomes, the lower the agreement with
the original data will be.

Columns 3 and 4 portray the hori-
zontal positioning accuracy (standard
deviation from difference to the known
reference coordinates, rms), and the last
column provides information about the
height accuracy. All values represent
the standard deviations of a single-shot
result (epoch-to-epoch solution), that s,
not the precision of the averaged/adjust-
ed mean coordinate result.

Figure 1 graphically illustrates these
results (horizontal scatter plots for 1 s,
10 s, 15 s and 30 s), and Figure 2 (ver-
tical scatter diagrams for 1 s, 15 s and
30 s). The empirical confidence ellipses
for probabilities of 68, 95, and 99 per-
cent were drawn in these scatter plots
in shades of gray. The corresponding
confidence intervals of the radial coor-
dinate channel are indicated as well. The
red cross/red line indicates the reference
position.

The positioning accuracy using inter-
polated data does not suffer much for
intervals of 5 to 10 seconds: The agree-
ment (1 o) of the horizontal positions is
almost identical regarding the 5-second
data and less than 1 millimeter worse for
the 10-second data.

The height component — as always
with GNSS positioning — suffers a bit
more, as seen in Figure 2. For the 30-
second data in Figure 1, however, this
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FIGURE3Verticalscatterdiagramusingtheoriginalpseudo-rangedata(1s,bluedots)andthe
interpolated30-s-dataset(yellow-greendots) Empirical68%,95%and99%confidenceintervals
areindicatedinshadesofgrayfortheinterpolatedandincyanfortheoriginaldataset(y-axisin

units of millimeters, x-axis in seconds).

TABLE2.Standarddeviationofinterpolatedpseudoranges

andpositioningaccuracywithrespecttoreferencecoordi-
nates.

component is already 7 millimeters less
accurate (almost twice the error) than
the results obtained from the original
data set, and the horizontal scatter is
more than 3 millimeters larger (about 75
percent more)— a tendency that is also
evident when having a look at Figure 2.

PseudorangeMeasurements
Although only carrier phase measure-
ments are needed for high-precision
applications, it is still worth having a
closer look at the interpolated pseudo-
range measurements. Table 2 depicts
the results for this type of observation
analogously to Table 1. Data processing
with the in-house software was con-
ducted without any smoothing of the
pseudorange data.

The results are partly astonishing:
The agreement between the original
double differences and the interpolated
ones is as expected. Again, the larger
the sampling interval becomes the

sampling Double more the standard dev1atlop
interval Difference | North | East Radial increases. However, the posi-
1s i 074m | 047m | 130m | tioningaccuracyincreases (1:e.,
the rms error decreases) with

55 014m | 072m | 046m | 1.27m | . . L
increasing sampling interval!
10s 025m | 069m | 044m | 1.21mM | Theincrease in accuracy is only
155 033m | 065m | 043m | 1.17m | marginal (about 10 centimeters
30 047m | 064m | 043m | 1.12m | for the horizontal position and

less than 20 centimeters for the
vertical channel) compared to
the ordinary noise of pseudo-
ranges, but we still must find
a suitable explanation for this apparent
contradiction.

Figure 3 helps to understand this
phenomenon. The reason is related to
the fact that multipath plays a domi-
nant role for the (un-smoothed) pseudo-
ranges. This error contributor is much
more emphasized for this type of obser-
vations than for carrier phases, whereas
other contributors, such as changes in
ionospheric delay, play an important
role for the carrier-phase interpolation,
but only a marginal one when looking
at the ranges.

The standard deviation of the double
differences (see second column of Tables
1 and 2) is obtained from the compari-
son of the interpolated with the original
observations. These values do not repre-
sent any kind of “accuracy,” but simply
indicate the agreement of interpolated
and the native data. In other words, this
standard deviation reveals how precisely
the original data can be reconstructed

from the interpolated ones. The bet-
ter the errors inherent in the original
measurements can be reconstructed,
the smaller this standard deviation will
become — but this has nothing to do
with the accuracy of the observations.

On the contrary, the standard devi-
ation of the coordinate components
is computed taking into account the
known reference position. Assuming
that this reference matches the true posi-
tion, the coordinate rms values shown
in the tables will indicate the accuracy
of the positions.

Looking at Figure 3 we can easily
see typical multipath signatures in the
time series. Furthermore, we can find
several events where the peak errors of
short-term multipath were cut off dur-
ing the interpolation (compare yellow-
green dots versus blue dots indicating
heights from original data). As a matter
of fact, the multipath errors inherent in
the interpolated data can never be larger
than that present in this discrete, origi-
nal time series as long as only a linear
interpolator is employed — but it can
be smaller! As a result, the positioning
accuracy becomes better in this test trial,
and, generally speaking, it will be better
as long as multipath errors are dominant
in comparison to the other contributors
to the error budget.

In the carrier phase results (Figure
2), multipath signatures can be seen as
well. However, they are not large enough
to overcome the expected tendency of a
poorer interpolation performance with
increased sampling interval due to a less-
accurate interpolation of the remaining
error contributors.

Real-Time Aspects
Although this article focuses on data
interpolation for post-processing (or
near real-time) applications, many
readers might also be interested in true
real-time applications. In this case, the
algorithm depicted at the outset can be
used in a straightforward manner as an
extrapolator. Some results are shown in
Tables 3 and 4 as well as in Figure 4.
Linear extrapolation according
to Equation (5) was carried out for all
quantities needed. The interval of the
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o’

reference data was chosen in a “sym-
metrical manner” with respect to the
prediction (extrapolation) interval: For
example, the data predicted for 5 sec-
onds in advance (t ) are based on refer-
ence data for epochs ¢ and ¢ , because it
would not be wise to base an extrapola-
tion on the original data sampling inter-
val of just 1 second. This would quickly
magnify extrapolation errors for long-
term predictions, according to the laws
of error propagation.

Table 3 gives results for the single-
shot positioning accuracy with carrier
phase measurements. We can see that
data prediction is actually possible, but
we cannot expect the same accuracy as
for data interpolation. Data prediction
for +10 seconds showed a horizontal
position error of 14 mm, and the vertical
coordinate error is 26 mm. Data inter-
polation from 10-second data provided
a horizontal accuracy of six millimeters
and less than one centimeter in height
(see Table 1).

Figure 4 illustrates that prediction of
data one second in advance only shows
a minor decrease in accuracy. This type
of short-term extrapolation is needed for
applications with very strict real-time
requirements because in a differential
network, data latencies are inevitable.
Consequently, small-scale predictions
are needed to provide true real-time
capabilities.

Nevertheless, the other results also
indicate that communication outages
of less than 30 seconds are not neces-
sarily fatal for RTK positioning because
extrapolation of the reference station
data can still be accomplished with
reasonable — although not the high-
est — accuracy. For example, for a 15-
second outage in a GSM network, the
errors in the original data will amount
to a horizontal RMS error of 4.5 milli-
meters, while the 15-second prediction
will lead to a “single-shot” RMS of 19.2
mm.

It seems that an accuracy of about
two centimeters will still be sufficient
for many kinematic applications. Some
improvements to the algorithm could
still be made with respect to extrapola-
tion. For instance, better satellite clock

FIGURE4Comparisonofhorizontalpositionscatterfromoriginaldata(leftlandshort-termpredic-

tions (+1 s, right).

TABLE3.Single-shotpositioningaccuracy(rms)

usingextrapolatedcarrierphasemeasurements
(0 s: original data set).

error prediction models would enhance
the accuracy a bit.

From Table 4 we can conclude that
the pseudorange positioning accuracy
does not decrease as quickly as the car-
rier-phase measurements. The height
error is about a factor of 2 larger for the
30-second predictions compared to the
original data.

SummaryandConclusions
Interpolation of GNSS measurements
is a task often undertaken by users who
want to exploit publicly available data in
high-frequency kinematic scenarios. We
presented an algorithm for precise data
interpolation that reduces the original
measurements with the help of orbit
information and applies linear interpo-
lation to the slowly varying observation
residuals.

The loss of accuracy is rather mar-
ginal when interpolated carrier-phases
from data sampled each 5 seconds are
used compared to the positions obtained
from original data. Even for 10-second
data the agreement between original and

Extrapolation Extrapolation
Interval North East | Radial Interval North East | Radial
0s 4mm 2mm | 8 mm 0s 0.7m 0.5m 1.3m
1s 5mm 3mm | 10 mm 1s 0.8m 0.5 m 14m
5s 8 mm 4mm | 17 mm 5s 1.0m 0.7m 1.7m
10s 14 mm 6mm |26 mm 10s 1.3m 0.8m 22m
155 17 mm 9mm | 31 mm 15s 1.3m 0.8m 23m
30s 30 mm 17mm | 44 mm 30s 1.3m 1.0m 27m

TABLE4.Single-shotpositioningaccuracy(rms)

usingextrapolatedpseudorangemeasurements
(0 s: original data set).

interpolated data is still within 1 milli-
meter for the horizontal position and 1.5
millimeter for the vertical coordinate.

These results indicate that reference
station data do not necessarily need to
be archived with the nominal sampling
frequency (often 1 Hz). Instead, an opti-
mal trade-off between storage capacity
and sampling interval would be between
5 and 10 seconds. This statement is in
agreement with 5-second sampling
interval recommended by L. Wann-
inger in the work cited in the Additional
Resources section as well as J. Wickert et
al. who recommended 10-second sam-
pling intervals for ground station data
used for CHAMP radio occultation
measurements.

Data sampled every 30 seconds tends
to be a bit too sparse for interpolation
when the highest precision is required in
kinematic applications. Unfortunately,
this is the commonly used output inter-
val of publicly available GPS reference
networks. It is therefore recommended
to enhance the output interval to at least
15 seconds (or better 10 seconds) in order
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to offer useful data to more users, thus
expanding the idea of real multipurpose
networks.
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