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Summary

On 3'l January 1994, the Anti-Spoofing (AS) feature was activated by the CPS control
segment. This restricts the capabilities of conventional two-frequency CPS receivers. Se-
veral manufacturers of geodetic receivers have developed methods to overcome most of
the adverse effects of AS.

The Working Group for Applied Space Ceodesy of the Netherlands Geodetic Commis-
sion, (an institute of the Royal Netherlands Academy of Arts and Sciences) decided to
investigate and compare the performance of four of these receivers, i.e. the ASHTECH
Z-12, the LEICA (or WILD) System 200, Allen Osborne Associates' TurboRogue-
(SNR8000) and the TRIMBLE 4000SSE.

Major attention was given to the ability to accurately and quickly resolve two baselines;
one of 10 km and one of 100 km length. Furthermore, the susceptibility to radio fre-
quency interference (RFl) was investigated, mainly because in the past years this has on
several occasions been a problem during surveys in Holland. And finally an effort has
been made to determine the noise in the various observables that are output by the
receivers.

We stress that this is not a comprehensive evaluation to be used to decide on which
receiver to purchase. For that purpose many other aspects should be taken into account,
such as performance under low signal levels (foliage), availability of software and peri-
pheral modules to integrate CPS into normal survey operations, weight, transportability,
kinematic operation, price and other aspects for specialized applications.

Some guidance to the reading of this report may be useful. Individual chapters of the re-
port can mostly be read separately, though some aspects overlap. The most important
results are always included in the text, often with short tables. More detailed tables or
figures are -grouped per chapter- included in the appendices.

Chapter 1 is an introduction, mainly consisting of a short explanation on AS and how the
various manufacturers try to overcome its restrictions. In it, the rationale is given why we
choose to evaluate the aspects as described.

Chapter 2 describes the data acquisition for the evaluation of baselines and the noise in
the various observables.

Chapter 3 gives the results of "hands-off" processing of baselines, using the standard
software provided by the manufacturers and a commercially available receiver-indepen-
dent package, i.e. TOPAS from TerraSat, recently renamed into CEOTRACER from the
company Ceotronics. The guiding principle in this chapter is that no efforts have been
made to improve the results by means of data editing or any other method.

Chapter 4 gives the results of processing with the scientific "Bernese" software package.
Here extensive efforts have been made to get the best out of the available data.

Chapter 5 describes the effects of both unintentional and intentional radio frequency
interference (RFl) on the performance.

v t l



Chapter 6 explains efforts to analyse the noise in the various observables, using one
single receiver per manufacturer. Results are given.

Chapter 7 contains the most important conclusions. More detailed conclusions are given
at the end of chapters 3,4,5 and 6.

The report concludes with acknowledgements and a list of literature references.
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1. Introduction

1.1. Anti-Spoofing
Anti-Spoofing (AS) encrypts the publicly available P-code into a secret Y{ode. lt is done
by a modulo-2 addition of the 10.23 MHz P-code and a W-code of about 500 KHz. The
encryption was introduced on 31 January 1994. The main purpose of AS is to make the
(military) CPS system more immune to deliberate jamming by unfriendly forces. lt has
however the additional effect that conventional civilian CPS receivers can no longer use
the L2 frequency for measurements. This has two major impacts:

1. The capability to measure a precise correction for the effect of the ionosphere is lost.
2. The number of observables is reduced.

The measurement of a code range -be ilfor ClA, P or Y code- requires that the incoming
code-modulated carrier wave is crosscorrelated with an internally generated, identical
code. lt results in a time off-set between the two, from which the distance is computed.
So if the Y-code modulation is not known, the two code ranges (Yl and Y2) can no
longer be observed.

For geodetic suryeys, also the phase of the incoming carrier wave needs to be measured.
To do this, the modulation has to be removed and this also requires knowledge of that
modulation. So if Y2 is not known, it is in principle also impossible to measure the L2
carrier phase. C/A code range and carrier wave phase of L1 continue to be available as
normal.

1.2. Y-code busters
There are however several methods to (partly) overcome these restrictions. Receivers that
do this are sometimes referred to as Y-code busters. In general they use the fact that the
Y-code modulation is the same on L1 as on 12. This makes it possible to do a cross{or-
relation between Yl and Y2, even though the actual modulation is not known. lt will
however not result in an observation of the travel time (and distance) from satellite to
receiver, but in a difference in travel time of the two signals on two different frequencies.
This is a measure for the ionospheric effect. By adding this difference to the observed
OA-code range on 11, an observed code range on L2 is obtained.

There is another method to obtain a range using the code on 12. This makes use of the
fact that the Y-code is generated by a modulo-2 addition between a secret W-code and
the publicly known P-code. So there is some similarity between the two. Cross-correla-
ting the incoming signal with a copy of the P-code, also gives a range, but much less

accurate than if the correct Y-code had been used. This may be done for the Y<ode on

both the L1 and L2 frequency.

In this way the restrictions to the measurement of code ranges are (partly) overcome. lt

is also possible to recover the phase of the L2 carrier. Because of the binary bi-phase



modulat ion -  i t  is only plus 1 or minus 1 -  used in CPS, a mult ipl icat ion of two ident ical-
ly modulated signals, will remove this. This process results in two unmodulated carrier
waves/ one has a frequency equal to the difference of the two carriers and the other has
a frequency equal to the sum. Filtering out one of these leaves only one CW, the phase
of which can be measured. This process can also be done in different ways.

One method is to mult iply the L1 and L2 signals after al igning the code. Fi l ter ing out the
sum frequency leaves only the beat frequency L1 minus 12, the phase of which can be
measured. This is in fact what is often called the wide-lane (15) frequency with wave-
length 86.2 cm. Adding this phase to the one on L1 obtained from (/A code tracking
gives the L2 phase. Another m'ethod is to multiply the L2 signal with itself, i.e. it is
squared. The difference frequency is then zero (a DC term). Removing that one by
filtering leaves only the sum frequency, which is twice the original one. This gives the
so-called half-wavelength L2 phase.

1.3. lmplementation
The receiver manufacturers considered here have applied different combinations of the
described principles. They lead to slightly different observables and - on theoretical
grounds - also to different Signal to Noise Ratios (SNR). See [Van Dierendonck, 1995].
The SNR depends mainly on the bandwidth of the tracked signal;  the wider the band,
the mbre noise can enter into the process. A fierce competitive battle is being waged as
to which method is the most successful. This lead to the decision to carry out this com-
parison, with as a main objective to find out whether the different SNRs have a signifi-
cant effect on the quality of the survey results.

In this report the four receivers that have been mentioned in the summary will be
indicated by the names ASHTECH, LEICA, ROCUE and TRIMBLE. The actual versions
and other relevant information for these instruments are detailed at the end of chapter 3.
All four receivers obtain C/A-code range and L1 phase observation in the conventional
way. The way in which information from the L2 frequency is obtained is briefly descri-
bed hereafter.

ASHTECH has given their method the name Z-Tracking. They correlate both Y1 and Y2
with a locally generated P-code. After filtering, they cross-correlate and mix the aligned
L1 and L2 signals. lt results in two Y-code ranges and full wavelength carrier phase for
L2 as described by [Ashajee et al., 1992].

LEICA only correlates the Y2 signal with a locally generated P- code. To remove the
modulations, they multiply L2 with itself, so a squaring operation. This gives as observa-
bles a code range forY2 and half-wavelength carrier phase for L2 [Hatch eta1.,1992].

It is believed that both ROCUE and TRIMBLE cross-correlate Y'l and Y2, most likely with

different detailed implementation. The difference between the Y-code ranges is added to
the C/A range to provide a range for Y2. Mixing the two frequencies gives full wave-

length carrier phase on 12.

1.4. Significance for geodetic surveys

For geodetic applications it is only the capability to do surveys that counts, so this has

been the major subject of the investigations reported here. These surveys may be split
into two main categories, viz. rapid static work over short distances and survey of long
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baselines. Hence the decision to acquire data over a short 10 km baseline and over one
of 100 km length.

Most geodetic users will purchase the combination of hardware and software from the
same manufacturer; therefore such full packages have been compared. To try and
evaluate separately the performance of the hardware, the data output by the receivers
has also been processed with receiver-independent packages. ln routine surveys a mini-
mum of operator intervention is desirable, which is called here "Hands-off"processing.
For non-routine surveys, additional processing efforts may be justified to obtain the
highest possible accuracy. For that reason the data have also been processed with "Ber-
nese" software. This also gives an extra possibility to evaluate the quality of both the
hardware and software supplied by the various manufacturers.

The reason for investigating the susceptibility to frequency interference was two-fold.
Firstly, operational users experienced on several occasions in the past considerable inter-
ference from near-by radio sources. Secondly, the different signal to noise ratios claimed
by manufacturers suggest that this should be reflected in their survey performance in
high noise areas. This has also been the reason why an effort was made to establish the
noise in all observables of the four instruments.



2. Data acquisition

2.1. Locations
The vector Kootwijk - Delft was used for the long baseline and Kootwijk - Apeldoorn for
the short one.

At Kootwijk points were selected on the roof of the Kootwijk Observatory for Satellite
Ceodesy, at Delft on the roof of the building of the Faculty of Ceodetic Engineering of
the Delft University of Technology and in Apeldoorn on the roof of offices of the Na-
tional Cadastre and Triangulation Service.

2.2. Antenna sites
For a fair comparison between different receivers there are several complicating factors.
ldeally the external circumstances should be identical for all instruments. This means
obseruations are to be done simultaneously and all antennas should be on the same spot.
Because we wanted each instrument to use its standard antenna, this is physically im-
possible. We designed therefore a good compromise between these conflicting condi-
t ions.

Four sites - called A, B, C and D - were selected at each of the three locations. The
maximum distance between any of these four was 23 meterl their relative positions were
accurately surveyed by conventional means. In the analysis these surveys are assumed to
be without error. To ensure identical satellite geometry, observations at each station
continued for 23 hours, followed by one hour of data downloading and antenna moves.
This procedure was repeated the next three days, so that each instrument-type measured
each of the four baselines (i.e. A-A, B-8, C-C, D-D) for nearly a full day. With a long and
a short baseline, it involved eight days of data acquisition.

Appendices A.'l to A.4 gives all basic co-ordinate information for the baselines, the site
sketches and photographs. All antenna sites had a clear view of the horizon above 10o,
except for stations C and D in Apeldoorn, where a wall to the North obscured signals to
about 25" elevation. However, at this latitude no satellites in that direction exceed 15o
elevation. The wall might however contribute to an increased multipath effect.

It was realized that an incidental malfunction of an instrument could invalidate a com-
parison. Only the short baseline ROCUE observations suffered from loss of data for un-
known reasons. The nature of the malfunction - and absence of it at other locations on
subsequent days - does not exclude that some external source may be the cause. The
instrument recorded data, but suffered repeated loss of all signals, as shown in app. A.5.

2.3. Recorded data
The observations were carried out during the eight days between 10.00 a.m. on March 3
and 08.00 a.m. on March 11,1994.
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To keep the amount of data within reasonable limits, the normal recording interval
during the eight observation days, was set at 30 seconds. For better evaluation of the
rapid static performance on the short baseline, this interval was reduced to five seconds
during the first three-hour period of each day (from 12-15 hr).

These data have been used for the analyses described in chapters 3, 4 and 6; the data
acquisition to investigate the effect of radio frequency interference is described in chapter
5 .

lmmediately after the acquisition of the raw data in receiver- dependent format, back-up
copies were made for safe keeping. Thereafter evefihing was converted into RINEX-2
format, paying special attention to the fact that the correct antenna heights were included
in the RINEX f i les.



3. "Hands-off" processing (commercial software)

3.1. General
This chapter is a slightly adapted version of [Sluiter et al., 1994].

In operational use, often a large number of points is surveyed and processed in a short
time. The personnel to do this, is often specialized in the routine work, but not in de-
tailed knowledge of CPS. For this reason the "hands-off" method was chosen, meaning
that no operator intervention with the processing was allowed, other than assuring that
data was available for the selected sessions. This is also in line with the often heard
remark that it is easier and cheaper to repeat a survey, than to try and edit previously

recorded data.

For the long baseline, it was decided to divide each day into 22 consecutive sessions of
one hour each. For the short baseline, with five seconds recording interval, one ten-
minute session was computed each half hour (six baselines) and for the 30 seconds
recording interval, one ten-minute session was computed each hour (20 baselines). For
reasons not related to instrument performance, sometimes less than the 22 long or 26

short baselines were cor{rputed. Furthermore each day the windows were advanced by
four minutes, to have identical geometry per fix for successive days. We computed all
baselines - using broadcast ephemeris - with the software that each manufacturer pro-

vides for his own receiver (there was no such software for the ROCUE available). In ad-

dition all computations have been repeated with GEOTRACER software (of Ceotronics)
also known by the name TOPAS-TURBO (of TerraSat); hereafter it is referred to as
TOPAS.

Originally it was intended to do all processing from the RINEX files. For ASHTECH these
files turned out to be too large so the raw data was used. The processing of the long
baselines was done with the PRISM package; for the short baselines the PNAV package

was used. lt was deemed better to use the raw data files also for TRIMBLE in their
package CPSurvey (WAVE). By that time the processing of LEICA data with the SKI
package had already been completed, using the RINEX files. TOPAS is especially
designed to work from the RINEX files.

Theoretically 88 long and 104 short baselines could be computed for each receiver. For

all these, the station Kootwijk was held fixed at its "known" WCS84 co-ordinates. We

did not use observed meteorological data. Basic co-ordinate information is given in

appendix A.1.

3.2. Analysis of the results

The first step after computing the baselines, was to select the required parameters from

the ASCII output of the software. The decision was made to limit the analysis of baseline

results to the differences in the computed WGS84 Cartesian X, Y and Z co-ordinates

vectors and their associated standard deviations; each solution being identified by a time

tag. Hereafter standard deviation is abbreviated to s.d.
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From this the following was prepared per receiver and per day:

- Time series graphs of results and their s.d.
- A weighted (using the s.d. computed by the software) average of the hourly results per

day, which was then subtracted from the "known" (hereafter called "datum") co-ordi-
nate-vectors given in app. A.1. Similarly an average over four days is compared with
this datum, using the known position relation of the A, B, C and D points.

- The number of times the computation failed to give a result, or for which a predeter-
mined (see later) accuracy criterion was not achieved. The spread in the hourly results
per day has been used to estimate an "external" s.d. for a session of one hour.

- A multiplication factor required for the s.d. computed by the software to make it con-
sistent with the external s.d. mentioned in the preceding item.

- Lists of correlation coefficients that can be computed between the various time series.

In addition a discussion of each receiver gives details about the rejections and other rele.
vant information. All of these results are presented separately for the long and short
baselines and discussed hereafter.

3.2.1 . Acceptance criteria
It is of crucial importance to be clear on the criteria used for rejecting a result. lf the soft-
ware was unable to compute a fix or rejected the result, we rejected it also. ln addition
we rejected the solutions when the s.d. computed by the software exceeded the value
described hereafter. The s.d. output by the software is often too optimistic, therefore we
augmented this by a multiplication factor, as explained in section 3.4. We rejected, if this
augmented value exceeded the external s.d. (computed from the daily spread in the re-
sults) by a factor 10. Furthermore the results of a short baseline were rejected, if the am-
biguities on L1 were not fixed, and for TOPAS processing of LEICA data we found it was
essential that they were fixed for both L1 and L2 phase observations. All rejected results
had nearly without exception large errors.

3.2.2. Time series
Per day and per receiver the deviations from the weighted average have been plotted for
each WCS84 Cartesian co-ordinate component. The displayed time-tags are for the start
of the one hour period for the long baseline and for the end of the 10 minute period for
the short baseline. Since the results per receiver and per day differ slightly, the zero-lines
for the deviations do NOT refer to identical values for the co-ordinate differences. The
augmented s.d. per solution has been graphed on either side of the zero-lines. When the
computation was not successful or did not satisfy the earlier mentioned acceptance
criteria, a small black rectangle is inserted. This has the advantage that the vertical scale
could be made fairly large and the graphs remained legible. Appendix 8.1 gives the
results for the long baseline on four days, using the software of the manufacturer;
therefore there are no ROCUE results. Appendix B.2 gives the results when using TOPAS
software. Similarly the short baseline results - using manufacturer's software - are presen-
ted in appendi* 8.3 and using TOPAS software in appendix B.4. The short baseline re-
sults for the ROCUE are absent because of the earlier mentioned problems at one of the
stations. The LEICA computation with TOPAS software, had so few acceptable results,
that it was not worth making a graph.

3.2.3. Long baselines
On the basis of the success ratio, TOPAS performed better than TRIMQLE's GPSurvey and
- to a lesser extent - also better than LEICA's SKl. However, recomputing with TRIMBLE's



new version Wave 1.2 of CPSurvey, when it became available later in the year gave a
10OY' success ratio. The fact that TOPAS was not very successful with the ROCUE data,
was later diagnosed to be due to malfunctioning of the receiver at the end of the last
day. With ASHTECH data, both PRISM and TOPAS software gave a 100o/o success ratio.

It is interesting to note that on two occasions a complete day's work has been accidental-
ly computed using co-ordinates for the fixed Kootwijk station that differed about 50
meter from the values given in app. A.1. The effect was that the fluctuations in the
hourly results for those days increased by a factor of nearly four!

3.2.4. Short baselines
A comparison of the rejections by TOPAS and by manufacturer's software is of interest,
because it gives an indication to which extent the results can be improved by software
modifications. The most remarkable case is that the TRIMBLE short baselines had 13 re-
jections by TOPAS and 12 by CPSurvey; NONE of which were for identical observation
periods! Indeed, when also these were recomputed with TRIMBLE's new version Wave
'1.2., the success ratio improved to t00%.

ASHTECH's PNAV gave a good success ratio, but processing the same data with TOPAS
was less successful. Yet two of the three baselines rejected by PNAV were accepted by
TOPAS!

Forthe short baseline, the 5 sec. sampling interval was used from'12-15 hours; the rejec-

tion ratio for that period is only slightly better than for the 30 sec. sampling interval. The
lower success of LEICA's SKI software can however be partly explained by the use of 30
sec. samples. The software always issued a warning that it considered the observation
session too short. In operational work that information is available in real time and the

operator would observe somewhat longer. To investigate the very disappointing perfor-

mance of TOPAS, the LEICA data has been passed on to the supplier. He recomputed
with a new version, called CEOTRACER CPS 2.0. and reports an B9o/o success ratio.

3.3. Results, failures and s.d.'s

For each instrument and each day of observation, the weighted average (using the s.d.

output by the software for each baseline) has been computed. We also listed the number

of fixes that did not pass the rejection criteria and we computed the s.d. of the accepted
results. All these results are given in appendix B.5 for the long baseline and in appendix
8.6 for the short one. The same has been done by taking all four observation days to-
gether; these results are summarized in tables 3.1 and 3.2 for the long and short base'
lines respectively. The s.d.'s in the accepted results show little difference, though for the

short baseline, the TRIMBLE with its own software gives somewhat higher s.d.'s than

ASHTECH and LEICA.

For the long baselines TOPAS gives slightly higher s.d.'s than the manufacturer's soft-
ware; for tlie short baselines this is just the opposite. The new software versions for

TRIMBLE and TOPAS came too late to be included in this evaluation.
Concerning the computed co-ordinates - averaged over four days -, the following remarks

can be made:

- The long baseline vectors obtained with manufacturer's software are very similar, but

differ about 4 cm. from the known datum co-ordinates (obtained from an EUREF cam-
paign) in the direction of the line, indicating a scale difference of 0.4 ppm.
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The long baseline vector results from TOPAS, differ consistently from these results by 5
cm., mainly in X direct ion. l )

The short baseline vector results from LEICA with SKI software differ more than 2 cm.
with the others, mostly in X- and Y-direction. lt suggests the presence of a scale diffe'
rence.

Dif f .  o f  average
wi th

datum coords (cm. )

S .d .  i n  1 -  hou r  obs .
period, computed from

spread in resul ts  (cm. )

Manufact .  Success
software rati-o 2)

sydzdYdx

ASHTECH
LEICA
TRIMBLE

r_00?
9 5 ?
94t

- 2  . 0

- 0 . 9

+ 3 . 3
+ 3 . 9
+ + .  I

+ 0 . 3

+ O . 2

5 . 5
5 . 4
4 . 9

6 . 6
7 . 6
4 . 8

5 . 7
4 . 2
5 . 3

TOPAS Success
sofLware rat io

s zsydzdx dY

ASHTECH
LEICA
TRIMBLE
ROGUE

1 0 0 t
9 8 t

r -0 0?
9 0 t

- 5  . 9
- 7  . 4
- 5 . 8
- 5  . 4

+ 1 -  . 5
+ 1  . 5
+ 2  . 9
+ l - . 0

- 0 . 1
0 . 0

- 0 . 3
0 . 0

6 . 7
6 . 7
5 . 5
7 . 4

8 . 1
8 . 8
7 . 3
7 . 5

5 . 8
4 . 8
5 . 0
4 . 8

Table 3.1:  Long (700 kn)  basel ine,  us ing 88 observat ion per iods of
7 hour  each.

D i f f .  o f  ave rage
wi th

datum coords (cm.1

S . d .  i n  1 - 0  m i n  o b s .
period computed from

spread in resul ts  (cm. )

Manufact .  Success
software ratio 2)

dx dY dz sy s z

ASHTECH
LEICA
TRIMBLE

972
932
8 8 ?

- o  . 4
+ 0 . 3
- 0 . 8

+ 1 .  1
- 0 . 9
+ 1 - . 6

+ 0  . 4
- 0 . 2
+ 0  . 4

L . 2
L . 2
2 . 7

0 . 7

r - . 3

1 . 1
1 . 6
2 . O

TOPAS Success
software ratio 2)

dzdYdx sx sy

ASHTECH
LEICA
TRIMBLE

822
2 2 2
8 5 8

+ v . z
rn t r

+ Q . 2

+ L . 1 -
+ L . 1
+ J _ . 5

+ 0 . 3
+ 0 . 9
+ 0 . 5

0 . 9
L . 2
v . >

0 . 5

0 . 5

1 . 1
1 . 0
1 . 1

Tabl-e 3.2:  Short  ( tO krr , )  basel ine;  us ing about  700 obsetvat ion
oeriods of L0 minutes each.

l) The supplier of TOPAS attributes this to using an earlier value for the WCS84 earth rotation rate.

He reports it has been corrected in their new version.

2) N"* 1994 software gives mostly much improved succes ratio's for both short and long baselines.



3.4. Multiplication factor for standard deviations (s.d.)

It is remarkable that the covariance matrices output by most software are far too opti-
mistic. In an effort to convert these to more realistic values, factors have been computed
per co-ordinate component/ per day. These factors are the square root of the ratio
between the a-posteriori and the a-priori variance. A-posteriori was computed from e2ln,
where e is the deviation of each result from the weighted daily average and n the
number of valid observations. For a-priori we used the variance that is output by the
software.

The results are given per receiver, per software, per day and per co-ordinate component
in the last columns of appendices 8.5 and 8.6. These computed factors show a rather
large spread and sometimes differ systematically for the X, Y and Z component. This is
most evident in two cases, viz. the Y-component of the LEICA-SKI short baseline compu-
tation, being nearly five times larger than for Z and the TRIMBLE-GPSurvey long baseline
factor for Y being more than twice as large as for Z.

Table 3.3 gives a summary of the results for each software package. lt appears that only
the Ashtech output has realistic values. In the time series graphs we used approximate
values that sometimes differ slightly from this table.

LONG BASELINE
fx  fy  fz  A11

SHORT BASEI,INE
fx fy  fz  Al t

ASHTECH
LEICA
TRIMBI'E
TOPAS

0 . 9
8 . 1

2 9 . 7
7 . 5

0 . 8  0 . 6  1 . 1
7 . 6  7 . 4  9 . 2

2 5 . 4  4 3 . 4  2 0 . 4
7  . 2  6 . 6  8 . 7

1 . 4  L . 2  1 . 1  L . 2
L 2 . t  2 4 . 1  5 . 3  r - 3 . 8

5 . 9  6  . 9  6 . 3  6 . 4
4 . 8  4 . L  5 . 3  4 . 7

Cr2 = lo', * o?, - a'r-r) t (z .

Table 3.3. :  Mul t ip l icat ion factors for  s .d.  outpuE by sof tware

3.5. Correlation coefficients
When studying the time series graphs closely, there appear to be varying degrees of simi-
larity between days, between receivers, between stations and between software packages
used. We expressed this agreement in a numerical value, by computing correlation
coefficients (Cl2). This has been done by subtracting corresponding results (e.g. 1 and 2)
and applying the following formula, where ort a2 and o,-rare the s.d.'s in the results 1,
2 and the difference 1 minus 2.

o r '  o z )

The coefficients vary for the different combinations of days, of receivers and also for the
co-ordinate components X, Y and Z.fhe details of these correlations are in appendices
8.7 t i l l  B.10 for the long basel ine and 8.11 t i l l  8.13 for the short  one.
In Table 3.4. the average values and their s.d.'s are given.

The only significant correlation occurs between TOPAS processing on the one hand and
ASHTECH or LEICA processing of the same data on the other. Furthermore there is some
correlation between the baseline results from different receivers observing on the same
day, when using TOPAS. Most other correlations are rather insignificant.
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Bet$reen Software
Long Baseline

C o r . C o e f .  S . d .
Short Baseline

C o r . C o e f .  S . d .

Receivers
(same day)

Days (same
receiver)

Receivers
(same stat )

TOPAS and
MANUF
software

TOPAS
t"lANUF

TOPAS
I"IANUF

TOPAS
lilANUF

ASHTECH
LEICA
TRIMBLE

0 . 6
0 . 3

0 . 1
0 . 1

0 . 1
0 . 1

0 . 9
0 . 8
0 . 4

0 . 3
0 . 3

0 . 3
0 . 3

0 . 3
0 . 2

0 . 1
0 . l -
0 . 3

0 . 7

0 . 3
0 . 5

0 . 4
- 0 . 1

0 . 7

0 . 4

0 . 1
0 . 3

0 . 2
0 . 3

0 . 1
0 . 3

0 . 1

0 . 2

Tab1e 3.4.  Corre lat ion coef t ic ients and thei r  s 'd '

3.6. Remarks per receiver/sottware

ASHTECH
The receivers were ASHTECH Z-Xll-3, version 1C'|11C0, using the geodetic L1l12 micro-

strip antenna. We used program ASHTORIN for the conversion to RINEX. The long base-

lines were processed with PRISM 2.0.00 (1218/93), using the L'lC (ionosphere free) op-

tion. For the short baselines we used PNAV 2.0.00; kinematic L'l + L2 in the static option.

A tropospheric model was used (not known which); the parameters were 1010 mbar,

50' /"  humidi ty and 5oC.

There were no rejections for the long baseline and three for the short one; all due to the

s.d. exceeding the tolerance. The graphic output provided by PNAV showed that the

computation iailed to converge. These graphs also showed that normally convergence

was achieved after two minutes when using 5 sec. data interval and after five minutes

when this data interval was 30 sec.

Efforts to compute the long baseline with PNAV and the short one with PRISM gave less

satisfactory results. This suggests that somewhere between'10 and 100 km, one should

change from pNAV to PRISM. lt is not known which parameters govern the choice of the

best software.

LEICA

The receivers were SR299's, version 2.10, with internal antenna. RINEX conversion took

place with OBSTORNX, version 1.08; The long baselines were computed using the

ionosphere free observable in program SKl, version 1.08. For the short baseline this was

version 1.09, using both L1 and 12. Tropospheric correction used the Saastamoinen

model with standarJ p"r"r"t"rs (1013.25 mbar, 50% humidity and 18o C). SKI failed to

proau." results for three long baselines (too many cycle slips); for a fourth one the s.d.

was too large. Seven short baselines were reiected; all because no reliable integer

ambiguities could be found. The reasons varied. They were:

a. Did not comply with measurement specifications (twice)

b. One satellite had just a few observations (three times)

c. No unique solution according to the FARA testing (twice)'
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Of these seven rejections, one occurred when the recording interval was 5 sec. and was
for reason b. The software issued a warning for all periods with 30 sec. interval stating
that the occupation time was shorter than recommended.

TRIMBLE
The receivers were 4000SSE's version 5.71, with the compact L1lL2 antenna. For the
RfNEX conversion we used TRRINEXO V2.2.4. and for all processing the optimum
solution of CPSurvey; WAVE version 1.10.a. A standard troposphere and the Saastamoi-
nen model were used to compute tropospheric corrections. Of the five rejected long
baselines, three failed to produce a result for unclear reasons, (giving a cryptic error
message). For two others the s.d. was too large. Ten short baselines also gave this same
error message and two had a too large s.d. Originally there were more rejections, the use
of an undocumented Beta release (said to be version 1.19a), reduced this number. As
stated before, software version Wave 1.2. came too late to be included in this report.

ROCUE
The receivers were TurboRogue SNR-8000's (Allen Osborne Ass.), version 93.06.08/1.16
with Dorne Margolin choke-ring antenna. The RINEX conversion was done with
RGRINEXO V2.1.0. Nine computed fixes of the long baseline were rejected because of
large s.d.'s, caused by repeated loss of lock, particularly at the end of the last day. At
one of the short baseline stations the receiver lost lock on all satellites every tew
minutes, (not simultaneously) during all four observation days. This made it impossible to
compute any fixes at all. The reason for this failure is unknown. The software package
TurboSurvey was not yet available.

TOPAS
This is a receiver independent software package. We used the version TOPAS TURBO
3.3.b to compute the long basel ines and version CEOTRACER CPS 1.1.c for the short
ones. The long baseline was processed using the ionosphere free observable. The short
baseline was computed in the automatic mode fixing the ambiguities. We have no
detailed information on the tropospheric model used. According to the supplier of this
software, (who had been given our data), version CEOTRACER CPS 2.0 improved the
results, as already mentioned before.

3.7. Conclusions
- The ROGUE analyses is incomplete due to lack of manufacturer's software and loss of

data for unknown reasons.
- The data acquired by all four receivers appears to be of similar quality and is capable

of producing baseline results of comparable precision.
- There is also very little difference in the performance of the manufacturers' software

packages. For the long baseline one hour of data gave s.d.'s of about 5 cm. in all three
Cartesian co-ordinate components. For the short one ten minutes of data resulted in
s.d.'s between 1 and 2 cm., the higher values being obtained with TRIMBLE's software.

- The resulting co-ordinates are similar for all receivers, except that the short baseline
computed with LEICA's SKI software indicates a scale difference of 2 ppm with all
other software.

- The s.d.'s output by most software packages were too optimistic by varying degrees.
Only ASHTECH's values were realistic.
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- With new software that became available during 1994 for some packages, the success
ratios for all of them approached 100%; in general the ratio is lowest for the LEICA.
Most software packages suffer from insufficient information to interpret their output and
do not explain their methods and algorithms.
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4. Advanced processing ("Bernese software")

4.1. Introductory remarks
For specialized applications, it may be necessary and justified to spend considerable
effort and time to obtain the best possible results. This chapter is a condensed and
adapted version of a study into this subject, commissioned by the Dutch Ministry of
Transport, Public Works and Water Management and described in [Springer,1994bl.

The purposes of the study were to:

a. Determine the highest achievable accuracy for both long and short baseline. Because
there was a particular interest in the height component, the analysis used the North,
East and height component, rather than the ECEF Cartesian X, Y and Z in chapter 3.

b. Find the optimum parameter seftings and the shortest possible observation period to
obtain that result.

c. Determine the receiver giving the best result.

The study was later extended to also use these "Bernese" results for a further evaluation
of the software of the instrument manufacturers and to obtain an impression of the
precision that can be obtained from a full day's observation. These results are given in
section 4.7.

The criterion to judge the quality was the standard deviation that can be computed from
the spread in the results of a large number of sessions observed during one day. lt is a
measure for the repeatability. The same data was processed in many different ways,
varying amongst others the length of the observation period, the elevation cut-off, the
tropospheric parameters to be estimated, the ambiguity search method etc. This was
done using a pre-release of the Bernese software version 3.5; it uses the double differen-
cing approach. [Rothacher et a1.,1993] gives details of the software version 3.4. lt has
numerous options; an insight into the ones actually used is given in [Springer,1994b].

The precise ephemeris of the International GPS Service for Geodynamics (lGS), described
by [Beutler et a|.,1994] has been used. This service also gives accurate clock information
for the satellites at 15 minutes interval. The position for Kootwijk has for all computa-
tions been held fixed at the epoch (1-MAR-1994) position as given by the ITRF'92. These
co-ordinates differ about 15 cm. from the ones used in chapter 3.

The sessions used for the 3 hour, t hour and 10 minutes runs are shown in App. C.1.
Times are not changed to match the 4 minutes by which the same geometry comes
earlier every day and sessions are therefore not identical to the ones used in chapter 3.

4.2. Determination of receiver-clocks biases

Prior to forming double differences, the biases of the receiver clocks with respect to CPS
time have to be determined. This can be done by computing single point positions for all
epochs, using the clock data in the broadcast ephemeris. We chose to use in stead the

1 4



accurate clock information that ICS provides at 15 minutes epoch intervals. In addition
to clock biases, the computation gives also an RMS for the fit of the observed (pseudo-)

ranges to the computed precise ICS ranges. Doing this for all epochs in an entire day
gives an interesting insight into the behaviour of the satellite clocks, as affected by the
SA clock dither. lt turned out to also identify a malfunction of the ROGUE receiver on
one day.

To achieve this we used two different comparisons, viz.:

a. Only at every 1S-minute epoch. In that case the SA effect is not present, since IGS
has eliminated it.

b. At all observed 3O-second epochs, by fitting a third degree polynomial through the
ICS clock data. This does not remove the high frequency SA dither at the interpolated
epochs.

Table 4.1 shows the RMS of both comparisons, for all four receivers at both ends of the
long baseline, during all four observation days. The SA-clock dithering with an RMS of
about 23 meters is very apparent. The 4 meter found for non-SA is higher than the value
of 1 meter that is normally found using C/A code data. This is probably due to the fact
that the data used here is from March 1994, about one month after implementation of
AS. At that time the ICS clock solutions may still have suffered from trying to cope with
AS. The high value on the last day for the ROCUE is an indication of problems with that
receiver. Although it would have been possible to process part of the day it was decided
not to do so.

s t a t .
/day ASHTECH LEICA TRIMBLE

K/52
D/62
K /63
D / 6 3
K /64
D/  64
K / 6 s
D / 6 s

4 . 2 7  2 2 . 3 3
4 . 2 9  2 2 . 3 6
3 . l - 0  2 2 . 2 5
3 . 2 4  2 2 . 3 4
3 . 6 8  2 2 . 8 7
3 . 8 0  2 2 . 8 t
3  . 8 9  2 3  . 2 8
3  . 8 8  2 3  . 2 6

3 . 8 6  2 3 . 3 0
4 . 5 4  2 3 . 4 4
2 . 8 8  2 3 . t L
3 . 3 7  2 3 . 2 4
3 . 0 9  2 3 . 7 9
3 . 5 7  2 3 . 7 2
3  . 4 5  2 4  . 3 4
3 . 5 7  2 4 . 3 3

4 . 6 7  2 2 . L 9
4 . 5 5  2 2 . L L
3  . 4 3  2 2  . 3 6
3 .  s 6  2 2 . 3 9
4 . 0 0  2 2 . 9 7
3 . 9 8  2 2 . 8 8
4 . 0 8  2 3 . 3 7

2 2 . 5 9  3 4 . L 9

4 . 0 0  2 3  . 2 8
3 . 9 3  2 3 . 4 1
2 . 7 0  2 3  . L 3
2 . 9 1  2 3 . 2 5
3 . L 5  2 3 . 7 5
3 . 2 2  2 3 . 7 7
3  . 5 5  2 4  . 3 L
3  . 6 8  2 4  . 3 L

Table 4.1,: RMS of c/A code ranges, using ptecise IGS cTock data
every 75 minutes (7eft receivet coTumn) and using data every. 30
sec. after a poTlmomiaT intezpoLation (tight coTumn). The first
two Tines are- for day 62 at Kootwijk and at De7ft. Subsequent
Tines are simil-ar for days 63, 64 and 65. Units are meters.

4.3. Ambiguity solution

The so-called "sigma" method has been used. First ambiguities are resolved for the

"wide-lane" (L5) observations. These are then used for processing the "ionosphere-free"
(13) observations. lf only one integer ambiguity value falls within 3 times a specified
sigma value (here 0.'15 m.), it is fixed. The computation then re-iterates with those fixed

iniegers til l all are fixed or til l no more integers satisfy the specified sigma value. An

evaluation showed that it appears advisable to follow this procedure for both the short

and the long baseline.
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The ambiguity solution is rather demanding on CPU time. For reasons of efficiency an
initial run was therefore made using all data for a full day, to computg all integer ambi-
guities. These were then kept fixed in the many other runs, using different parameter
settings. Of course, after the optimum settings and observation times had been deter-
mined, it stil l has been verified that indeed all integer ambiguities could be resolved for
those cases.

4.4. Long baseline results

4.4.1. Presentation of the test runs
Of the many processing runs, the results of ten of them are presented in table 4.2. The
most important parameters are explained hereafter. Normally - if not stated otherwise - a
tropospheric parameter was estimated for both ends of the baseline and a cut-off eleva-
tion of 20o was used. The ten runs are:

a. Four runs using 1, 2, 3 and 4 hour long data sets, to determine the optimum observa-
tion period.

b. For the 3 hour data set, one extra run was made without estimating tropospheric
parameters and another estimating only one differential parameter instead of two
absolute parameters. (2 runs, named NO_T and 1_T)

c. One run used the 3 hour data set without ambiguity fixing to show the (large) influen-
ce of fixing the ambiguities in (relatively) short sessions. (Run named Free 3HR).

d. Furthermore the t hour and 3 hour data sets were processed using a 15o cut-off
efevation instead of 20".

e. The 15", t hour run was repeated to try and resolve the ambiguities using only'l
hour of data (Run 15o ' IHRF).

What is shown in table 4.2 is the rms of the scatter in the North, East and Up co-ordi-
nate solutions around the mean solution for each day. So for the t hour data set, they
represent estimates of the standard deviation of one observation session of one hour,
computed from a set of 23 daily solutions. And for a 3 hour data set the standard devia-
tion has been estimated using only eight such individual solutions per day. This co-
ordinate repeatability is a good measure of the precision of the results. To compute the
daily means, the covariance matrix of the individual solutions has not been used, in
other words: they are NOT weighted means.

A graphic representation of the results of the 3-hour data sets is given in app. C.11 til l
C.14 as time series plots.

4.4.2. Interpretation of the results

From inspecting table 4.2. it is concluded that the 3 hour data gives the best precision.
Longer observation times do not show a significant increase in precision. Sometimes
precision even decreases when going from 3 to 4 hours. One reason for this may be that
the program estimates one tropospheric parameter per station for a complete session.
Actual variations during 4 hours may be too large to be accommodated in one para-
meter.

Furthermore it can be seen that the s.d.s for the ROCUE are clearly better than for the
three others. lt is not certain whether this is due to the receiver or due to the fact that it
was the only one using a choke.ring antenna. This was also the only calibrated antenna
for which the height of the phase center for both L'l and L2 was known. For L2 it is 18
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15 r .5
I h K T  I N K  l N K z n K 3HR

I ]

3HR
1 T
Jsn

NO-T
J N K

FREE
4HR 3HR

8
J 6

4 7
L 2
a f ,

J I

1 1
3 1
3 3

6
1 1
z 5

5 5 5
o / o

2 3  1 4  2 5
J J Z

J J Z

L 4  1 0  1 8
4 3 4
5 3 4

2 7  1 1  6 0
2 3 1
5 5 3

1 0  2 0  1 0

ASHTECH
DELF 21 A
DAY 052

D L L E  Z U  E

DAY 053

U E L T  f 5  L

DAY 054

DELF 18 D
DAY 055

o f ,

7 7
2 4  2 2

J Z

L 2
7 2  1 1

4 4
+ z

1 3  2 3
L 2
3 5

1 0  1 8

5
o

z 3

J

7 7

N
E

U
N
E
U

E
U
N
E
U

I 6

o z
4 5
2 0
5 9
b 6

f )

> z

8
1 2
4 6

4
o

3 5

6
3 6

r-0 r-0
3'7 48

5 5
6 6

2 4  3 4
5 5
9 9

3 7  3 8
5 5
7 8

3 4  4 6

LEICA
DEI,F 21 A N
DAY 065  E

u
DELF 20 B N
DAY 052 E

U
DELF 15 C N
DAY 053 E

u
DEI,F 18 D N
DAY 054 E

U

2 0
4 5

1 3 5
J A

7 5

2 0
7 0
o f ,

6

2 t
9
9

b I

7

3 5
6

J J

o

3 0
Y

L 4
7 4

6

4 !
4

1 1
7 8

5
z 5

5
7

3 0

2 L
J

3

1 0
3 3
3 0
I 2
3 I

4 3
L 2
4 7
4 4
1t_
z o

3 2

3
J

1 1
J

4
2 0

3
3

z z
5
5

J

1 9
J

4
1 9

5 Z

z z

f J  o

5 3
O J

3 0  2 0
4 3
4 3

z z  f , f ,

J J

4 4
1 7  5 4

4

2 0
5

L '

4
5

2 0

9
3 3

5
7

2 7
3
5

2 7

ROGUE
DELF 21 A
DAY 054

DEI,F 20 B
DELF 15 C
DAY 062

DELF ].8 D
DAY 053

N 1,7
E  1 1 0
u s 3
DAY 055 not
N 1 5
L  2 6

u  5 2

N 2 0
E  3 3
u l -b

4 3
8 5

2 7  2 2
available
J J

5 4
z 5  2 6

3 4
3 4

r o  z )

2 'J-8

3 2 9
2 L  4 8

z )

2 L 4
a u  z )

z )

2 9
9  1 1

3 2 3 2 2
J J J J J

2 4  1 - 0 6 5 4 7

t 4
J

1 3

J

J

9

I J

2

J

1 9

f o

J

1 0

t- l_

TRIMBLE
DELF  21  A
DAY 053

DEI,F 20 B
DAY 054

DELF  15  C
DAY 055

DELF  18  D
DAY 062

N 1 3
F . 5 4

N 5
E  3 5
u 5 9
N 1 5
E  f , J

u 5 7

E  l )

u 5 5

4
5

z 6

4
5

4

4
2 4

4
5

5 f

J

4
2 7

L A

5
2 I

3
3

z 5

J

J

2 0
{

J

2 4
3
2

L 2
J

4
2 5

4
3

1 0

5

4
2 7

o

7
J J

A

o

4 5
A

5
2 n

5
4 3

8
1 0
5 0

z a

3 t 7
L Z  Z a

3  1 0
5 2 3

3 6  2 s
J O

3 1 5
1 1  1 3

3 1 1
+  1 3

2 5  2 8

3 3
3 3

L Z  1 6

z 5

3 3
1 5  5 5

z +

z z

1 4  1 0
J J

3 4
1 2  1 8

Table 4.2:  RepeatabiTi ty  of  the Tong base Tine tesE runs.  The
headings above the 70 col-umns are expTained in the text. The
values g iven are standard deviat ions in  the N(or th) ,  E(ast)  and
U(p) directions for a single run as computed from the spread in
the resul,ts of a77 runs for that day. A77 values are miTTimeters.
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mm. higher than for L1 and that information has been used in processing. The ASHTECH
and TRIMBLE show about equal precision, followed by the LEICA.

For the ROCUE, the column with heading 3HR indicates a precision of mostly befter
than 10 mm. in the height and 3 mm. in the horizontal co-ordinates. For the other 3
receivers they are mostly better than 25 mm. in height and 6 mm. horizontally; more
than twice the ROGUE values.

The results for the test with only one differential tropospheric parameter are very similar
to the normal run with two (absolute) tropospheric parameters. A very interesting effect is
visible in the results of the test without troposphere parameter estimation. All receivers
show a large RMS (about 55 mm. in the height component) on day 064. This must be
caused by large differences in the tropospheric conditions at both stations on that day.
Also App. 8.5. of the previous chapter showed mostly large s.d.'s for day 064. This very
well i l lustrates the necessity to estimate tropospheric parameters on long base lines. No
time has been spent to try and recompute all baselines using actual meteo data or to
obtain weather maps for the days concerned. This would be worth pursuing.

The column without ambiguity fixing (FREE 3HR) clearly gives inferior results, with s.d.'s
as bad as 48 mm. In fact the 3 hour free solution is (except for height) mostly worse than
the t hour solution using the correctly fixed ambiguities. lt is also interesting to compare
the t hour results of Bernese software with the ones in App. 8.5., using commercial
software. This is admittedly somewhat difficult because the first is expressed in North,
East and Up, and the other in Cartesian X, Y and Z. fhe Bernese results in the column
1HR have smaller s.d.'s, but these used ambiguities that had already been fixed to
integers from a longer run. Column lHRF 15o tried to fix the ambiguities from only one
hour data. The Bernese s.d.'s are than higher than for the commercial software but this is
due to not rejecting fixes.

For the t hour data sets, the results using 'l5o cut-off elevation are better than when
using the 20o elevation cut-off. For the 3 hour data sets an improvement can still be seen
but not for all tests. This is due to the fact that there is more data available, with befter
geometry. But that advantage is partly off-set by the fact that the data is of lower quality
(irregular influence of the troposphere at low elevations and more multipath). For the 1
hour data sets there is about 15o/o increase in the number of observations and that
appears to have a larger influence than the increase in the RMS, which - as explained in
the section 4.6. - is about 20olo. For the larger 3 hour data sets the increase of data points
has less effect and therefore not all results improve.

4.4.3. Reiections and ambiguity fixing

Efforts to resolve the ambiguities for the ROCUE on the last day of the long baseline
observations indicated a problem, which had already become apparent during the run to
determine the receiver clock biases. All data for that day has been discarded.

After the test runs, it had to be ensured that the integer ambiguities used to prepare table
4.2. (which had been obtained for reasons of efficiency using all data of one day) could
indeed be fixed using only 3 hours (or t hour) of data. The same approach as for the 24
hour data set was followed, i.e. the sigma strategy, fixing first the L5 frequenry (wide-

lane), followed by using L3 observations.

Using a 3 hour observation period, all ambiguities were indeed successfully resolved for
the ROCUE and TRIMBLE receivers. For the ASHTECH one ambiguity in one of the 3
hour data sets was not fixed and for the LEICA one ambiguity in two 3 hour data sets
was not fixed. This would have a negative influence on the results as can be expected by
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looking at results in the column "FREE 3HR", though it should be borne in mind that in
that last run no effort was done to fix any ambiguities at all.

The results obtained when trying to fix integer ambiguities using only t hour data sets,
were rather poor; quite a number could not be fixed. Also for this procedure the options
for the sigma ambiguity resolution strategy had to be set differently. Both the maximum
and minimum sigma were set to 0.08 meters instead of 0.15 meters. The results of this
test are given in f  able 4.2. in the column "15o 1HRF".

The percentages of t hour solutions for which all ambiguities could be fixed are:

ASHTECH: 54o/o
LEICA : 30o/o
ROCUE : Toolo
TRIMBLE : 49"1"

4.4.4. Additional remark
It is worth mentioning that good results may stil l be obtained - even for the one hour
data sets - if during ambiguity fixing, the co-ordinates of the unkown end of the baseline
can be restrained to an a-priori known value, with an accuracy of some 5 cm. This may
for example be the case if a subsidence or settlement survey is repeated at regular
intervals. Runs testing this option showed that in one hour all ambiguities could be fixed
for the ROCUE, all but one for TRIMBLE and ASHTECH and only in three data sets for
LEICA did one ambiguity remain unresolved. Since in each of the 92 sessions per instru-
ment there are at least five ambiguities to be determined, it represents a success ratio of
about 99.7o1" I The difference of the resulting co-ordinates with those using 24 hours of
data were negligible, even for the five runs where not all fixing was successful.

4.5. Short baseline results

4.5.1. Presentation of the test runs
As already explained in chapter 2. there are only results from three of the four receivers,
due to a malfunction of the ROCUE. To find the optimum parameters, less runs had to
be done than for the long baseline. Experiments in the past had indicated that on short
baselines, 45 minutes of observations are sufficient to get the highest precision [Spring-
er,1994a1. lt was decided to use data sets of t hour; these were done in three different
ways, viz. using observations of L1, of L2 andof the "ionosphere-free" combination L3.
For a comparison with the "hands-off" processing in chapter 3, a fourth run is presented
using data sets of ten minutes duration. This did not use 13, but L1 AND 12.

The results appear in Table 4.3 in a similar way as for the long baseline, i.e. as estimates
for the standard deviations in the East, North and Up co-ordinates of one observation
session of one hour (or ten minutes) length, computed from about 23 results per day.
Elevation cut-off was 20o; tropospheric parameters were not estimated.

App. C.15, C.l6 and C.17 give time series plots of the L3 results from the 1-hour data
sets.

4.5.2. Interpretation of the results
Inspection of table 4.3 shows that on 3 of the 4 days the L1 results have smaller s.d. than
the L3 results. This is caused by the fact that noise for the L3 observable is three times
higher than for 11, due to the combination of observables. On day 66 however the

1 9



Ir3
1HR

L]- L2
1 H R  1 H R  1 0  m i n .

APEL 21 A
DAY 066

A P E L  2 0  B
DAY 067

APEL ].5 C
DAY 058

APEI ,  18  D
DAY 069

ASHTECH

4
3

1 1

6
4

L1_

N
E

U

N

U

N
E
U

L 6

4
3
I

4
2
6

J

z

6

L 3
1 0
2 t

9
5

1 5

8
5

r-9

6
L 6

5
5

1 0

6
3
9

5
5

1 0

1 1
6

t 8

N
E
U

4
5
7

4
3
7

LEICA

A P E L  2 1  A
DAY 059

A P E L  2 0  B
DAY 066

APEL 15 C
DAY 057

A P E L  1 8  D
DAY 068

5
4
6

N
E
t l

6
3

1_1

5
4
7

6
4
9

5
5

L Z

3
z

6

1 0
5

l_8

t 2
5

1"7

N
E
u

N
E
U

N
E
U

L 7
7

z 6

1 0
7

z z

1 0
9

2 0

2 L
1 1
3 4

4 6
4 5
8 r_0

3 5
2 3
6  1 0

TRIMBLE

APEI ,  21  A
DAY 067

A P E L  2 0  B
DAY 058

APEL ].5 C
DAY 069

APEL 18 D
DAY 055

1 0  t 5
5 8

1 9  2 8

4 3 5
3 4 5
9 8 9

4 3 5
2 2 3
8 5 9

4 3 6
2 2 5
6 6 L 2

N
E
U

N
E
U

N
E
u

N
E

U

9

r-8

L L
4

1 3

5
3

9
5

1 6

A

5
1 3

Tab le  4 .32  Repea tab iT i t y  o f  t he  sho r t  baseT ine  fo r  4  t es t  r uns
using the I '7, L2 and L3 observations for data sets of 7 hour and
one test  us ing 70 min.  A77 anbigui t ies were f ixed for  th is  test
us ing the fu77 24 hour data set .  Val -ues are in  mi l - l - imeters.

20



results on L1 are clearly much worse by a factor of about 2. This must be due to large
ionospheric variations on that day, introducing noise on 11, while it is eliminated in 13.
This il lustrates nicely the advantage of using the L3 measurement even on this short
baseline of 10 km. lt is a "safety net" against unexpected ionospheric disturbances. The
L2 results are worse than the L'l results. This is caused by the fact that the ionospheric
influence on L2 is a factor 1.6 larger than on 11. The lower s.d. for L1 than for L3 does
not mean that the resulting co-ordinates are more accurate. Not correcting for ionosphe
ric effects may introduce a bias in the L1 results.

Comparing the results for the t hour data sets on L3 shows no significant differences
between the three receivers although the TRIMBLE might be said to perform slightly
better than the others.

It may be concluded that one hour of observations is sufficient to achieve an accuracy of
about '10 mm. in the height component and 5 mm. in both horizontal co-ordinates. lt is
of interest to note that horizontal precision is similar to the 3-hour result for the 100 km.
base f ine; height is more than a factor 2 better. The 10 minute data sets (using one 10
minute interval each hour, e.g. 23 intervals in one day) show for TRIMBLE and ASH-
TECH a 15-20 mm. height precision and some '10 mm. in the horizontal co-ordinates.
For LEICA the results are slightly worse.

The noise values for the results using the L1 and L2 frequencies in table 4.3. can also be
used to study the relative data noises for the receivers on these frequencies. The three
receivers use different methods to recover the phase of the L2 signal. As mentioned in
chapter 1 this results on theoretical grounds in different SNR values and it was expected
that this would be reflected in the relation between the noise in the observables on L1
and 12. This does not appear to be the case. The average ratio is the same for ASHTECH
and TRIMBLE (1.66) and slightly better (1.54) for LEICA. What we see in table 4.3 is the
'1.6 times higher ionosphere noise on 12, rather than differences in receiver noise.

4.5.3. Rey'ections and ambiguity fixing

From the data sets of one hour, a few solutions had to be rejected due to the computed
RMS in the single difference between receivers (output by Bernese software) being much
larger than normal. lf the value was higher than 10 mm. it was rejected; normal values
are about 2 to 5 mm. This was the case for three LEICA runs (sessions 7,12 and '13 on
day 69) and for four TRIMBLE runs (sessions 12, 13,14 on day 68 and session 13 on day
69). All ASHTECH sessions could be used. The test whether all ambiguities could indeed
be determined using ONLY the one hour data set was successful for all remaining cases.

There were more rejections for the 1O-minute sessions, viz.:

2 for ASHTECH: session 7 on days 066 and 067.
5 for LEfCA : session 7 on days 067, 068 and 069, and session '12 and 13 on day

069.
6 foTTRfMBLE : session 7 on days 067,068 and 069, and session 12, '13 and 14 on

day 068.

For all accepted 10 minutes and t hour sessions it was tested if ambiguities could be
resolved using these short periods. This was the case in all but one 10 minute session,
for each of the 3 receivers. In this case the "search" algorithm had to be used, rather
than the "sigma" algorithm. The search option compares the RMS of the float and fixed
solutions and the best fixed with the second best; setting limits to both ratios. This is
similar to the FARA method described in [Frei et a|.,1992].
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4.5. Additional remark on phase noise
The Bernese software outputs the RMS of the Ll single differences already mentioned in
the preceding section. This enables an additional study of the phase noise. One should
keep in mind that this RMS is scaled to represent a fictive L1 single difference RMS. So
effectively the L3 RMS is down-scaled by a factor of 3, and L1 and L2 are assumed to
have the same RMS. ln this way we can compare runs using different frequencies. Table
4.4. lists these values for 3 long and 3 short baseline runs on a specific day.

One interesting aspect is that the 20olo noise increase when going from 20" to 150
cut-off elevation, which was mentioned earlier, becomes apparent when comparing
columns 2 and 3 of the long baseline in table 4.4.Yet, in table 4.2 it was seen that the
results were often better for the 15o elevation. This must be related to the increase of the
number of observations which is about 15o/o. Another important factor is that when using
lower elevations the estimated tropospheric parameters are befter decorrelated from the
estimated station height thanks to the better geometry of the observations at lower
elevation angles. But since the gain in precision is rather small it might be better to use
the "safe" 20" cut-off elevation. This will avoid problems caused by troposphere mis-
model l ing.

Receiver
Long baseline

3 hours t hour t hour 15o
Short baseline (r hour)

L3 L1 L2

ASHTECH
LEICA
ROGI'E
TRIMBLE

3 . 2 L
3 . 5 4
1 _ . 9 5
2 . 5 4

2 . 7 7
3 . 2 6
1 -  . 5 7
2 . 2 5

3 . 2 6
3 . 7 5
2 . L 8
2  . 6 7

3 . 1 3
3  . 5 5

2 . 4 8

4 . 9 2  6 . 8 9
5 . l - 0  7  . 7 4

4 . 6 0  6 . 6 1

Table 4.4:  Mean RMS of  s ingle d i f ferences in  miTf imeters.  (Note:
Nojse for I '3 has been down-scaTed by a factor 3 ! )

The table also clearly shows the excellent data quality of the ROCUE receiver. The RMS
is a factor 1.3 lower than for the TRIMBLE, a factor 1.65 lower than for ASHTECH and
1.8 lower than for LEICA. The co-ordinate repeatabilities for the long baseline have also
already indicated that. The difference in RMS between the TRIMBLE and ASHTECH
receiver does not show up in the co-ordinate repeatabilities. Nevertheless it may be
concluded that the TRIMBLE is a good second in this test but very closely followed by
the ASHTECH receiver. The LEICA clearly has the least accurate results, probably due to
the half-wavelength L2 of this squaring receiver.

From the short baseline runs using different frequencies it can be seen that the assump-
tion that L3 observation noise is a factor three higher than the noise of the L1 observa-
tions is not confirmed. Based on the results presented here it seems to be only a factor
two. This could well be because the values computed for L1 and L2 are affected by an
ionospheric bias, which is corrected for in 13. The 1.6 times more influence of the
ionosphere on the L2 measurements seems to be accurate.
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4.7. Preclsion per day and comparing software

4.7.1. Method
So far only the repeatability of observing numerous sessions of various duration on one
day (and for one baseline) have been investigated for receivers of all manufacturers. Very
useful information can also be obtained by averaging the resulting co-ordinates over one
day and comparing these between different stations, receivers and days. At most there
are only results for four different days etc. This is too low for a reliable statistical ana-
lysis, but for want of a better quantification, we computed the biased standard devia-
tions. In this way we obtain an impression of the improvement that averaging over one
day gives.

To achieve this it is essential that we assume the relative positions of the four off-set
stations at each baseline-end to be known without error. We compared all daily averages
with the a-priori baseline vectors, given in app. A.1 as "datum" values. These datum
values are not considered to be better than the results from our observations, but serve
only as reference values. We evaluated local North, East and Up co-ordinates, rather
than the ECEF Cartesian X, Y an Z values.

The described procedure was done for Bernese and manufacturer's software, because it
makes following evaluations possible:

a. Manufacturer software shows the combined effect of instrument and software perfor-
mance.

b. Bernese software shows relative instrument performance.
c. Bernese minus manufaclurer's shows the performance of each manufacturer's software

relative to Bernese.

The daily averages resulting from Bernese software compared with "datum" are given in
app. C.2. and those from manufacturer's software are in C.3., which is now for N, E and
Up, rather than for Cartesian X, Y and Z as in chapter 3. In addition the difference
between the two is in app. C.4. These values have been grouped in three ways, viz.:

a. Per station
b. Per receiver
c. Per day.

The results are in app. C.5, C.6 and C.7 for the long basel ine and in C.8, C.9 and C.l0
for the short one. For clarity, the averages per receiver are also given in tables 4.5 and
4.6 of the following two sections.

4.7.2. Long baseline

A. Bernese software
There is some doubt about the validity of the height resulting from the LEICA on day 63
at station off-set C. (see App. C.2). lt differs about 4 cm. with most other results, but that
difference is not evident from the processing with SKI or TOPAS software. There is
however not enough evidence to justify a rejection.

From the top part of table 4.5. we conclude:

a. fn comparison with the results for the 3 hour sessions in table 4.2., the s.d.'s in height
improved by a factor 2, for ASHTECH, LEICA (without day 63) and TRIMBLE; all
going from about 2 cm. to 1 cm. There is also a small improvement in N. and E.; they
are now all under 5 mm. The ROCUE hardly improved, but was already under 'l cm.
in height and under 4 mm. horizontal ly in table 4.2.
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b. The s.d.'s are nearly the same for all four instruments (if LEICA day 63 is rejected!).
c. The co-ordinates resulting from different instruments differ most in the height com-

ponent (up to 30 mm.), followed by East (12 mm.) and North (6 mm.). N.B. All have
a fairly similar bias relative to "datum".

Inspection of app. C.5. shows that there is very little bias between days or between
stations; mostly well under 10 mm. per co-ordinate. Standard deviations in height are
lowest for day 65 and for stations D. Station C and day 63 are affected by the already
mentioned anomalous height results for LEICA.

B. Manufadurer's software
There was no software by the manufacturer of the ROCUE.

Inspection of the mid section of table 4.5. shows:

a. For all instruments s.d.'s improve by a factor of more than 5 in relation to results from
t  h o u r s e s s i o n s ( s e e t a b l e 3 . 1 . ; w h i c h  i s f o r X , Y , Z n o t N , E , U ! ! ) . A l l  s . d . ' s a r e u n d e r l 5
mm. in height and 10 mm. horizontal ly.

b. lt is remarkable that LEICA has the lowest s.d. in height and highest horizontally, but
in general precision of the three software packages is similar.

c. The difference in the biases in height are at most 6 mm., horizontally the maximum is
1 6  m m .

Dif f .  o f  4-day average
with dauum co-ords (mm. )
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Table 4.5: Long baseline; comparing co-ordinates resuTting ftom
Bernese and maiufacturet's softwate and datum vaTues, per recei-
ver. The Tine nALLil averages a77 receivers over a77 days, and
gives the s.d. for one day observation. 74! etc. ate the up values
when excluding height. for LEICA, day 63.
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The comparisons between days and stations are in app. C.6. All s.d.'s and biases have
similar magnitudes, only the height bias varies up to 24 mm. between days, which may
be due to the fact that in manufacturers' software the differential troposphere has been
neglected.

C, Bernese minus manufacturer's software
The most remarkable fact in the lower part of table 4.5. is the fairly consistent biases of
about 15 mm. in all co-ordinates. A possible explanation is the fact that Bernese software
estimates the troposphere at both ends. This could be a confirmation of the following
two statements regard i n g tropospheric parameters:

a. A differential error results in a height error.
b. A common error results in a scale error. Within our precision limits the biases can be

interpreted as a scale error.

The s.d.'s in the differences for the three manufacturers are largest for the height, but stil l
just under 20 mm. Horizontally they are well under 10 mm. No software package

appears to perform significantly better relative to Bernese than the others. In general, the
s.d.'s from Bernese are better than manufacturer's software by a factor of about 1.5.

Appendix C.7. shows no anomalies, except that for days 62 and 65 the s.d. in the height
is smallest, but the height biases on those days differ much. No explanation is venturedt

4.7.3. Short baseline
All comparisons are for only 3 receivers due to malfunctioning of the ROGUE.

A. Bernese software
From the top section of tables 4.6 we may conclude:

a. ln comparison with table 4.3 (column L3 thr) all s.d.'s are nearly a factor 2 befter.
They are now about 5 mm. in height and somewhat better horizontally.

b. The biases for ASHTECH and LEICA are similar. TRIMBLE differs from these two by

some 10 mm. in horizontal  posi t ion.

App. C.8. shows that the s.d.'s do not differ significantly between days or stations. The

bias in height for stations A and B is about B mm. more than for C and D. lt was suspec-

ted to be due to inaccuracies in the trigonometrical height transfer between these two
pairs; A and B are located on a superstructure on the roof and are about 5 meter higher

than C and D. A subsequent resurvey showed indeed an average error of 5.5 mm.

B. M anuf actu rer softw are
From the mid section of table 4.6we conclude:

a. All s.d.'s are better by a factor of about 3 than the ones obtained when computing

sessions of only 10 minutes, as shown in table 3.2 (Note again they are for X,Y,Z not

N,E,U). The maximum s.d. 's are 8 mm. in height and 6 mm. horizontal ly.

b. lt is remarkable that scale corrections of + 1.3 ppm to ASHTECH, -1.1 ppm to LEICA

and +2 ppm to TRIMBLE would reduce all horizontal differences to near zerol Such

scale diffeiences could possibly be caused by the use of different ionospheric models,

or by using no model at  al l .

The s.d.'s are about the same for all days and stations (see app. C.9.). They are highest

for East, due to the possible scale differences between softwares. The height bias be'

tween station pairs A, B and C, D is less clear than with Bernese software, but stil l

apparent.
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C. Bernese minus manufacturer's software
According to table 4.6. the ASHTECH and TRIMBLE software differ little from Bernese, as
witnessed by small s.d.'s and biases. The bias in North and East for LEICA indicates again
a scale bias, as mentioned above and in chapter 3. This bias is somehow not apparent
for TRIMBLE and ASHTECH.

App.C.10. indicates no significant differences between days or stations.

Dif f .  o f  4-day average
with datum co-ords (mm. )
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Table 4.6: Short baseTine; comparing co-otdinates resuTting from
Berne1e and manufacturer's SOftwate and datum vaTueg, per reCei-
ver. The Tine UALI'v averages a77 receivets over a77 days, and
gives the s.d. for one day observation.

4.8. Conclusions
Bernese software; long (100 km.) baseline:

- The optimum session length is three hours, resulting in standard deviations of from 6 to

30 mm. in height and mostly less than 5 mm. in the horizontal co-ordinates.
- The s.d.'s in the co-ordinates were similar for ASHTECH, LEICA and TRIMBLE; for

ROCUE (with choke-ring antenna) they were about a faaor 2 better!
- The s.d.'s in the carrier phase single differences between stations were also the best for

ROCUE, followed by TRIMBLE, ASHTECH and LEICA in that order.
- Averaging eight 3-hour sessions in a day improved all s.d.'s to under 10 mm. in height

and about 3 mm. in North and East'
- lt is important to let the software estimate a tropospheric parameter at the two baseline

ends.
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- No significant biases were found between the co-ordinates computed from the data of
the four receivers.

- Of the four receivers, the LEICA was least successful in fixing ambiguities for one hour
sessions. This was expected since it has half the wavelength when using L5 (widelane)

and L2 observations.
- For short observation times it can be advantageous to use a 15o cut-off elevation

instead of 2O", but care has to be taken with data from lower elevation because the
increased effects of the troposphere and of multipath.

Bernese software; short (10 km.) baseline.
- For a session length of one hour, the s.d. in height was about 10 mm. In North and

East it was mostly less than 5 mm. for all three receivers ASHTECH, LEICA and TRIM-
BLE. The ROCUE malfunctioned.

- Contrary to the above, there was a difference in the s.d. of the single differenced
carrier phases. lt was lowest for TRIMBLE, followed by ASHTECH and LEICA in that
order.

- Averaging 23 one.hour sessions in a day improves all s.d.'s to about 5 mm. in height
and about 3 mm. in North and East.

- As a safeguard against local ionospheric disturbance, it is advisable to use the iono-
sphere.free L3 observable, but with a quiet ionosphere, the use of L1 AND L2 gives

lower s.d.'s.
- There is an indication of a bias of 10 mm. in East direction for the TRIMBLE results,

relative to the other two.

Co m pari n g Bernese and man ufactu rer's software:
- The precision in the daily averages from Bernese is about a factor 1.5 befter than from

manufacturer's software. This was not unexpected, because Bernese had following
advantages:
- using precise rather than broadcast ephemeris
- estimating tropospheric parameter at both baseline endpoints
- more operator attention rather than "hands-off" processing
- Bernese averaged three-hour sessions for the long baseline and one'hour sessions for

the short one, rather than the one-hour and 10 minute sessions used with manufac-
turer software.

- There is a bias in the resulting co-ordinates, that can be interpreted as a difference of

0.15 ppm in scale and '1.5 cm. in height for the long baseline. Probable causes are

that Bernese estimated tropospheric parameters and used a precise ephemeris.
- All three manufacturer's software are about equal in precision, but there are indications

of scale biases between them of more than 2 ppm for the short baseline.

Ceneral:
- Comparing the height transfer for the long baseline with those from EUREF results in a

difference of about 20 mm. for Bernese and about 0 mm. for the average from manu-

facturers' software.
- For the short baseline the height differences with datum values were about 0 mm.

(Bernese) and 3 mm. (manufacturers). These differences include more than'10 km.

levelling, trigonometric transfers to the roof of buildings, a geoidal height model and

errors in the CPS survey. They are after correcting errors in the trigonometric height

transfer between off-set stations at Apeldoorn. These errors were diagnosed from our

CPS results and have not been incorporated in the tables and appendices.
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5. Susceptibility to radio frequency interference

5.1. General
During operational use of CPS, it has been noticed that nearby radio transmifters may
cause severe interference in geodetic receivers [Haagmans,1994]. We decided to study
this aspect for the four receivers. lt was soon found that any investigation is hampered by
the fact that interference occurs only intermittently; that one has no control over the
transmissions and that even its source is often unknown. However near the entrance to
Rotterdam harbour at Hoek van Holland, Radio Frequency Interference (RFl) is nearly
always present. Many transmitters are operating in that area, but the most likely "culprit"
is a directional data link transmitter, operating at 1240 MHz. Hereafter all interfering
radio transmissions - either intentional or unintentional - are called "jammers".

Three different experiments were carried out for our study, viz:

a. Uncontrolled jamming at the Hoek van Holland site.
b. Controlled jamming by purposely generating unmodulated CW RFI signals. The

power levels were stepped up til l a pre-selected maximum, or til l all receivers lost
lock. This was done in two ways:

b.1. By jamming on exactly the L1 and L2 frequency, radiating into the GPS antennas
from 0o elevation i.e. horizontally.

b.2. Because the first test was inconclusive, we repeated it by jamming at many
different frequencies between 1100 and 1725 MHz., this time radiating from 23"
elevation.

5.2. Uncontrolled iamming
The four receivers were set up on March 2, 1994 at three sites at the following distances
from the data link transmitter at Hoek van Holland.

SITE A. Within 200 meter.
SITE B. At 1 km. distance.
SITE C. At 2 km. distance.

Site A
During the 10 minutes that the site was occupied, only the ASHTECH tracked all 10
satellites that were available above 10o elevation. We neglected however to save the
data. None of the other three was able to lock on to any satellite.

Site B
The efevation mask was lowered to 0". During the period from "14.32 ' 14.47 hour, a
total of '1 1 SV's were above the horizon. ASHTECH tracked all 1 1, LEICA and ROCUE
tracked five each and TRIMBLE none. The tracking ability was clearly a function of
satellite elevation, the highest being tracked. The noise in the L1 CW phase observable
has been computed in the manner described in Chapter 6, that is we assumed that noise
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for L2 (expressed in mm.) is 1.3 times higher than for 11. The values include multipath
and ionospheric noise and are given in Table 5.1.

Site C
During the period that this site was occupied from 15.15 -'15.25 hour, there were 8 SV's
above the horizon. ASHTECH tracked all, LEICA six, ROCUE seven and TRIMBLE
tracked only intermittently four, but gave no useful data. The L1 CW phase noise for the
7 SV's above 10o is given in table 5.1. in an identical way as for site B.

It may be observed that noise increases for low satellites and is nearly always higher
when closer to the jammer. All interference problems cease to exist when the direct
ray-path from the jammer is obstructed by a house.

Elev.  ASH
(deg)

LEI ROG TRI EIev.  ASH
(deg)

LEI TRI

7 9  L . 4
6 8  L . 8
6 0  2 . 9
3 5  3 . 6
3 5  3 . 2
1 s  1 3 . 8
t 2  1 1 . 0

S i t e  B .

L . 7  1 - .  3
4 . 1  2 . L
3 . 0  L . 4
5 . 0
3 . 9  r - . 3

I  
t _ o  

:

1 km. f rom jammer.

8 0  0 . 8
5 6  0 . 6
5 2  0 . 7
4 4  L . 7
4 0  0 . 6
2 4  0 . 7
2 L  2 . 9

S i t e  C . 2 km. f rom jammer.

2 . 0
2 . 9

2 . 9
2 . 2
6 . 6
4 . L

0 . 7
0 . 5
0 . 5
1 . 1 _

6 . 7
3 . 8

Table 5.1. :  Nojse (+ muTt ipath + ionospher ic  noise)  in  the LI -
phase observabTe, as a function of sateTTite efevation. VaTues are
in miTTineters; a dash (-) means an avaifabTe SV was not tracked.

5.3. Controlled jamming

5.3.1.  Ceneral
Two tests were performed by intentionally transmitting interfering signals (unmodulated

carrier waves). In both cases all four CPS antennas were set up at the same distance from
the jamming transmitter. A spectrum analyzer near the antennas was read and these
readings were corrected for different polarization (Right Handed Circular vs Vertical),
pre-amplifier gain, position difference between spectrum analyzer antenna and CPS
antennas, cable losses and effective antenna area. This resulted for all transmissions in
values for the local power density of the jamming signal, expressed in dBmWmz. Typical
power densities for the satellite signals are -'101 .6 dBmWm2 for Ll C/A code and -109.8

for L2 P code [Czopek et a|.,1993]

5.3.2. ln-band iamming at Ll and L2
This test was done on March 1"1, 1994 using the facilities of the Netherlands National
Aerospace Laboratory (NLR). The four receiver antennas and spectrum analyzer were set
up at about 100 meter from the jammer and at the same height (see app. D.7), so the
jamming signal radiated into the antennas from 0o elevation.

First the jamming signals were transmitted on the L2 frequency (1227.6 MHz); each 15

minutes the power was stepped up causing loss of lock on satellites. During each period,

the noise in the L1 phase observable (in millimeters) was computed, using the formula
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1.546 * (11 - L2) in the manner described in chapter 6. The results are given in app.
D.1. Power density was not stepped up higher than -54 dBmWm2, even though some
receivers had not yet lost all satellites. Subsequently the procedure was repeated for Ll
(1575.42 MHz), this time stepping up the power every 5 minutes.

Comparing the performance of the four receivers was made difficult, because during the
first 90 minutes the ROGUE tracked only 4 SV's for reasons not related to jamming. Such
behaviour of the ROCUE was not unusual during previous operational work. For a fair
comparison it was decided to record the power density for the following three events
that were clearly related to RFI:

a. When the first SV was lost.
b. When lock was lost on 3 SV's.
c.  When loosing al l  SV's.

These power densities are listed in table 5.2.lt shows the ROCUE to be most resistant to
jamming on the exact CPS frequencies, followed by the TRIMBLE. The LEICA and
ASHTECH show about the same susceptibility. There were reasons not to increase the
power density on L2 above -54 dBmWm2; all the receivers had by then lost survey
capability anyhow.

Nr  o f  Sv ' s  l os t ASHTECH LEICA ROGI'E TRIMBLE

Ll jamming/Ll lost

1_
3

a l I

- 7 5
- 6 3
-57

- 6 9
- 6 3
- 6 3

- 5 3
-57
-45

- 5 3
-57
-45

L2 jamming/L2 l-os|-

1
3

a l l

- 6 9
- 6 6
- 5 4

- 6 9
- 6 6
- 5 4

- 6 0
> >  - 5 4
> >  - 5 4

- 6 9
- 5 0

> >  - 5 4

Table 5.2t Power density in dBmW/m2 of the L7 and L2 janming
signaT at the GPS receiver antennas, at which Tock is Tost on 7, 3
and aTL sateTTi tes.  >> s igni f ies that  Tock was not  7ost ,  but  powet
was not stepped up higher.

These results do not explain the difference in performance that was seen in the uncon-
trolled test. Two reasons may be given for this. ln the first place is the gain of the CPS
antennas for low elevations -as was the case for the jamming signal- much lower than for
high elevations, especially for the choke-ring antenna used by the ROCUE. Secondly
there are no authorized transmissions exactly on the L1 and L2 frequencies, so RFI is
normally caused by transmissions on other frequencies. Therefore we did the additional
test described in the following section.

5.3.3. Jamming at manY different frequencies

This test was executed in Delft on August 10,'1994. The four receivers were set up close

together at equal distances of about B0 meter from the "jammer", which was located on
the roof of a building and radiated into the CPS antennas from an elevation angle of
23o. This building was North of the CPS antennas and obscured therefore no satellites
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that were higher than 15o. The jamming signals were generated at discrete frequencies in
the range from 1100 to '1725 Mhz. The spacing between them was a function of their
relation to the CPS frequenCies, making a distinction between in-band ('10 MHz either
side); near-band (10 - 50 MHz either side) and out-of-band. In total 49 different frequen-

cies have been transmitted. The power density of the jamming signal was stepped up
with 3, 5 or 10 dBmWm, til l all receivers lost lock or til l a predetermined maximum
was reached. This brought the total number of measurements to nearly 300. To be able
to complete the test in one day, each power level was sustained for only one minute.

Appendix D.2. lists the jamming transmissions.

The power density near the CPS antennas - as derived from the readings of the spectrum

anafyzer - ranged from -78 dBmWm2 at the low end, up to -25 dBmWm2. This is much

higher than the incoming CPS signals, in fact the corresponding Jammer-to-Signal ratios

are of the order of 25 to 75 dB for the L1 signal.

To be independent of the number of channels available for tracking we again determined

the power density of the jamming signal for three events, being the moments when

tracking was lost on one, three or all satellites, both for L1 and 12. These events were

the times when carrier phase cycle slips started occurring in the data recorded in the

RINEX file, or when data was no longer being recorded. Loosing three satellites does

normally not leave enough SV's for survey. Most often low satellites are lost between 5

and 10 dB earlier than high ones. The results are plotted for each receiver in figures 5.1.

to 5.4. and discussed hereafter.

In addition the operators read in real time from the screen, which satellites were lost and

when. This information is given in app. D.3 to D.6, grouped in three ranges of satellite

elevations. There are some differences with figures 5.1. to 5.4. due to subjective inter-

pretations. Cycle slips - using the RINEX files - were identified as discontinuities in the

difference of phase ranges (11 - L2) on the two frequencies, followed by an analysis

whether it occurred in L1 or L2. For ROGUE data this was complicated by the fact that

these discontinuities were often small (between 3 and 20 cm.) and sometimes difficult to

distinguish from ionospheric noise.

ldeally L1 should only be lost when jamming in the L1 frequency band, so the plot for

L1 should show only one dip. L2 should be lost when jamming in the L2 band, but also

when L1 is no longer tracked, because tracking the L1 signal is always required. There'

fore one would expect the L2 plot to show two dips. All other losses of lock indicate to

what extent near-band and out-of-band interference affects the performance.

lnspection of the figures shows that only the ASHTECH receiver approximates the ideal

situation just described. The other three suffer to varying degrees from interference by

near-band and out-of-band jammers. Particularly the loss of lock on L1 due to jamming

near the L2 frequency is remarkable.

The ROCUE showed in general the highest resistance to in-band interference, except for

the lower satellites (effect of choke-ring antenna?). lt was also the only receiver affected

by strong jammers on out-of-band frequencies. The uncontrolled test suSSests that such

strong inlerference may occur in operational situations. lt can also be seen from the

figures that all differences in performance at sites A, B and C in the uncontrolled jam-

ming test may well be due to the presence of a jammer at 1240 MHz'

A list of the frequencies of jammers that caused loss of lock for L1 or L2 is:

ASHTECH L1: 10 MHz ei ther side 11.
L2 10 MHz ei ther side L2 plus loss of L ' | .
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LEICA L1: 12 MHz ei ther side L1 and '40 MHz to + 15 MHz from 12.
L2: Same as 11, but at lower power levels.

TRIMBLE L1: 20 MHz ei ther side L1 and 30 MHz ei ther side 12.
L2: Same as 11, but at lower power levels.

ROCUE L'l: 15 MHz either side L1 and to some extent all the frequencies in the
tested band from 1100 to 1725 MHz but only for strong interference.

L2: ls lost simultaneously with 11, but also in a wide range of frequen-
cies of about 100 Mhz on either side of 12.

Some additional remarks:

a. On several occasions the LEICA and ROGUE lost lock in the minute after the jam-

ming had stopped. This may be due to a long averaging time as mentioned in chapter
6 .

b. Normal re-acquisition time is within two minutes after jamming has stopped. When
jamming near the L1 frequency the receivers re-acquire nearly simultaneously, except
in two cases where the ROCUE once needed 4 minutes and once required a com-
plete "re-boot". When jamming near L2 the ASHTECH recovers nearly one minute
earlier than the others.

c. When jamming the ASHTECH in-band the L2 frequency, the loss of lock indicator for
the L2 phase in the RINEX file is often set even if no cycle slip is apparent and recor-
ding continues as normal. This occurs at jamming levels that are some 5 to 15 dB
lower than required for actual loss of lock'

d. The ROCUE behaved in general differently than the others as described hereafter:
- The fact that the discontinuities in (11 - L2) are often only 4 cm. or a multiple

thereof, could mean that phase tracking of the two frequencies is heavily slaved.
- Low satellites (under 20o) are lost quickly, possible due to the choke-ring antenna.
- Sometimes, but luckily not during the test in Delft, only 3 or 4 satellites were being

tracked, when in fact there were 7 or more available. Prior to the tests, receivers
had to be replaced because of this, but the problem has also been seen to disap-
pear for no apparent reason.

- Jammers that are far from the CPS frequencies may interfere. Unfortunately this was
only tested for strong jammers, so the lower power density where this occurs is not
known.

5.3.4. Comparing results from the two tests

Jamming on the exact L1 and L2 frequencies was done twice. Once during the test on
March 11 at NLR and once on August 10 at Delft. Cenerating, measuringand computing

the jamming power was done independently by different staff, using different equipment.
Also other CPS receivers were used. For quality control it is interesting to see if the

results confirm each other.

The power levels at which the stated number of satellites are lost in Delft, do not have to

be the same as stated in table 5.2. for the first test, because they depend on the actual

elevation of the satellites. In general it was found that the ASHTECH and LEICA in Delft

were more resistant to RFI than at NLR by about 5 dB, while the reverse was expected,

because the jamming signal in Delft came from 23o elevation. For the TRIMBLE it was

the other way around and for the ROCUE it became clear that at NLR we had not

transmitted a powerful enough jammer on L2, and that the L1 results were about the

same.
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5.4. Conclusions
- In an area notorious for RFI to CPS reception (probably due to a directional datalink

transmission on '1240 MHz) the ASHTECH was not affected at all. The LEICA and
ROCUE had problems that decreased with distance and finally disappeared at about
two kilometer from the visible radio transmitters. The TRIMBLE was stil l not able to
maintain lock at any satellite at a distance of two kilometers. Intentional jamming over
a wide frequency range, with Jammerto-Signal ratios up to B0 dB confirmed that such
differences exist for jammers on many frequencies.

- The ASHTECH is only affected by in-band interference, i.e. 10 MHz on either side of
the L1 and L2 frequency.

- The LEICA and TRIMBLE suffer from both in-band and near-band interference in a
rather similar way. For LEICA the width of the band that causes interference, is about
25 MHz near L1 and 55 MHz near L2. For the TRIMBLE these bandwidths are 40 MHz
near Ll and 60 MHz near 12.

- The ROGUE is the most resistant of all to in-band interference; especially for L2,
except for low satellites. However strong jammers anywhere in the band from 1100 -
17O0 MHz may cause loss of lock. The interfering bandwidth near Ll is about 30
MHz.

- lt is very remarkable that all receivers - except the ASHTECH - often also lose lock on
11, when lock is lost on 12. And because of the essential role of C/A tracking, no
receiver can track L2 when it does not track L'|.
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6. Noise in the basic GPS observables

5.1. Introduction
In chapters 3 and 4 we reported on an investigation into the noise in the phase obser-
vables by analysing single and double differences and the results of baseline computa-
tions. lt is however also possible to determine noise using only one single receiver, i.e.
without measuring a baseline. This is done by differencing observations of the same
satelf ite, taken at the same epoch. Hereafter the observations of ClA, P or Y code ranges
on the two frequencies are called C1 , P1, P2, Y1 and Y2 resp. and the phases of the

carrier wave on both frequencies are L1 and 12. The frequencies will be indicated by f1

and f2.In some literature Y2 is called C2 if it has been obtained by adding an obserued
range difference Y2 - Y1 to a C1 range.

Since only one satellite and one receiver are involved, we do not need ephemeris data

and nearly all errors due to the space segment, the receiver and the signal propagation

through the atmosphere are the same for all observables and are eliminated in differen-
cing. The fact that the ionosphere advances the phase as much as it delays the code can

be accounted for. An analysis of a time series will therefore show the measurement noise

in the observables plus multipath effects (which are different for the various observables).

Such an analysis has been carried out, using satellites that were tracked by all four

receivers during the same time period on one day. There is of course the possibility that
the four antennas experienced different multipath effects, but the baseline analyses

described in previous chapters did not indicate that this was a problem. The Faculty of

Geodesy of Delft University kindly provided their program "Quick-Look" for this analysis.
The principle of the method is generally known, for clarity it is described in section 6.2,
extracted from [vander Marel,l 992].

6.2. Method
The basic principle is that the effect of the ionosphere on signal propagation (a delay for

the code) can be determined in several ways by making linear combinations of obser-

vables. Since the change in this effect with time should be the same, no matter which

method is used, subtracting two of such time series should give a constant value, except

for the noise.

The first method to measure the ionosphere is by using the property that the code is

delayed inversely proportional to the square of the frequency. So, with delays d1 and d2

on f1 and f2 (expressed in meters):

dt( t  / f12) :  d2/(1l t22l  or d1/f22 :  d2/f1 '  :  (dt  -  d) /  ( f r '  -  f12)

a n d s i n c e d l  - d 2  -  P 1  -  P 2 - C 1  - P 2 - Y 1  - Y 2  i t f o l l o w s t h a t :

d 1  : ( P 1  - P 2 l * ( f 2 2 / ( f 2 2  - f 1 ' ? ) )  - 1 . 5 4 6 * ( P 2 - P 1 )
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d 2  -  ( P 1  - P 2 l * ( f 1 2 / ( f 2 2  - f ' t 2 l l - 2 . 5 4 6  * ( P 2  -  P ' l )

with similar formulae when using Y1 , Y2 and C1 .

The ratio between the two delays is: d2ld1 : f12/ f22 : 1.647

The second method is using the property that the ionosphere advances the phase as
much as it delays the code, so:

-  0.s (c1 -  L l )
-  0.s (P1 -  L1)
- 0.5 (P2 - L2) - 't.647 * d1

and by replacing P2by -L2 and P1 by -11 in (1) en (2):

d 1  -  1 . 5 4 6 *  ( 1 1  -  L 2 )
d2  -  2 .546 *  (11  -  L2)

Formulae (3) til l (7) have a bias due to the unknown number of integer cycles in the
phase observables, but as long as no cycle slips occur, these will be constant in time.
This means that differencing (3) and (6); or (4) and (6); or (5) and (7) all give a value that
remains constant in time (except for some - usually small - drift in the code). The fluctua-
tions around these straight lines are a measure for the noise (plus multipath !!) in the
various observables. So, with all observables in meters:

(3) - (6) (times 2): Mc - C1 - 4.092 * Ll + 3.092 * L2
(4) - (6) (times 2): Ml - P'l - 4.092 * L1 + 3.092 * L2
(5) - (7) (times 2): M2 : P2 - 5.092 * L1 + 4.092 * L2

The noise in the phase observables Ll and L2 is likely to be more than a factor 50
smal ler than in the codes (as evident from table 6.1).  So the noise in C1, Pl and P2 (or
Y1 and Y2) deviates nearly never more than 'lolo from the noise in the linear combina-
tions Mc, M1 and M2. These latter values can be easily computed from a time series of
say 15 or 30 minutes durat ion.

It is also possible to obtain an estimate for the noise in L1 and L2 from the time series of
the linear combination in formula (6). A complication is that this time series does not
represent a straight line, but shows the change in time, of the ionospheric effect d1. This
effect changes mainly with the satellite's elevation and can be approximated by a quadra-
tic curve. Fluctuations around such a best fitting curve, are due to the noise in the phase
observable, but it is contaminated by the noise in the ionosphere over the evaluated
period. ln addition it is necessary to make an assumption for the relation between the
noises in L1 and 12. We assumed these to be proportional to the wavelength, so noise
(in mif limeter) on L2 is a factor 1.3 larger than on 11. However, if L2 is obtained from
the sum of L1 and the phase of the beat frequency f2 - f1, the factor may be much
larger.

6.3. Data acquisition and results
Data acquired for the long baseline at Kootwijk between 'l ' l:30 on day 63 and 07:50 on
day 64 has been used for the analysis. The recording interval was 30 sec. To eliminate
drift from the code data and the ionospheric effect from the phase data, a straight line
was fitted if the linear combination involved a code range and a quadratic curve if only
phase ranges were used. All data was extracted from the RINEX files. According to
[Courevitch,1994l, the ranges recorded by ASHTECH have been smoothed; no informa-

(2)

d 1
d 1
d2

(3)
(4)

(s)

(6)
(7)
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tion is available whether the same is true for the other receivers. Unsmoothed data for
ASHTECH has been taken from their raw data file.

Three elevation ranges have been analysed, i.e. from 60o- 80o, 35o- 50" and 10o- 25o.
For each range five satellites were selected that were tracked by all receivers simulta-
neously during 30 minutes. In this way anomalies due to large multipath effects are likely

to be detected.

The results are presented in app. E.1 for phase (L'l), E.2 for C/A code and E.3. for Y2.

Average values for each elevation range are summarized in table 6.1. The phase noise is

nearfythe same for all receivers. The most remarkable fac..for C/A code noise is that the
smoothed values for ASHTECH are lowest and the unsmoothed value highest. This is

also the case for Y2, except for the low LEICA values and the rapid increase for TRIMBLE

and ROCUE with decreasing elevation. The ASHTECH also tracks Y1. The noise therein

is not tabulated, butwas found to beforthe high elevat ions about 10 % lowerthan for
y2 and for the low ones some 35 % lower. This may be due to the fact that the L1 signal
is 3dB stronger than for 12. Consequently the noise in Y1 is lower than in C/A, probably

because the sharper Y-code pulse is less affected by multipath.

NOISE IN THE

AVG. ELEV.

PIIASE OBSERVABI,E L1

ASH TRI

( in  mi l l imet ,er)

LEI ROG

7 0 0
4 3 0
L 7 0

l _ . 3
4 . 2
4 . 5

1 . 3
4 . 2
5 . L

L . 3
4 . 5
4 . 6

t _ .  0
4 . 2
4 . 2

NOrSE rN THE C/A CODE OBSERVABLE (in centimeter)

TRI I,EI ROGAVG. EI,EV. ASHTECH
noE

smooEh smooth

7 0 0
430
L 7 0

1 0  . 8
2 3 . 3
4 L . 9

4 L  . 9
5 0 . 8

1 _ 0 5  . 5

2 4  . 6
3 2 . 5
5 0 . 7

1 4 . 8
2 2 . 2
4 7  . 8

1 8  . 5
2 5  . 9
5 8  . 3

NOISE IN THE Y2 CODE OBSERVABLE (in centimeter)

TRI LEI ROGAVG. EI,EV. ASHTECH
not

smooEh smooth

7 0 0
430
L 7 0

9 . 0
2 0 . 3
5 2 . L

2 4 . 3
4 L . L
9 3 . 7

2 5 . L
3 6 . 0

L O 2  . 9

1 _ 0 .  0
L 4 . 5
3 3  . 8

L 3 . 5
3 0 . 3

L L 7 . 4

Table 6.1: Noise in LL, Cl and Y2 obsetvables for four teceivers
in three sateTTi te eTevat ion ranges.

Drawing a useful conclusion from these tables presents a problem, especially for some'

one wiih a geodetic background, who has no experience with receiver design - as is the

case for the author. lt is however likely that the noise is very closely related to the
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bandwidth of the tracking loops and that receiver designers are facing the hereafter

described dilemma. lf it is not possible to satisfy both, a compromise solution is required.

Accurately tracking weak signals (e.g. through foliage or at low elevations) requires a

narrow bandwidth. However, tracking the dynamics of a moving receiver - such as

during kinematic survey - requires a wider band. This applies to tracking the C/A code

and thie associated L1 carrier phase. To track the other observables, the dynamic changes

as already observed can be used. In other words, the C/A carrier loop "guides" the other

loops, and these can therefore use much narrower bands. But they should stil l be wide

enough to accommodate any rapid changes in the difference between L1 and 12, which

r"y J..u1. during ionospheric disturbances or due to sudden interference.

An important advantage of dual-frequency receivers over the cheaper one-frequency

instruments is that they can quickly resolve the ambiguities for rapid static survey and

resolve them "on-the-fly" for kinematic survey. This is made possible by the wide laning

technique, which needi two frequencies and even that advantage is being challenged by

increasingly accurate C/A code observations. So it should not be a foregone conclusion

that lower noise in the output observables is better; it may be off-set by befter dynamic

tracking. The next section on tracking loops is an effort to understand this better'

6.4. Tracking looPs

Cross correlation between an incoming code and for example a locally generated code

requires a certain integration time (T), which can also be indicated by a bandwidth (1/T).

The basic integration iiru can be anywhere between 1 and 20 millisecond; since it has

to stay within t-he phase changes of the 50 Hz data modulation (though other desi8ns are

now Leing used). Such a short integration time gives a rather noisy range; therefore the

tracking loop sums (or rather averages) many of these measurements. The result is used

", " 
fu-"db"ck signal for more accurate tracking of the range. For example 50 measure-

ments of 20 msec. may be integrated giving a bandwidth of 1 Hz for the tracking loop

and a new range for output every second. See flhomas, 19921. Modern receivers have

special techniques to remove the 50 Hz data modulation and can therefore use longer

integration times. lt is believed that most geodetic receivers use a C/A carrier tracking

banJwidth of be1veen 10 and 30 Hz (corresponding to integration times between 33

and 100 milliseconds), and much narrower bandwidths for the other observables.

It is also possible to further average the code-range output from the tracking loops

without using the result as a feedback signal to the loop. This may be done by fitting a

polynomial, 6ut is normally implemented by phase-aiding the code. Such a process can

be refened to as "post-correlation" or "outside-the-tracking loop" smoothing. Averaging

may extend oue1 ieu"r"l hundred seconds for stationary receivers, but that period is

limited by the requirement to accurately track the receiver's position at all instants, if that

receiver is also used for kinematic survey operations. lt is understood that this post-corre-

lation smoothing is applied by ASHTECH and output to the RINEX file, while the un-

smoothed ranges 
"r" 

th" direci output from the tracking loops. The binary ASHTECH file

gives both sm-oothed and unsmooih"d r"nger. Inspecting these appears to indicate that

ior the recording rates we used, smoothing is done over 100 seconds, using 400 samples

spaced 0.25 sec.

We furthermore subtracted the ASHTECH smoothed ranges from the unsmoothed ones,

and averaged this difference over periods of 30 minutes for several satellites. lt then

L"."r" 
"plp"r"nt 

that on the Ll frequency (C/A and. Yl code), the unsmoothed ranges

are about j .r. longer than the smoothed ones, when the satellite elevation is about
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70". This difference increases to 8 cm. at 43o and to 13 cm. at 17o. For the Y2 code
ranges these differences are 5 cm., 14 cm. and 22 cm. respectively. This is a factor 1.6
higher, which seems to indicate that the difference is due to the different effect of the
ionosphere on the phase and the code.

lf the recording interval is shorter than the smoothing interval (or correlation time), the
output is over-sampled. Consecutive output ranges will then have used partly the same
observations and will be mathematically correlated, with as a result a lower noise, but
not a better dynamic tracking performance. lt would be interesting to have detailed
information on the tracking loop bandwidths and smoothing procedures of all four
receivers.

6.5. Conclusions
- The analysis of phase noise hardly shows differences between the four receivers.
- There are fairly large differences in the noise for the (7A and Y code ranges as recor-

ded in the RINEX files, but the importance of this is not readily evident. Insufficient
information is available on the integration times and on the amount of smoothing
appl ied, i f  any.

- lt is hoped that publishing the result of this noise analysis stimulates further investiga-
tion into this aspect.
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7. Conclusions

The major conclusion is that all four receivers are capable of providing the data required
for highly accurate survey results of similar quality. Also the software packages provided
with the receivers (at the time of this test no such software was available for the
ROCUE), give results of nearly the same precision.

For the 10 kilometer baseline the ROCUE malfunctioned. The other three all achieved a
standard deviation of about 10 to 30 mm. in the three Cartesian co-ordinate components,
using only 10 minutes of observations and the software provided by the manufaclurer.
Averaging 24 such periods in a day further improved the precision to about 7 mm. in
height and 5 mm. in North and East. There are however indications of scale differences
of about 2 ppm between various software packages. This could be due to the way in
which ionospheric effects are treated.

For the 100 kilometer baseline, one hour of observations gave precisions (s.d.'s) up to
100 mm. in the three Cartesian co-ordinate components using manufacturers'software.
Averaging 22 of these hourly sessions, the s.d.'s decreased to under 15 mm. in height
and nearly '10 mm. in North and East.

With Bernese software the precisions were nearly 1.5 times better. For the short baseline
the s.d. was under 13 mm. in height and under 7 mm. in North and East, using t hour
observations. Averaging 22 such sessions in a day improves this further by about a factor
two. For the long baseline 3 hours of observations is the optimum duration, providing 9
to 30 mm. in height and less than 7 mm. in North and East; the better values applying to
the ROCUE. lt is not known whether this is due to the receiver or the choke-ring anten-
na. Averaging eight such sessions from one day, brings the precision for all instruments
under 10 mm. in height and 5 mm. horizontal ly.

There is a bias between Bernese and manufacturer's software for the long baseline of
about 0.15 ppm (about 15 mm.) in scale and about 15 mm. in height.  This may be
because Bernese software used a precise ephemeris and estimated tropospheric para-
meters at the baseline ends. lt may also be the reason why the precision with the Ber-
nese software is about a factor 1.5 better.

The standard deviation in the single differences (between stations) of the carrier phase -

as determined with Bernese software - was lowest for the ROCUE, followed by TRIMBLE,
ASHTECH and LEICA in that order. However further noise analysis in the observables
per single receiver - using the Quick Look program - gave no further evidence that there
was a significant difference in noise for these phase observables.

All software packages, except ASHTECH's, gave far too optimistic estimates for the
precision achieved from processing an observation session'

Susceptibility to Radio Frequency Interference (jamming tests), showed very large diffe-
rences between receivers. The ASHTECH was only susceptible to in-band jamming and
did not experience any interference from other transmissions. The other three all suffered
from interference from near-band transmissions and frequently lost lock on L1 when L2
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was no longer tracking. The ROCUE had the greatest resistance to in-band interference
of all four, especially for L2.lt was however the only receiver that was affected by strong
out-of-band interference from many frequencies between 1100 and 1725 MHz.

Detaifed conclusions appear at the end of chapters 3, 4, 5 and 6.
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Appendices chapter 2

APPEIIDIX A.1: BASIC INFORMATION ON CO-ORDIIIIATES

The co-ordinates of the stations at KOOTWI'JK have been held
f ixed at  the fo l lowing WGS84 values:

Basel ine R e f .  S t a t . Lat i tude Longitude H t .  ( e 1 1  .  )

N 5
N 5
N 5
N 5

A
B
c
D

KA28
KB33
KC32
KD31

5 2  L O  4 2 . 5 9 9 6
5 2  L O  4 2 . 2 7 3 7
5 2  L 0  4 2 . 2 7 3 8
5 2  t O  4 2 . 6 9 9 2

4 8  3 6 . 4 9 0 6
4 8  3 5 . 6 4 7 5
4 8  3 6 . 4 8 9 6
4 8  3 6  . 3 3 2 7

8 9 . 3 8 9  m .
8 8 . 7 6 L  m .
8 8 . 7 5 8  m .
8 9 . 3 8 0  m .

E
E
E
E

Approximate position of the "unknown" ends of

LONG BASELINE at DELFT : 51 59 L0 N 4
SHORT BASELINE at APELDOORN : 52 L2 44 N 5

b a s e l i n e s :

2 3 L 5 8  7 4
56 25  E LL2

m .
m .

Approximate baseli-ne parameters :

Basel ine Distance Azimuth Height  d i f f .

KOOTWI.'K - DELFT
KOOTWI,JK - APELDOORN

9 9 8 5 0  m .
9 5 3 4  m .

2 5 8 . L 7
6 7  . L 5

d e g .  - 1 5  m .
d e g .  + 2 3  m .

The line KOOTWI,fK - DELFT has been accurately determined in an
EUREF campaign. The stations at APELDOORN are related to a minor
conUrol point, corrected for a known anomaly with GPS of abouE 1-3
centimeter in Northerly direction. The height was noL corrected.
From this we computed the "datum vectors" that were used in our
evaluat ion.  They are:

LONG BASELINE
dY dz

SHORT BASELINE
dx dY dz

A
B
c
D

+ 2 5 4 9 L . 4 3 4  - 9 5 6 3 8 . 3 9 5  - : - . 3 t 7 7  . 6 5 2
+ 2 5 4 7 9 . 2 5 9  - 9 5 6 3 6 . 2 3 0  - 1 3 1 6 7  . 4 9 4
+ 2 5 4 7 0 . 2 7 5  - 9 5 6 3 4 . 0 5 3  - 1 3 1 6 0 . 5 3 8
+ 2 5 4 8 0 . 7 1 " 8  - 9 5 6 L s . 7 6 4  - 1 3 L 7 0 .  6 8 8

+ 8 5 3 3  . 5 7 5  + 2 3 0 7 . 2 9 5
+ 8 5 2 4 . 8 5 8  + 2 3 1 5 . 2 5 8
+ 8 5 3 3 . 0 0 6  + 2 3 0 7  . 3 8 2
+ 8 5 1 - 8  . 3 6 r .  + 2 2 9 4 . 9 6 7

-3829  .4L6
- 3 8 3 7  . 7 L 2
- 3 8 3 6 . 8 8 5
- 3 8 2 1 . 2 9 5
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APPENDIX A.2: SITUATION OF BASEIJTNES Al{D DELFT OFF-SETS

Long and short baseline.

E

Situat ion Del f t .  Roof  of
Engineer ing,  fU Del f t .

Faculty of Geodetic
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APPENDIX A.3: SITUATION OF KOOTWIiIK AIID APELDOORN OFF-SETS

Birdt eye view of the
i1.:ii.+i:::::i::1.1-i::::::::::i::::::i::::::::i:+:ni..:iiiiiiiii:i:::iii..ii:iiiiiiiiil+

for Satellite

Situation Kootwijk, Observatory for Satell i te Geodesy.

o z . 1  B E 1 0
r---il--r

IDr,tre

HOOF

C
il Pturr

;F oo u"r.l*t
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APPENDIX A.4: PHOTOGRAPHS OF KOOTWT.fK AND APELDOORN

i r . : t r : : i : t : t . : , i : i i i i r , r t , r . t , : i r , t i . r . i r , , . . . t . . 1 . . . r . . . r .  . .  i . ' . ' r r i . .

KooLw i i k  s ta t i ons .

s s
I l l . i

$$ :

$" \$.
ta l:.I

d s

' \ " * ,

* *-  

" {

Apefdoorn  s ta t ions .

J I



APPENDIX A.5: SIGI{AL LOSSES OF ROGUE AT APELDOORN
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Appendices chapter 3

APPBIIDIX 8.1: IOIIG BASBLINB (tfr.m SERIES); MAIIUFACTURER'S SOEIIYARE
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)

R'OGIJE

APPENDIX B.2: LONG BASELIIIE (TIME SERIES); TOPA^S SOHTIIARE
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APPEIIDIX 8.3: SHORT BASELINE (TIME SERIES); MAIIUFACTURER'S SOFTT{ARE
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APPENDTX 8.4: SHORT BASELINE (TIIIG SERIES); TOPA.S SOEII{ARE
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APPEIIDIX B.5: RESULTS OF LONG BA*SELINE; COMMERCIAL SOEflNARE

Note: Using newer software versions greatly reduces the number of
f a i l u res .

S.d. in I hr. period
from spread in re-
sults (cm)

Diff. of average with
datum co-ords (cm)

Multiplication factor for rd. from
sofrware

Day Baseline Tot.
obs.

Fail (t( oy oz dX dY dz fx fy fz (x, y z)

ACIITE,-IT -,irh DPISM

6 2 A )') o 4 A s ) 5 t -0.1 3.2 ) 1 t o o 7 t i
6 ? R )) o 3 - l 4,7 2.1 - 7 5 1 ) o 2 o.4 0.-5 0-6
64C 22 0 8.2 9.5 9 . 1 -2.1 2- l 1.2 0.8 1 .9
6 5 D 0 4 0 6 7 ) \ - ) < 1 -  t -0.0 o 1 o 6 o 1

A v o  O Q

T.rf^l R8 o 5.5 6.6 -7, O i 3 o 3 0.8 o.6 s_d 04
I  E IaA - , : rh  QgI

628 ,, , 4 0 . i O 4 ' l I R t 6 1 q R S

6 7 C o 3-8 2 l - 7 6 4 6 o 7 5.8 5-3 6-0
64ft 22 0 7-5 lo_2 5,9 1 Z 4.7 I-3 12.5 q 6 t \ )

6 5 A 22 5 l 1 0 ) 9 , t L 2.7 o ? 6 7 6 8 6 9
A v o R l

Torzl 88 4 5.4 7.6 4.2 i 9 o 7 7.6 9.2 s_d- 2.9
TRIMRI F wirh GPSrrruev

62D 22 4 ' ) 5 0 6 l - n 5 5.9 ) 1 ) 49 5 6 i ? 6 R

6 3 A )? 4 0 ? 9 7 ,4 t 0 ? q - o ? 2 7 2 25.8 12.4
6 4 8 )? o 4.7 4.7 6.7 - 0 5 5 0 t 5 26.7 26.1
6 5 C 22 6.2 5.6 3.9 -) (r 5.8 -0.0 t 6 7 5 i 6 t 6 i

Avp.29.7
Tntel 8R 4.9 4.4 5-3 -0.s 4.7 o.2 25.4 43.4 ) o 4 s d t ) 1
A(UmaU *, :rh T^DAQ

6 2 4 22 0 4 ) 6.6 -6.5 1.2 7 0 7 7 6.0 to.6
6 3 8 )) o ' l I 5 ? - r o  6 t 1 - o i 4.7 4.4 I  t ,

u c )?. o 10.5 12.2 R.8 _ 1  A 2.O 0.5 t2 . l 7.0 t 6 s

65 l-) 22 0 3.6 / - : t 2.2 3.0 -0.1 1 4 t  t l 5 i
Avs.7.2

Tolal 88 o 6 7 8 l 5 8 - 6 9 t 6 -0 1 5.6 8.8 s.d. 3.2
I FIlr A rrrirh Tf.|PAS

6 ? B 22 4.3 7 . 1 5.8 -8.9 l o 4 7 5 i 7 X

67 C, 22 0 4 7 1 ) ) 1 - q R t o -oo 4 4 9.8 4.8

& D ), o s 7 t o g 7 l -1 5 l s o.6 r0_3 6.3 t o 7

6 5 A )? 4.4 9,4 2.2 ? 6 i - l -0.1 4.7 4 ' 1 4 l

Avs  64

Torrl 88 2 6 1 R R t q 7 4 t 6 o o 5 g 6-5 6_8 s.d.2.4
T P T M R I F - , i r h T  P A S

6) t) 7.1 o 4.6 6 - l 4.8 -8.1 4.2 0.4 6 1 s 5
5 i A 22 0 1 R l 0 . l 4.0 -9_3 t 6 - o R 16 .  I 6-5

i l B 22 o 8 0 5 4 7 4 . 6 * ) o -o4 t 3-i 5.4 14.2
6 5 C )) o 2.1 5 0 2.2 - 4 8 i .R -o.4 3.8

A v s  8 2

Tor2l 88 0 :J _:) 7.3 5.0 -6.8 2.9 - o 3 7 6 R . l 9.0 s_d. 3.9
Dnr:I IE - , : rh TnDAS

62C n 8 . 1 t 9 7 1 - 8 8 t . R t . o 8.7 R ' T 9 )

6 ? D 2,?, o 4.2 4 . 1 2.7 - t { l , a 0.5 -0.9 5 6 4 7 5 i

6 4 4 22 9.7 6.4 8.0 -6.3 l 1 -0.1 7 4 7 9 t8 -3

6 5 B 22 :) ) ) 4.3 2 .1 ) R o 7 i 4 3-8 7.0
A v q  7 9

Total 88 I
'1.4 4 8 _ 5 4 l - 0 0_0 7.8 6 l t o 0 s .d .4_ l

5 7



S.d. in I hr. period
from spread in re-
sults (cm)

Diff. of average witb
daom co-ords (cm)

Multiplicuion factor for s.d. from
software

Day Baseline Tot.
obs.

Fail ('x o'' CZ dx dY dz fx fy fz (x, y, z)

C U m a U . - ; r h  D N A V

6ll A 26 l r i l 4 o 4 t l . o 2.O 2.1 1 .4

6 7 8 1.6 o 1.2 o-6 -o-l 0-9 t .6 1.3
6R( . 26 0 o 7 0.3 o,7 - o6 o o l o q o 7 o 1
6 9 D 22 ) l o o ? o g -o4 0.3 l -o 0.6 l-2

A v o  l ?

Totel rtn \ 1.2 o-7 -o.4 o.4 t .4 t ' ) s d i l I

I  FI f  A with SKI

6 6 B )4 /l t ? o 7 fl -o ). - o i - o 6 r4-g 6.3

6 7 C 25 t_0 t-3 l -o-l t t a -0.9 10.0 u.o 4 \

6 n D 25 0 l ? t .0 L o 4 t 1 -oil 1 1 1 ).* 5 5 0

6 S A )a o l o ,l t o -o7 -o7 l 7 28.9 5-4
Avo l ' l  I

Tofnl 97 7 1.2 l_2 t-6 0.3 -0.9 - o ) t r l ) a l 5 i s d  R 5

1)t1D )6 2.7 t 6 2 l -o.4 t - 8 o.4 6.3 8.7
6 7 4 26 l_9 0.6 0.0 t^8 0.5 6 .1 5 6 5 R

6 8 8 26 3 ; 1 l ; l 2.6 - o 5 ) n l ? 7 ) . 8 4 6.7

6 9 c 23 1 t 5 t t  \ t 4 l 6 t 4 - o l ?.s 5-O 5^2
A v o  6 4

Total l o l l 2 2.7 t . 3 2.O -0.8 1 .6 o.4 5.9 6 g 6 1 s.d- 1.4
ASIJTFaI{ wirh Tf)PAS

6 6 A ,A t i o' l l ( r -oo 1 2 , 0.6 | 8.3 5. t R R

6 7 8 )A 5 l -0 0.5 o.2 l _ 3 0.8 6 .1 4 4

6R( . 24 l o.4 0.3 o.7 0.1 1 .0 o ) ? l ?.7, 7.2
6 S D 22 o o 1 o 1 o q o ) l ) . o ? , 4.8 3 . 1 7-4

A v o  5 l

Total 94 t 1 o.9 0-5 o.2 0.3 6 2 s . d . 2  2
I  FICA with TOPAS

6 6 8 ) 7 l 7 o 1 t ' l -os t 6 o l
6 7 C ) 4 , ),2 o-5 o . l o 5 -o-8 o_9 -o.2
6 R D A 20 0.6 0.3 0,6 -0.0 0.8 o ? i ngr f f in ienr  mcr l rs

6 S A 22 t 4 o 5 o ) i 4 l ) t ) l ? ,

Total g1 77 1 . 2 o 4 t_o U f 0.9
TRIMBLE with TOPAS
6 6 D 24 ) t .2 o.7 - o 3 l 4 o 0 7 0 6.7 4.6

6 7 I . 24 6 t o o 5 l o q o 4 l 7 o_R 5.2 4.1 5 0

6 8 B )4 0 o.1 o i o 7 o-4 l - 3 1.0 2.5 ) s 7 1

6 9 C 22 L o.7 o.4 l .o -o.2 t .3 - o l ) . 6 7 1 4.9
Avp-4-3

Totnl q4 t 1 o s o 5 o 2 t , 3 0-6 4.3 4.4 4 7 s d  l 4

APPEIIDIX B.5: RESIILTS OF SIIORT BA.SELINE,' COMMERCfAL SOEfl{ARB

Note: TJsing newer software versions greatly reduces the number of
f a i l u res .
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APPEICDIX B.13: CORRELATIOII COEFFICIEI{TS 10 KM BASELINE (COllT.)

CORRELATTON BETWEEN RECEIVERS PER DAY (TOPAS)

ASHTECH-TRIMBLE (a11 days)
CORR cx cy cz

a s - t r -  5 5
a s  - t r -  6 7
a s  - t r -  5 8
a s - t r - 6 9

Avg.
s . d .

OveraIl
OveraII

0 . 8  0 . 5  0 . 8
0 . 9  0 . 8  0 . 9
0 . 5  0 . 5  0 . 5
0 . 5  0 . 8  0 . 9
0 . 7  0 . 7  0 . 8
0 . 2  0 . 1  0 . L

( x , y ,  z )  a v g  0  . 7
( x , y , z )  s . d  0 . 1

CORRELATION BETWEEN RECEIVERS PER STATION (TOPAS)

ASHTECH-TRIMBLE (a l l  s tat ions)
CORR cx cy cz

as - t r -AT
a s - C r - B T
a s - t r - C T
a s - t r - D T

Avg.
s . d .

Overall
Overal-l-

0 . 5  0 . 4  0 . 2
0 . 5  0 . 5  0 . 3
0 . 6  0 . 3  0 . 4
0 . 4  0 . 7  0 . 3
0 . 5  0 . 5  0 . 3
0 . 1  0  . 2  0 . 0

( x , y ,  z l  a v g  0  . 4
( x , y , z )  s . d  0 . 1 -

CORRELATION BETWEEN MANUFACTURER'S and TOPAS software

ASHTECH
cx cy c z

TRIMBI,E
CORR cx cy

a s h - a s t 5 5  0 . 9
a s h - a s t 6 ?  0 . 7
a s h - a s t 6 8  0 . 5
a s h - a s t 5 9  0 . 7

A v g .  O  . 7
s . d .  0 . 1

Overa l l  ( x , y  ,  z l
Ove ra l l  ( x , y  ,  z )

0 . 5  0 . 9
0  . 7  0 . 5
0  . ' t  0 . 5
0 . 6  0 . 8
0 . 5  0 . 7
0 . 0  0 . 1

a v g  0 . 7
s . d  0 . 1 -

t r i - t r t 6 5 - 0 . 0  0 . 2  0 . 4
t r i - t r t 6 7  0 . 7  0 . 4  0 . 5
t r i - t r t 5 8  0 . 4  0 . 3  0 . 5
t r i - t r t 6 9  0 . 6  0 . 3  0 . 7

A v g .  0 . 4  0 . 3  0 . 5
s . d .  0 . 3  0 . 1 -  0 . 1

Overa l l  ( x , y ,  z l  avg  0  . 4
O v e r a l l  ( x , y , z )  s . d  0 . 2
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Appendices chapter 4

APPENDIX C.1: SESSIONS USED DI]RING BERI{ESE PROCESSIIIG

Session
long baseline

t hour 3 hour
short baseline

10 min t hour

1
2
3
4
5
6
7
8
9

2 0
2 L
2 2
2 3

0 8 : 5 0 - l - 0 : 0 0
l - 0 : 0 0 - l - L : 0 0
1 1  : 0 0 - l - 2 : 0 0
l - 2 : 0 0 - L 3 : 0 0
l - 3 : 0 0 - l - 4 : 0 0
1 4 : 0 0 - l - 5 :  O 0
1 5 : 0 0 - 1 5 : 0 0
1 5 : 0 0 - l - 7 : 0 0
1 7 : 0 0 - 1 8 : 0 0

0 4 : 0 0 - 0 5 : 0 0
0 5 : 0 0 - 0 6 : 0 0
0 5 : 0 0 - 0 7 : 0 0
0 7 : 0 0 - 0 8 : 0 0

0 8 : 5 0 - 1 - 2 : 0 0
1 2 : 0 0 - 1 - 5 : 0 0
1 5 : 0 0 - l - 8 : 0 0
1 8 : 0 0 - 2 L : 0 0
2 t z O O - 2 4 z O O
0 0 :  O 0 - 0 3 : 0 0
0 3 : 0 0 - 0 5 : 0 0
0 6 : 0 0 - 0 8 : 0 0

t 2 : 2 0 - L 2 : 3 0
1 3  : 2 0 - 1 3  : 3 0
L 4 : . 2 0 - 1 4 : 3 0
1 5 : 5 0 - 1 - 5 : 0 0
1 5 : 5 0 - 1 7 : 0 0
1 7  : 5 0 - 1 8  : 0 0
L 8 : 5 0 - 1 9 : 0 0
1 9 : 5 0 - 2 0 : 0 0
2 0 : 5 0 - 2 1 : 0 0

L 1 : 5 0 - 1 3  : 0 0
1 - 3 : 0 0 - 1 4 : 0 0
1 4 : 0 0 - l - 5 :  O 0
l - 5 : 0 0 - 1 5 : 0 0
l - 6 : 0 0 - 1 7 : 0 0
1 7 : 0 0 - 1 8 : 0 0
1 8 : 0 0 - L 9 : 0 0
1 9 : 0 0 - 2 0 : 0 0
2 0 : 0 0 - 2 1 : 0 0

0 7 : 5 0 - 0 8 : 0 0  0 7 : 0 0 - 0 8 : 0 0
0 8 : 5 0 - 0 9 : 0 0  0 8 : 0 0 - 0 9 : 0 0
0 9 : 5 0 - L 0 : 0 0  0 9 : 0 0 - 1 0 : 0 0
L 0 : 5 0 - 1 1 : 0 0  1 0 : 0 0 - L 1 : 4 0
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APPET{DIX C.2: DIFFERENCES BERNESE RESULTS I|ITH DATITM \IECIORS

LONG BASELINE
DATUM-BERNESE co-ords .

Average of 8 three hour sessions

stat/Rx/Day dn de du

SHORT BASELINE
DATIIM-BERNESE co-ords.

Average of 22 one hour sessions

Stat/Rx/Day dn de du

A-ASH-62
A-LE I -65
A-ROG-54
A-TRI -  53

B-ASH-53
B - L E I - 6 2
B-ROG-65
B-TRI -64

c-AsH-54
c - L E r - 5 3
c-RoG- 62
c -TRr -55

D-ASH-65
D-LE I  -  54
D-ROG-63
D-TRI -  52

AVG.ALL
S . D.ALIJ

l_1
t 7
3 0
3 1

2 t
5

7

3 0
! ! - 2 0

4 5
L 9

2 7
z u
2 9
1 8

1 9
1 5

A-ASH-66
A-LE I -59

A-TRI -  67

B-ASH- 57
B - L E I - 5 6

B - T R I - 6 8

c-AsH-58
c - L E r - 5 7

c-TRI -  69

D-ASH-59
D - L E I - 6 8

D-TRI -  55

AVG.A!IJ
S .D .A I ,L

8 1 0
1 1  7

r_8 5

6 3
1r_ -2

t_8  -2

I  - 3
4 - L

- 3
1
6.

3

4
A

v

4
7
4

1 0

- 2

5
L
4

4
3

2 5
2 5
2 L
3 2

3 2
2 2

3 5

3 2
2 8
24
3 7

3 5
3 0
2 7
3 9

3 0
5

l" l_

- f

8

0
- 4

5

5
5

1 3

t_
7

9 9
8 L 2

2 0 8

3 t 7 3

4 L l _ 4
5 5 5

Differences between the daily average co-ordinate vectors obtained
from the Bernese soft$rare and the datum vecLors. Results are expres-
sed in mill imeters, in the local North, East and Up system for the
unknown ends of the long and the short baselines.

The height component for the LEfCA results aE station C on day 53
differs nearl"y 5 cm from most others and is suspect.

The datum vectors expressed in Cartesian ECEF components are given
in app.  A.  1 .
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APPEIIDfX C.3: DIFFERENCES !{A}IIIFACTIIRER'S WITII DATTM VECTORS

IJONG BASELINE
DATTJM-I4ANUFAC. co-ords .

Average of 22 one hour sessions

stat/Rx,/Day dn de du

SHORT BASELTNE
DATUM-MANUFAC. co-ords.

Average of 25 ten min. sessions

Stat/Rx/Day dn de du

A-ASH-62
A- IJEI -55
A_TRI-63

B-ASH-53
B - L E I  -  6 2
B-TRI -64

c-AsH-64
c-LEr  -  53
c-TRr-  65

D-ASH-55
D-LEI  -  54
D - T R I - 6 2

AVG.ALL
STD.ALL

s z
z 6
4 0

3 4
3 8
50

3 8
4 8
5 0

1 3
1 1

4

L 9
2 2
1 0

2 7
2 2
T 7

L'7
J U

1 5

1 8
7

1 9
- 5
- 6

- L Z

L 1

5
- 8

-  J . 5

-L4

1 8

I

1 1

YA-ASH-66
YA-LEI -59
YA-TRI -57

YB-ASH-57
YB-LEI -55
YB-TRI - 6 8

YC-ASH-68
Y C - L E I - 5 7
YC-TRI - 59

YD-ASH-69
YD- IJEI -58
YD-TRI  -55

AVG,ALL
STD.ATL

5
- 3
1 1

1 5
- 8
1 8

1 1
- 3
2 0

1 1
- 1 8

r 0

1 1
- 1 3

1 8

- 2
- 9

- 1 0

1
- 2

z

1 1
1 1

5

7
- 6

6

0
- 3

2

5
- z

1 0

4
- 5

4

2
5

3 9
4 9
59

4 3
1 0

16
t 2

Differences between uhe daily average co-ordinate vecEors obtained
from the Manufacturer's software and the datum vectors. Results
are expressed in mill imeters, in the local North, East and Up
system for the unknown ends of uhe long and the short baselines.

N.B. The height anomaly for LEfCA on day 63, as obtained from the
Bernese processing,  is  absent !

The daEum vectors expressed in Cartesian ECEF componenEs are given
in app.  A.  1 .
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APPED|DIX C.4: DIFFERENCES BERNESE WrTII MANIIFACIIIRER'S

MANUFAC.
Averages as in

Stat/Rx/Day dn

IJONG BASEI,INE
-BERNESE co-ords.
a p p .  C . 2  a n d  C . 3

SHORT BASELINE
MANUFAC. -BERNESE co-ords.

Averages as in app. C.2 and C.3

Stat/Rx/Day dn de dudude

A-ASH-52
A - L E I - 5 5
A-TRI -53

B-ASH-63
B - L E I - 5 2
B-TRI  -  64

c-Asrr-54
c-LEr -53
c-TRr-65

D-ASH-65
D - L E I - 6 4
D-TRI - 62

AVG.ALL
S . D . A L L

A-ASH-66
A-LEI -59
A-TRI -67

B-ASH-57
B-LEI  -  55
B . T R I - 5 8

c-AsH-58
c - L E r - 6 7
c-TRr-69

D-ASH-69
D-LEI  -  5  8
D-TRI  -55

AVG.ALI,
STD.ALL

-L6
- 1 0

- 1 5
- 1

-23
- 1 5

- 7

- l-9
-25
- 1 0

- 1 3
7

- 7
- 3
- 7

- 2
-L6
- 1 5

- 6
-20
-  z 5

- 4
- 1 9
- 2 L

- L 2

7

2 5
- L 2
3 3

- 3
t4
- z

- 4
2 9

2

- 4
1 8
- z

- 8
z z

3 7

3 4
1

- 4

4 t
2 7

1

L 6
1 8

0
- 1

?

6
2

- 3
1 0

1

- 6
L 6

2

1 L

- 2
1
3

3
13
- 3

5

7
I

- 3
0
L

3
5

- 6
13
- z

5

Differences between the daily average co-ordinate vectors obtained
from the Bernese software and Manufacturer's software. Results
are expressed in mill imeters, in the local North, East and Up
system for the unknown ends of the long and the short baselines.

N.B. The height anomaly for LEICA on day 63, as obtained from the
Bernese processinst ,  is  not  so pronounced as in  app.  e.2 l

The datum vectors expressed in Cartesian ECEF components are given
i n  a p p .  A . 1 .
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APPB{DrX C.5: AVERAGE DIFFERENCES DATTM - BERNESE; LONG BASBITIIIE

LONG BASELINE: DATUM - BERNESE coords. (daiIy avg. of I obs. of 3 hr)

DATUM - BERN per station (mm)
North East Up

S.d .  in  1  day  per  s ta t .  (mm)
North East Up

S t a t . A
S ta t  .  B
S t a t .  C
S ta t  .  D

6

2 6
3 0
? n

3 3

2 2  S t a t . A
1 1  S t a E . B
1 9  S t a t .  C
2 3  S t a t . D

3
z
5
J

4
5 7

24
4

DATTM - BERN per receiver (mm)
North East UD

S.d. 1 day per receiver (nm)
North East UD

I
L 6

7
9

4
3
2

3
z
2
J

ASH
! E I

ROG
TRI

1
5
4

3 1
2 6
2 4
3 6

2 2
5

3 5
1 9

ASH
I,EI
ROG
TRI

DArUM - BERN per day
North East

(mm)
Up

S.d. in 1 day per day (mm)
North East UD

Day -62
Day-63
Day-64
Day-55

3
4

3

2 7
3 0
3 0
3 2

1 5
2 7
1 0

4

20 Day-62
15 Day-63
22 Day-54
2L Day-55

?

2
2
5

2
5

5

DAToM - BERN all 15 obs.
NorLh East

S.d .  1  day  ( f rom 15 obs ; run)
North East UD

(mm)
up

Avg.ALL 1 9  S . D . A I L

Results of app. C.2 averaged per stat ion, per receiver and per day.
N.B. Station C, LEICA and day 63 are all affected by ONE anomalous ntIPtr
result in the BERNESE processing!

APPEIIDIX C.5: A\IERAGE DIFFERENCES DATttM - MANTFAC; LONG BASELINE

LONG BASELINE: DATUM - MANUF. coords. (daily avg. of 22 obs. of t hr)

l c3 0

DATUM - MANU per station (mm)
Norlh EaSt UD

s.d .  in  1  day  per  s ta t .  (mm)
North Easts UD

S t a t . A
Stat  .  B
S t a t .  C
Stat  .  D

1 0
7 7
2 2

3 3
4 1
4 9
4 9

3  S t a t . A
1  S t a t . B

- 5  S t a t . c
- 1  S t a t . D

4
5
4
7

5
7
9
I

L 2
1 0

I
L4

DATUM - MANU per receiver (mm)
North East UD

S.d. 1 day per receiver (mm)
North East. UD

1 3
5

1 3

3
9
6

E

5

ASH
LEI
TRI

3 5
4 L
) z

ASH
LEI
TRI

- n
- 4

2

1 9
2 7
1 1

DATIIM - MANU per day
North East

(mm)
Up

S.d. in 1 day per day (mm)
North East UD

Day-52
Day- 63
Day-54
Day -65

13 Day-62
-9  Day -63

3 Day-54
-11  Day -65

r6
1 5
2 3
15

4 3
4 0
4 6
4 2

1.2
6
f

1 3

4
d

9
5

7
3
8
4

DATW - MAtiIU all 12 obs.
North East

s .d .  1  day  ( f ron  12  obs ;mm)
North East Up

(nm)
up

Avg.ALL 1 11 04 31 A - 1  S . d . A L L

Results of app. C.3 averaged per stat ion, per
results for LEICA at station C on day 63 were not
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APPET{DIX C.7: A\IERAGE DIFFERENCES

LONG BASELINE: l'lANUF.

IilAt{UFAC - BERN; IrONG BASELINE

' BERNESE coords.

MAI{U - BERN per staEion (mn)
North East Up

S.d .  in  1  day  per  s ta t .  (mm)
North East UD

S t a E . A
Stat  .  B
S ta t .  C
S t a t . D

- 9

- 1 5
- 1 8

- 6
- f r

- f b

-  I f

1 9
L 7
1 9
L 7

L 7  S t a t . A
1 0  S t a t . B
1 5  S t a t .  C
2 3  S t a t . D

o

7
5

2
6
7
7

Ir|AlfU - BERN per receiver
NorEh East

S.d. 1 day per receiver (mm)
North East Up

(mm)
up

ASH
LEI
TRI

- 1 8
- 1 6

- 5

- 5
- 1 5
- t 7

2 3
1 0
I O

1 9
f 5

1 8

ASH
LEI
TRI

3
o

4

2
7
o

MANIT - BERN per day (mm)
North East UD

S.d. in 1 day per day (nun)
North EasE Up

Day-62
Day-63
Day-64
Day-65

- 1 4
- 1 0
- 1 5
- L 2

-  T f ,

- 1 3
-  I U

-2 Day-62
20 Day-63
16 Day-64
32 Day-65

3
7

1 1
5

5
I
5
9

4
2 2
t4

I

MAIiIU - BERN all 12 obs. (mn)
North East Up

S.d .  1  day  ( f rom 12 obsrmm)
Nort,h East Up

Avg.ALL - 1 3 - L 2 \6  S.d .Ar , r ,

Results of app. C.4 averaged per stat ion, per receiver and per day. Notes:
1. fhe anomaly in the height for LEICA from BERNESE software is hardly evident
in this tabIe.
2. The values of the coordinate biases are noL equal to the differences of
app. C.5 and C.5 because ROGIJE results are used in C.5, but not in c.6 and c.7

APPEI|DIX C.8: A\IERAGE DIFFEREIICES DATIIM - BERIIESE; SHORT BASELINE

SHORT BASELINE DATTM - BERNESE coords. (daily avg. of 23 obs. of t hr)

1 8

DATW - BERN per station (mm)
North East Up

S.d. in 1 day per stat, .  (mm)
North East UD

S t a t . A
Stat  .  B
S t a t .  C
Stat  .  D

c
4

5

3

4
4

t 2
1 3
7 2

9

0
7
7
3

1 0  S t a t . A
7  S t a t . B

- 0  S t a t .  C
- 0  S t a t . D

2
z

DArUM - BERN per receiver (mm)
North East Up

s.d. 1 day per receiver (mm)
North East up

5
6
4

1
5

1
5
4

ASH
LEI
TRI

5
4
4

I
I

l 8

1

4
I

ASH
LEI
TRI

DATUM - BERN per day
North East

(mm)
up

S.d. in 1 day avg. (nun)
North East Up

Day-55
Day-67
Day-58
Day-69

3
5
b

5

2
1

D

7

o

J

2
o

7
2

1,2
1 3
1 n

1 1

Day-66
Day-67
Day-68
Day-69

2

D

5

7

DATT]M - BERN all 12 obs.
North East

S.d .  in  1  day  (12  obs ;mm)
North East Up

(nun)
up

Avg.ALL 4  S .  d .A l , L

Results of app. c.2 averaged per stat ion, per receiver and per day.
Note: There is evidence of a height anomaly between station pairs A, B and C,
D of about 8.5 mn. A check of the local survey revealed that the datum vectors
for stat ions A and B need indeed a correction, but only 5..5 mm..

I 1

71



APPBIDIX C.9: A\IERAGE DTFFERBNCES DATTM - MANIIFAC; SIIORT BASELINE

SHORT BASELfNE DATUM-MANUF. coords. (daily avg. of abt. 25 obs. of t0 min.)

DATUM - MAI.IU per station (mm)
North East UD

S.d .  in  1  day  per  s ta t .  (mm)
North East Up

Sta t  .  A
S t a t .  B
S t a t .  C
Sta t  .  D

- 0

4
1

1 1
1 0
1 5
L 4

2
f

6
4

U
1 n

3
f,

9  S t a t . A
3  S E a t . B

- 7  S L a t .  C
0  S t a t . D

3
7
3
1

DATUM - MAI{U per receiver (mm)
North East Up

S.d. 1 day per receiver (nun)
North East Up

ASH
LEI
TRI

L 2
- 1 0

1 8

ASH
I,EI
TRI

2
6
2

5
I
7

z
1
4

4

17

DATUM - MANU per day
North East

(mm)
Up

S.d. i .n 1 day avg. (run)
North East Up

Day- 6 6
Day-67
Day-58
Day-59

1
I

5

4

7

5
q

9
1 5
14
1 0

2
1
z

1

1 0
4
o

b

Day-65
Day-67
Day-58
Day-69

2
4
6
6

DATITM - MANU all 12 obs. (mm)
North East Up

S.d .  in  l  day  (12  obs ;nun)
North East Up

Avg.ALL 1  S .  d . A L L

ResulLs of app. C.3 averaged per stat ion, per recej.ver and per day. The
evidence for a height anomaly between stat ion pairs A, B and C, D is less
pronounced than in app. C.8.

APPEIDIX C.lO: A\IBRAGB DIFFEREIICBS !{AN[FAC - BERII; SHORT BASBLIIIE

SHORT BASELINE: BERNESE - MAI.IUF. coords.

12

BERN - MANU per station (mm)
NorEh East Up

S.d .  in  1  day  per  s ta t .  (mm)
North East Up

s t a t . A
Sta t  .  B
S t a E .  C
Sta t  .  D

1
J

3
z

2
?

8

4
J

4

1  S t a t . A
4  S t a t . B
7  S t a t . C

- 1  S t a t . D

9
I

L4
1 0

2

1
z

BERN - MAIiIU per receiver
North East

S.d. 1 day per receiver (mm)
NorEh EasE UD

(mm)
Up

J

5
4

1
6
2

2
5
z

1 ASH
5 LEI
2 TRT

ASH
LEI
TRI

- z

7
1

- 4
L 9

0

BERN - MANU per day
North East

(mm)
up

S.d. in 1 day avg. (run)
North East Up

Day-65
Day-67
Day-58
Day-69

2
4
4

- 2

I
l 4
1 n

8

7
2
5

5

z

9
4
5

J

4

5

4
4
1
2

Day-56
Day-67
Day-58
Day-69

BERN - MAl.lU all 12 obs.
North East

S . d .  i n  1  d a y  ( 1 2  o b s ; m m )
North East Up

(mm)
TIn

Avg.ALL S . d. AI,I, 1 1

Result of app. C.4 averaged per stat ion, per receiver and per day.
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APPEI|DIX C.11: LOIIG BASELTNES (TrME SERIES); BERNESE; ASIIfECH

Residuals of the individual 3 hour data arc sol-utions with respect
to the mean solution, based on all eight 3 hour solutions, for the
long baseline (100 km). Therefore in every figure the y=g value
represents a (slightly) different mean value. Shown the results
f rom the ASHTECH for  days 062 (bot tom lef t ) ,  063 ( top le f t ) ,  064
(bot tom r ight)  and 055 ( top r ight) .
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APPET{DIX C-LZz LONG BA^SELINES (TIME SERfES); BERNESE,' LEICA

Residuals of the individual 3 hour data arc solutions with respect
to the mean solution, based on all eight. 3 hour solutions, for the
long baseline (roo km). Therefore in every figure the y=g value
represenEs a (slightly) different mean value. Shown the results
f rom the LEICA for  days 055 (bot tom lef t )  ,  062 (Lop lef t ) ,  063
(bot tom r ight)  and 064 ( top r ight) .
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APPET{DIX C.13: [roNG BA.SELII{ES (TIME SERIES); BERI{ESE,' ROGiUE

Residuals of the individual 3 hour data arc solutions with respect
to the mean solution, based on all eights 3 hour soluLions, for the
long baseline (100 km). Therefore in every figure the y=Q vaLue
represents a (slight1y) different mean value. Shown the results
from the ROcttE for days 054 (bottom left) , 062 (bottom right) and
063  ( t op  r i gh t ) .
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APPEIIDrX C.14: LONG BASELIIIES (TIME SERIES); BERNESE; TRIMBLE

Residuals of the indivj-dual 3 hour data arc solutions with respect
to tshe mean solution, based on all eight 3 hour solutions, for the
long basel ine (100 km).  Therefore in  every f igure the y=9 value
represents a (slightly) differenU mean val-ue. Shown the results
f rom the TRIMBLE for  days 053 (bot tom lef t )  ,  064 ( top l -ef t ) ,  055
(bot tom r ight , )  and 062 ( top r ight) .
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APPEI|DIX C.15: SHORT BASELINES (TII.IE SERIES); BERNESE'' ASIITECH

Residuals of the individual t hour L3 data arc solutions with
respect to the mean solution, based on all 23 t hour solutions,
for the short baseline (10 km). Therefore in every figure the y=g
value represents a (slightly) different mean value. Shown are the
results from the ASHTECH for days 056 (bottom left) , 06'7 (top
lef t ) ,  058 (bot tom r ight)  and 069 (uop r ight)  .
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APPEIIDTX C.15: SHORT BASELII{ES (TIME SERIES); BERNESE; LEICA

Residuals of the individual r hour L3 data arc solutions witsh
respect to the mean solution, based on all 23 J- hour solutions,
for  the shor t  basel ine (10 km).  Therefore in  every f igure the y=9
varue represents a (slightly) different mean value. shown are Lhe
resul ts  f rom the ITEICA for  days 059 (bot tom lef t )  ,  066 ( top le f t ) ,
067 (bot tom r ight)  and 068 ( top r ight) .

z  t  0  t -  z - z  |  0  l -  z -
(@,

z  |  0  t -  z -

.9

-

3 o

b

I

I

i

/,.

l .

f---

":(
J

!:.

".:

z t 0 l z

78



APPEI|DIX C.Llz SHORT BASELINES (TIME SERIES); BERNESE; TRTMBLE

Residuals of the individual L hour L3 data arc solutions with
respect to the mean solution, based on all 23 t hour solutions,
for the short baseline (10 km). Therefore in every figure the y=g
value represents a (s1ightly) different mean value. Shown are the
resul ts  f rom the TRIMBLE for  days 067 (bot tom lef t ) ,  058 ( top
lef t )  ,  069 (bot tom r ight)  and 066 ( t .op r ight)  .
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APPET{DIX D.2: LIST OF iIAMMTNG FREQITEIICIES Al{D POYIER DENSTTIES

Freq.
(Mhz)

Power density
(dBmw/m2)

Time Remark

1 1 0 0
tL20
1140
1 1 5  0
L t 1 7
L 1 8  7
L L 9 7
1207
L 2 t 7
L2I8

id
L220
L222
L 2 2 6
L 2 2 7  . 6
1 2 3 0
L232
L236
L240
1 2 4 7
L257
L267
t 2 7 7
L 2 9 7
1_317
1 3  8 0
L440
r487
1 5 0 7
1527
1 5 3  7
L547
L557

id
1-567
1 5 7 0
] j -572
L 5 7 s . 4 2

i d .
L578
1 5 8  0
1 5 8 3
1 5 8  7
L596
1 5 0 6
15  16
L626
L645
1_56 5
1 5 8  5
1 7 0 5
L725

r i l }  - 25
r i1 l  -2s
ELII -27
ELII -42
E|II -27
r i ] l  - 3 2
r i 1 l  - 4 2
r i l t  - s 0
r i l l  - 7 0
r i l l  - 4 1
r i I l  - 3 5
r i I ]  - 2 5
r i l l  - 2 6
r i t t  - 2 6
t i l l  - 2 s

- 7 7
- 7 6
- 7 7
- 7 7
- 7 7
- 7 8
- 7 7
- 7 7
- 7 8
-57
- 7 8
- 7 7
- 7 8
- 6 8
- 7 3
- 5 8
- 7 3
- 7 3
- 7 2
- 7 2
- 4 6
- 4 0
- 4 r
- 2 6
-26
- 2 7
- 2 6
- 2 7
- 2 7
-26
- 3 5
- 3 5
-37
-62
- 7 6
- 6 7
- 6 6
- 5 5
- 7 4
- 7 4
- 6 6
- 5 6
- 6 1
- 6 6
-45
- 2 6
- 2 7
- 2 6
-25
- 2 6
- 2 6
- 2 7

r i I l  - 2 7
r i l l  - 2 6
r i I I  - 2 7
E|TL -27
r i I l  - 2 7
r i I l  - 2 8
E|LT -27
r i I I  - 2 7
r i I l  - 2 8
r i I l  - 2 9
r i I l  - s 8
r i l l  - 2 8
r i l I  - 2 9
r i I I  - 4 3
r i l l  - 2 8
r i I I  - 2 8
r i l ]  - 2 8
r i I I  - 2 8
E|LI -27
r i l 1  - 2 7
r i I ]  - 2 6
tsi1l_ -25
r. i l_ l_ -26

0 8  : 1 - 5  -  O 8 : 2 2
0 8 : 2 3  -  O B z 2 9
0 8 : 3 0  -  0 8 : 3 6
0 8 : 3 5  -  0 8 : 4 2
0 8  : 4 5  -  0 8  :  5 l -
0 8 : 5 3  -  0 8 : 5 9
0 9 : 0 5  -  0 9 :  L 1
0 9 : 2 4  -  0 9 : 3 0
0 9 : 3 1  -  0 9 : 3 7
0 9 : 4 1  -  0 9 : 5 1  3
0 9 : 5 5  -  L 0 : 0 1
1 0 : 0 3  -  1 0 : 1 4
1 0 : L 5  -  L O : 2 7
L 5 : L 2  -  1 5 : L 8
1 - 0  : 3 3  -  1 0  : 4 3
1 5 : 1 8  -  L 5 : 2 7
1 0 : 4 8  -  1 0 : 5 8
L L : . 2 4  -  1 L : 3 4
1 1 : 3 5  -  1 L : 4 6
1 L : 4 9  -  1 1 : 5 9
L 2 : 0 2  -  t 2 : O 7
L 2 : L O  -  t 2 : L 4
L 2 : L 5  -  t 2 : L 9
L2 :26  -  12227
L 2 2 2 9  -  1 2 : 3 0
1 2 : 3 0  -  t 2 : 3 L
L 2 2 3 3  -  t 2 : 3 4
t 2 : 3 4  -  1 2 : 3 5
1 2 : 3 6  -  L 2 : 3 7
L 2 2 3 7  -  1 2 : 3 8
L 2 : 4 5  -  L 2 : 4 8
l - 2  : 5 0  -  L 2 : 5 3
L 2 : 5 5  -  1 2 : 5 8
L 3 : . O 2  -  1 - 3 : 0 7
L 3  z L 2  -  l - 3  : 2 3
1 5 : 3 0  -  7 - 5 : 4 4
1 3  : 3 0  -  1 3  : 3 6
1 3 : 3 8  -  ] - 3 2 4 2
t3244  -  t 3 :46
t3  : 4 ' 7  -  14  :  O1
1 5 : 4 6  -  1 5 : 5 3
1 4 : 0 5  -  1 4 : 1 7
1 4 : 3 0  -  1 4 : 3 8
L 4 : 4 9  -  L 4 : 5 4
l - 4  : 5 5  -  1 4  : 5 8
1 4 : 5 8  -  ] - 4 : 5 9
t 4 : 5 9  -  1 5 : 0 0
1 5 : 0 3  -  1 5 : 0 4
1 5 : 0 4  -  1 5 : 0 5
1 5 : 0 5  -  1 5 : 0 5
1 5 : 0 5  -  1 5 : 0 7
1 5 : 0 7  -  1 5 : 0 8

Out of band

Near band L2
(1ow)

dB steps

In band L2

Near band L2
(hish)

Out of band

Near band L1
( l ow)

In band L]-

Near band LL
(hish)

Out of band

Power rdas increased
and 1590 MHz unl-ess
-25 to -75 dBmW/m2 is

5 dB each minute for freguencies between 1218
stated otherwise. AIl other steps were 10 dB.

about  80 to 30 dB jam-to-s ignal  rat io .
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APPENDIX D.3: SIGIiIAL LOSS DIIRING iIAIIIMING: ASIIIECII LL/L2
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APPENDIX D.4: SIGT{AL LOSS DttRINc iIAMMING: ROGUE LL/T,2
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APPENDIX D.5: SIGI{AL LOSS DIIRING iIAl{MINc: TRIMBLE LL/L2
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APPET{DIX D.6: SIGNAL LOSS DITRING iIAMMING: LEICA LL/L2

frequency in MHz ( non linear scale ! )

= i P ,
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APPENDIX D.7: PHOTOGRAPHS OF ,IAMMING TEST AT NLR

Array of GPS-antennas + antenna spectrum analyser,

B6

Signal  generator .  'Jamming test  at  NLR (11 March)



Appendices chapter 6

APPBIDIX 8.1: NOISE IN PIIASE OBSERVABLE 1.545*(L1-L2)

Day 53-64 at  Kootwi jk :  phase noise in  mm

sv TIME EI,EV. AZIT4. ASH TRI I,EI ROG

2 6  1 1 : 3 0 - l - 2  :  O O
2 0  L 6 : . 5 5 - t 7  : 2 5
2 8  2 2 : 4 0 - 2 3 : 2 0
1 5  0 2  : 0 5 - 0 2  : 3 5
1 8  0 5 : 2 0 - 0 5 : 5 0

8 0 - 5 7  L 9 2 - L 6 6
7 7 - 6 3  8 3 - 1 0 0
7 7 - 6 3  1 3 0 - 1 _ 3 5
7 9 - 6 5  1 0 6 - 1 1 8
7 6 - 6 2  7 2 -  7 3

3  . 0  r _ . 9
4 . 6  3  . 8
2 . 5  1 . 9
3 . 6  2 . 3
2  . 9  1 . 8

3 . 3
4 . L
2 . 7
3 . 2
3 . 1

3 . 4
4 . 2
2 . 3
3 . 0
2 . 6

A v g . 7 0 o
Derived noise
Derived noise

3 . 3  2 . 3
1 . 3  r _ . 0
L . 7  r . 2

L1
L2

3 . 3
1 . 3
L . 7

3 . 2
1 . 3
t . 7

sv TIME ELEV. AZIM. ASH TRI LEI ROG

2 6  1 2  : 3 0 - 1 3  : 0 0  5 2 - 3 8
2 0  1 7 : 5 5 - 1 8 : 2 5  5 0 - 3 7
2 8  2 3 : 4 0 - 0 0 : 1 0  4 8 - 3 5
1 5  0 3  : 0 5 - 0 3  : 3 5  5 0 - 3 6
1 8  Q 7 : 2 0 - 0 7 : 5 0  4 8 - 3 6

L 6 2 - L 6 4
1  L 0 - 1 1 6
t 4 2 - L 4 6
L 2 6 - L 3 4

7 6 -  8 4

5 . 5
L 2 . 4

7 . L
L 2 . 2
t_4  .8

1 0 . 6
4 . 2
5 . 5

5 . 4
L 2 . O

8 . 7
L 2 . 3
L 3 . 7

1 0  . 4
4 . 2
5 . 4

8 . 2  5 . 7
1 1 . 6  L L . 4

6 . 3  8 . 5
1 3  . 6  L 3  . 2
1 - 6  . 5  L 3  . 4

L L . 2  1 0 . 4
4 . 5  4 . 2
5 . 8  5 . 4

Avg .  43o
Derived noise
Derived noise

L1
Ir2

sv TIME ELEV. AZIM. ASH TRI LEI ROG

2 6
2 0
3 1
1 5
2 9

1 3  : 3 0 - 1 4  :  O 0  2 4 - L 1 '
1 9 : 3 5 - 2 0 : 0 5  2 3 - L L
0 1 : 4 5 - 0 2 : 1 5  2 3 - L 0
0 2  : 0 5 - 0 2  : 3 5  2 3 - L 0
0 6 : 5 5 - 0 7 : 2 5  2 4 - L 2

r . . 6 . 4  r _ 8 . 4
1 0 . 0  I  . 3
r 2 . o  9 . 3

I  . 2  1 1 . 1
t l . . 2  6 . 1

r _ r _ . 5  1 0 . 6
4 . 6  4 . 2
6 .  0  5 . 5

L 6 4 - L 6 6
1 2 5 - 1 3 0
1 6 8 - 1 5 8
L 4 0 - 1 4 3

7 9 -  8 0

1 6 . 0
1 0 . 8

7 . 2
L 2 . 5
L O . 2

1_1_. 3
4 . 5
5 . 9

L 9 . 2
L 2 . O
t 2 . o
t 2 . L

8 . 2

7 - 2 . ' 7
5 . 1
5 . 6

Avg.  t lo
Derived noise L1
Derived noise L2

It is remarkable
the noise at  70o

that there is rather a
and 43o,  and very l i t t le

large difference between
between 43o and 17o !
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APPENDTX 8.2: NOISE IN C/A CODE OBSERVABLE

Day 63-64 at  Kootwi jk :  code noise in  cent imeter

SV TIME ELEV. AZIM. ASHTECH TRI
not

smooth smooth

LEI ROG

2 5  1 1 : 3 0 - 1 2 : 0 0
20  t6 :55 -L '7  225
2 8  2 2 : 4 0 - 2 3 : . 2 O
1 5  0 2 : 0 5 - 0 2 : 3 5
1 8  0 6  : 2 0 - 0 6  :  5 0

L 9 2 - t 5 6  L 2 . t  4 2 . 9
8 3 - 1 0 0  t L . 6  4 4 . 2

1 3 0 - 1 3 5  1 5 . 0  4 4 . 6
1 0 5 - 1 1 _ 8  7 . 7  3 8 . 6

7 2 -  7 3  L 0 . 1  3 9 .  l _

1 3  . 4  L 8  . 3
L 3 . 6  1 8 . 5
: I 8 . 2  L 9 . 9
L 7  . 4  1 8 . 9
1 1 - .  5  L 7  . t

8 0 - 6 7
7 7  - 6 3
7 7  - 6 3
7 9 - 6 5
7 6 - 6 2

3 0 . 1
2 3 . 9
2 8 . 8
1 8  . 3
2 1 . 9

A v g .  T O o l - 0  .  I  4 1 . 9 2 4 . 5 1 _ 4 . 8  1 8 . 5

sv TIME EIJEV. AZIM. ASHTECH TRI
not

smooth smooth

LET ROG

2 6  1 2 : 3 0 - 1 3 : 0 0
2 0  t 7 : 5 5 - L 8 : 2 5
2 8  2 3 ' : , 4 Q -  0 0 :  l - 0
L 5  0 3 : 0 5 - 0 3  : 3 5
l - g  O 7 : 2 0 - 0 7 : 5 0

s 2 - 3 8  t 6 2 - L 6 4
5 0 - 3 7  1 l _ 0 - 1 1 6
48 -35  t42 -146
50 -35  126 -L34
4 8 - 3 6  7 6 -  8 4

A v g . 4 3 o

2 5 . 8  5 7  . 3
2 L . 6  6 3  . t
2 4 . 5  6 4 . 3
2 5  . 8  6 6 . L
1 7 . 5  5 3 . 3

2 L . 4  2 t . O
2 4  . 2  2 9  . 6
2 4 . 2  2 7  . 4
1 7 . 5  2 3 . 0
2 3  . 8  2 8  . 3

3 3 . s
2 4  . 4
3 7  . 8
3 4 . 2
3 2 . 8

2 3 . 3  6 0 . 8 3 2 . 5 2 2 . 2  2 5 . 9

sv TIME ELEV. AZTM. ASHTECH TRI
not

smooUh smooth

LEI ROG

2 6  1 3 : 3 0 - 1 4 : 0 0
2 0  l - 9 : 3 5 - 2 0 : 0 5
3 1 -  0 1 : 4 5 - 0 2 : 1 5
1 5  0 2  :  0 5 - 0 2  : 3 5
2 9  0 5 : 5 5 - 0 7 : 2 5

2 4 - L L  L 6 4 - t 6 6
2 3 - L t  t 2 6 - L 3 0
23  - tO  158  -  r _68
23 -LO r_4 0 -  r_43
2 4 - L 2  7 9 -  8 0

Avg .  t 1o

2 8 . 4  7 6 . 5
6 6 . 7  L 6 4 . 4
3 1 . 5  8 5 . 0
4 0 . 8  L 0 1 - . 4
4 r _ . 9  1 _ 0 0 . 5

4 r _ . 9  1 0 5 . 5

3 8  . 1  6 2  . 2
6 6  . 9  6 7  . 2
4 0 . 4  5 8 . 7
2 9 . 3  5 3 . 0
6 4  . 2  5 0 . 6

4 7  . 8  5 8 . 3

6 7  . 0
5 4 . 7
7 2 . 2
5 4  . 0
5 5 . 8

6 0 . 7

The increase with decreasing elevat.ion appears tso be nearly
proportional to the obliguity factor for the tropospheric effect,
i .e .  f rom 1 to 3 when going f rom zeni th to 15o e levat ion.
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APPEIIDIX 8.3: NOISE IN Y2 CODE OBSERVABLE

Day 63-64 at Kootwijk: code noise in centimeter

sv ELEV. AZIM. ASHTECH TRI
nots

smooth smooth

ROG

2 6  1 1 : 3 0 - 1 2 : 0 0
2 0  t 6 : 5 5 - L 7 : 2 5
2 8  2 2 : 4 Q - 2 3 : 2 Q
1 5  0 2  :  0 5 - 0 2  : 3 5
L g  0 5  : 2 0 - 0 5  : 5 0

8 0 - 6 7  t 9 2 - L 6 6
7 7 - 6 3  8 3 - r _ 0 0
7 7 - 6 3  r - 3 0 - 1 3 5
7 9 - 6 5  L 0 6 - 1 1 8
7 6 - 6 2  7 2 -  7 3

Avg .  7Oo

9 . 9  1 9 . 0
6 . 7  2 0 . 6

L t  . 6  2 9  . 7
7  . 6  2 3 . 9
9 . 4  2 8 . L

9 . 2  L 2 . 8
8 . 5  r _ 4 . 5
8 . 0  1 8 . 8
7 . 9  1 5 . 4

t 6  . 2  1 5 .  8

2 9 . L
2 L . 9
2 9 . 8
2 3 . 2
2 t . 5

9 . 0  2 4 . 3 2 5 . L r _ 0 . 0  r _ 3 . 5

SV TIME ELEV. AZIM. ASHTECH
noE

smooth smooth

TRI LEI

2 6  1 2 : 3 0 - 1 3 : 0 0
2 0  1 7  : 5 5 - 1 8  : 2 5
2 8  2 3 : 4 0 - 0 0 : 1 0
l - 5  0 3 : 0 5 - 0 3 : 3 5
1 8  O ' 7  z 2 0 - 0 7 : 5 0

5 2 - 3 8  L 6 2 - L 6 4
5 0 - 3 7  1 1 - 0 - 1 1 6
4 8 - 3 5  L 4 2 - t 4 6
5 0 - 3 6  t 2 6 - t 3 4
4 8 - 3 6  7 6 -  8 4

A v g . 4 3 o

2 3 . 0  4 0 . 0
2 2 . L  4 0 . 9
3 0 . 9  4 8 . 7
2 4 . 6  4 5 . L
L 2  . L  3 0  . 6

L 4 . 2  2 6 . O
1 3 . 1  2 7  . 3
L 9 . 4  3 4 . 4
1 1 . 6  2 8 . 6
1 4  .  I  3 5  . 4

3 4  . 1
3 0 . 8
4 4  . 9
3 r _ . 9
3 8 . 3

2 0  . 3  4 L . L 3 5 . 0 t 4 . 5  3 0 . 3

SV TIME ELEV. AZIM. ASHTECH
not

smooth smooth

TRI LEI

2 6
2 0
3r-
1 5
2 9

1 3  : 3 0 - 1 4  : 0 0
1 9  : 3 5 - 2 0  : 0 5
0 1  : 4 5 - 0 2 : 1 - 5
0 2  : 0 5 - 0 2  : 3 5
0 6  : 5 5 -  0 7  : 2 5

2 4 - t L  t 6 4 - L 6 6
2 3 - L 1  1 2 6 - l - 3 0
2 3 - 1 0  1 6 8 - 1 6 8
2 3 - t O  1 4 0 - 1 4 3
24 -12  79 -  80

Avg. t '7 o

2 7  . 9  6 6 . 0
3 2 . 4  9 0 . 5
4 8 . 9  7 7  . 2
6 5 . 5  L 2 2 . 7
8 4 . 5  1 L 2 . 3

1 0 4 .  0  r _ 7 .  0  L 2 8  . 3
1 1 0  .  0  2 9  . 3  L 4 4  . 6
L 0 6 . 7  6 1 . 4  L 2 4 . 7
l _ 1 0 . 9  L 4 . 6  L L 3 . 2

8 3 . 1  4 6 . 5  ' 7 6 . 4

5 2 . t  9 3 . 7  L 0 2 . 9  3 3 . 8  L 1 " 7 . 4

In addition the ASHTECH receiver has also a Yl observabl-e. The
noise therein is for the high elevaEions about 10t lower than on
L2 and for the elevations between 24o and l-0o about 35t lower.

The increase of noise with decreasing elevation angle appears to
be receiver dependent.
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