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Abstract

A new high precision and reliable method for monitoring slow motions or movements of
buildings or other objects in real time with low cost GPS receivers has been developed at the
FH Bochum. The method is based on a new semi-kinematic real time algorithm and specific
filter techniques. One of the systems installed continously operates since February 1996 to
monitor the motions of a dam. The results collected over nearly two years demonstrate that
accuracies of better than 1 mm can be achieved.

1 I ntroduction

The Globa Positioning System (GPS has been established since more than a decale & an
excdlent system for many navigation and pasitioning purpases. While & the beginning acairate
positions required long observation time and static condtions the newest generation d GPS
systems are ale to deliver acarate positions arealy in red time and even under kinematic
conditions. But the main applicaion areafor monitoring tasks is gill restricted to the establi sh-
ment of high predsion control networks which are normally observed with dual frequency rece-
vers in the static mode with long observation time and in paostprocessng [Fr92], [Wi92]. In
principal, the new red time systems (RTK) are dso suited with some limitations to mortitor the
motions of objeds, such as dams, bridges or other buildings but the reliability and the sts of
these RTK-systems based on dual frequency recevers prevent till today their pradicd use
[He95].

Alternatively for short baselines (< 2 km) chegper single frequency recavers can be used bu
such systems do nd fulfill the requirements needed in Engineaing Geodesy. For this reason in
1995at the FH Bochum espedally for the oberservation o slow motions a new semi-kinematic
red-time dgorithm and spedfic filter techniques have been developed using low cost single
frequency GPS recavers. After an evaluation phase afirst system was arealy installed in
February 1996to monitor the motions of a dam in red time. The new method and the results
collected over two years are presented.
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2  The Semi-Kinematic Method for Monitoring of Slow Motions
in Real Time

Monitoring of objects with GPS requires in most applications the installation of the GPS
systems at exposed sites to receive the signals of enough satellites. For these reasons expensive
RTK-systems based on dual frequency receivers are neglected from the beginning. Single
frequency receivers used for geodetic purposes must at least deliver code and phase measure-
ments to achieve centimeter accuracies. Favourite candidates are the single frequency receivers
MX 4200 (6 channels), MX 9212 (12 channels) from Magnavox (now LEICA), and the
ONCORE receivers (6 or 8 channels) from Motorola. Due to the lack of the second frequency
and the noise of the code and carrier phase measurements these receivers are not well suited for
real time kinematic applications - even for short baselines. But when considering the objects of
interest in most cases only slow motions have to be monitored. For these tasks a specific semi-
kinematic algorithm can be applied. In conjunction with additional filters very reliable and high
precision positions can be achieved in real time with lost cost GPS receivers if the motion isless
than 10 cm/min.

The new semi-kinematic algorithm developed for rea time applications is based on a Kalman
Filter [Br92] which does not propagate the position changes between two measurement epochs
deterministically like in real time kinematic applications but stochastically as a random process.
The state vector X of the Kalman Filter consits of the 3D- rover position (coordinates X, Y, Z)
and the ambiguities AN; to be solved:

XT = [X,Y,Z,Ale,Ang,...,ANln] (1)

For the state vector X the corresponding variance-covariance matrix P is introduced which has
to be propagated between two consecutive epochs k-1 and k using the transition matrix @ and a
process noise matrix Q. Thisis done asfollows:

Xi = Dy - Xier and P = Oy - Preg - D + Qi ()

The transition matrix ® represents the deterministic and the process noise matrix Q the stocha-
stic (random or uncertain) part of the propagation. The measurement vector Y of the Kalman
Filter is formed by the double differences of the carrier phases vA¢;; corrected for inospheric and
tropospheric effects:

YT = [VA¢12, VA¢13, ...,VA¢1n] (3)

When at least three measurements (equivalent to four satellites tracked) are available the double
differences are used to get a new estimate for the state vector X and its corresponding variance-
covariance matrix P will be updated by calculating the measurement matrix H and the gain
matrix K:

Xk:X;*‘Kk-(Yk—Hk-Xﬁ) and Pk:P;—Kk-Hk-P; (4)
with

Kic=Pg-HE- (Hi Pi-H{+R)™ ©)

The elements of the time depending measurement matrix H have to be calculated by
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i = (5, ©

If lessthan four satellit es are tracked no measurement update will be performed and the state
vectorX and its variance covariance matrxor the new actual epoch k is calculated by

X =X; and Py =P} (7)

The major advantage of this procedure is the robustnessin resped to the lossof one or even all
satellite signals (e.g. cycle dlips) and its reliability. After the first initialization d the anbiguties
for which 10min to 20min are needed the position acairacy depends only on the measurement
noise of the doulde differences. Because of the stochastic modelling of the slow motion (< 10
cm/min expeded) between two epochs a reinitialization d the ambiguities after short interrupts
or power interrupts is normally performed within 1 to 2 epochs.

The user defined computation interval between two epochs is normally set to 10s but can be
reduced to 1 s or changed to other intervals if necessary.

3 Additional Filters

Carrier phase measurements are dfeded by the quality of the phase tradking loop d the rece-
vers and by signa interferences leading to the so-cdled multipath effeds. Additionally for
highest predsion applications variations of the antenna phase cantre in dependency of the direc
tion d the satellit e tradked have to be @mnsidered [W96]. These erors result in high frequency
errors (e.g. nase) and low frequency errors. The low frequency errors are mainly caused by
multi path eff eds and antenna phase cantre variations which are highly correlated with the satel-
lite constellation (azimuth and elevation) and with the rotation rate Qs o tne sarelites varying from 1458466- 10
rad/s to 14.58517- 10° rad/s for the different satellites in use. But if the site of the aitenna
varies only slowly the dfeds are repeaed after a definite first time interval AT, which can be
derived from the eath rate Qe (e - 7202115 10° rad/s) and the rotation rate QS of the satellit es as
follows:

(Qs— QE) . AT;L =2 or ATq1 = QSZ—%E (8)

This leads to time intervals of 86153 s to 86159 s resp. 23"55™"53° and  23"55™"59° and to a
mean low frequency of 1.161 - 10" Hz with which multipath and antenna phase centre effects are
repeated.

While the high frequency errors (noise) can be easily removed in rea time with recursive first
order filters with a time constant of severa minutes the low frequency errors need an extra
analysis and treatment. The design of an appropriate filter depends on the frequency of the slow
motion to be monitored and of the sampling period of the observation data [Ste84]. Moving
average (MVA) filters with afilter length of 1 h up to 24 h or longer are an efficient method to
cancel multipath effects and antenna phase centre errors. The longer the average time the better
their cancellation. The general gain characteristic of such filters is shown in Figure 1. The
advantage of this filter type isits constant phase lag and its easy application in real time, e.g. the
computation of mean one-hour values or mean day values. The disadvantage is that the signals
(the motion to be monitored) in the same frequency domain are also cancelled. In this case a
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special Notch filter has to be designed. Such a filter cancels only the frequency domain (see
Figure 1) in which the multipath and phase centre errors occur. But its application needs data

continously gathered at least over several weeks and extensive computation time and is therefore
only suitable for postprocessing.
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Figure 1: Gain characteristic of amoving average (MVA) and aNotch filter

4 Monitoring the Motion of a Dam Wall in Real Time

In February 1996 a first system was installed at the Beve-Talsperre [NN88] to monitor the
motion of the dam wall. The dam wall has a length of 500 m and an overall height of 41.50 m
(Figure 2). An 8 mm thick wall of steal fastened on a concrete socket with integrated control

tunnel is used as sea and the dam itself consists of different layers of loam, gravel, date and
stones.
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Figure 2: Dam of the Bever-Talsperre
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The GPSsystem install ed is based ontwo single frequency recevers. the MX 9212recever with
12 channels (as reference recaver) and the Motorola ONCORE recaver with 8 channels (as
rover recaver). During an evaluation plese in which these recever types were examined togeh-
ter with the dual frequency RTK- system SR 399 from LEICA it could be proved that slow
motions can also be monitored with low cost recevers by using the new semi-kinematic method.
If additional filters are gplied acarades of 1 mm or better are adievable [Bau95. For this
applicaionthe rover recaver andits antennawas diredly put on awell-founded solid tripodat a
point in the middle of the dam where the biggest motion was expeded. A data and a power cable
conred the recever with a standard 486PC and the power supgdy in the office dose to the dam.
The antenna of the reference recever was mourted onthe ciimney of the office house. The
recever itself is placal in the office and conneded to the second COM line of the PC. The PC
additionally incorporates an internal modem to control the PC from a second PC via the
telephone line (see Figure 3).

Information and
Monitoring
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with GPS Antenna
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Figure 3: Installation of the system at the dam

The raw data of both recavers (code and carier phase measurements) are aquired via the two
COM lines of the PC and processd in red time to pasitions using the spedfic semi-kinematic
method. Additionally the paositions are transformed to a locd datum and filtered with a first
order filter to compensate for the noise of the carier phase measurement. A further filtering is
applied by cdculating mean ore-hour paositions and mean day positions. These filters operate
independently from the semi-kinematic cdculations. The adual tracking status the different
filtered pasitions and its gandard deviations can be displayed onthe information system of the
dam and are stored onthe hard dsk of the PC. To reduce the anount of data stored the positions
cdculated every 10 s are only stored every 100 s. This enables the user to apply extrafilters in
proprocessng and to comprehensively examine and to remove multi path effeds and antenna
phase centre errors. The data files are closed weekly leading to appr. 0.5 MByte data per week.

The position cata ae fetched orce per month via the internal modem and the telephore line and
are analyzed together with the alditionally colleaed water level measurements. A further trans-
formation d the locd coordinates into the dam coordinate system aaossand along to the dam
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diredionis performed. Figure 4 shows the results colleded from February 28" 1996to January
31% 1998(appr. two yeas!) and the water level measurements. During the whole time the system
has worked properly and very reliable. The only data gaps are due to cuts of the data and powver
line by the gardener and a marten in July resp. August 1997.The pasitions recorded with atime
interval of 100s are alditionaly filtered with a doude moving average filter (MVA filter) with
a total filter length of some days. Thus multipath and antenna phase centre erors as well as
possble motions in this frequency domain are completely cancdled. The horizontal pasition
changes in the aiticd diredion aadossto the dam diredion (y-coordinate, pasitive down to the
valley) are highly correlated with the water level changes. Between the lowest (283.7m) and
highest (295.6m) water level motions of abou 14 mm are found o in this diredion. Compari-
sons with conventional geodetic measurements regularly performed two times a yea show that
acarades of better than £1 mm were adieved. The non-criticd diredion aong to the dam
nealy remains unchanged with ore exception: an unknavn person hes difted the GPSantenna
in June 1996 ly turning the tuning screw by exad 5 mm which was exadly monitored by the
GPS system. After reaognizing the reason the aitenna was difted badk. The acerades of the
uninteresting vertica coordinates not shown hereistwice lower than the horizontal comporents.

5.
M

/

™ ,.

N/

oot thoob tBoeb abocb aboch sboch Sbeab S5’ Ehae” dhsoh aksobh 25 ob sas.ob Fsob 2ot Fhoon
F=zh Har Apr Mai Jun Jul Aug Sep Qct Mow Dez Jan Feb Har Apr Mai WJun Jul Aug Sep Ozt Moy Dez Jan Feb Har
1996 Tima [day of year] 1897

ey
|

Water Lewvel [m]
1

2B7 .0
L

oPF1 0

Y

&
a conpentlanel meagurenents // \

J,f i

B/ [ A
’”"\E-.,Wa\_ﬁ\ A
\n—""\,.\_\_mn
oo 1an.ob 1Geob oo ok 25000 aboch aBpob aB ca” b ao” 135.0b 1bs.ob ebs oob shs ook dhs.ob sboor’  vo.oo

Feb Her Apr Mai Jun Jul Aup Sep QOct Mow Dez Jan Feb WHar Apr Mai Jun Jul Aup Sep QOst Moy Dez Jan Feb Har
1936 Time [day of year] 1997

//\\ - PN

ﬁj‘__‘_w T W e M 7 s I — 3

, a0

a.n

-
(

w=Difference [mm]

w0

]

2.0

I

¥-Difference [mm]
-n.a

4 EEnpentionel meajurenengs

g

o

o0 100,00 150,80 209, p0 250,00 309,00 350,00 35,04 65,90 135,00 18,00 =30.Q0 65,00 395,00 24.80 79,00
Febh Har P.pr‘ Mal Jdun Jul ﬁug SI‘.‘p dct May O&z Jan Feb Har P.pr‘ Mali Junm Jul ﬁug SEp dzt Moy O2z Jan Feb HNar

19%E Time [day aof year] 19%7
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Figure 5: Origina 100 s- coordinates of a complete week (7 days) commonly plotted from O h to
24 h GPS time containing multipath and antenna phase centre errors
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As aready mentioned duwe to the extra filtering with a MVA-filter (mean day values) multi path
errors and antenna phase centre variations as well as possble motions are filtered by such alow
passfilter. But if higher frequent motions are expeded or possbly present an espedal Notch
filter has be used to only filter the unavoid jamming frequency caused by multi path and antenna
phase centre erors. Such an filter needs data @lleded with short time interval (e.g. 100s) and
sampled over a long time (several weeks or better months). Figure 5 shows as an example the
original unfiltered coordinates for awhaoe week in which the multi path and antenna phase centre
effeds can be observed. The mordinates of all 7 days are aommonly plotted from O hto 24 h
GPStime and the drift of the dfeds of 243 s ea day can be eaily reaognized. The dfeds
read duing times with a bad satellit e geometry amounts of up to + 8 mm for the horizontal
comporents and d up to = 15 mm for the verticd comporent. When applying the gpropriate
Notch filter (seeFigure 6) these arors could be dready reduced to = 2 mm for the horizontal and
to £ 5 mm for the verticad comporents withou cancdling the motion. In this case no further
motion with short periods of 15 min or several hours could be observed so that in this case the
applicaion d the MVA filter is justified. For other applicaions in which dayly periods or
shorter periods of the motion are expeded such a Notch filter is absolutely necessry if acara
cies of better than 3 mm are required.

5 Conclusions

A new semi-kinematic method espedally designed to monitor slow motions of buildings or
other objeds has been developed at the FH Bochum. A first system was installed at the dam of
the Beve-Talsperre in February 1996 and consits of two low cost single frequency recavers.
The raw data of both recavers are processed in red time on a standard PC to cdculate motions
of the dam. Additiondl filter approaches are presented and applied to remove carier phase noise,
multi path eff eds and antenna phase cantre arors. The very reliable system continously operates
sincetwo yeas. The high correlation d the motion olserved with the water level measurements
and with the mnventional geodetic measurements $ows that the system is able to monitor the
motion of the dam with an accuracy better than £1 mm.
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