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ABSTRACT  
 
In this paper a near real-time (typically a baseline update once per hour, or once per day) continuous array system, with 
at least three dual-frequency GPS receivers connected to the IGS network, and many single frequency receivers, is 
proposed for monitoring applications covering a region of 50km radius.  A weighted differential GPS method, 
appropriate for the suggested array design, can be implemented in order to eliminate or mitigate the orbit bias, including 
the effects of SA.  A local area epoch-by-epoch and satellite-by-satellite ionospheric delay model, determined using 
dual-frequency observations, is used to correct single frequency observations.  Tropospheric delay is taken into account 
by modelling it as a first order Gauss-Markov (or random walk) process with temporal correlations.  Multipath 
elimination is achieved by using an Finite Impulse Response (FIR) lowpass filter for the local ionospheric delay model, 
and multipath extraction using an FIR bandpass filter to account for the multipath in real-time.  The biases dependent on 
the GPS receiver and antenna are also discussed and associated optimal network designs for data processing are 
suggested.  In addition, efficient and reliable ambiguity resolution, and automatic cycle slip detection and repair 
procedures will be incorporated.  This system would be capable of millimeter horizontal accuracy and centimeter 
vertical accuracy, and is intended to address real-time applications for earthquake studies, and for volcano and 
engineering deformation monitoring. 
 
 
INTRODUCTION  
 
GPS continuous network array systems have been established in support of crustal deformation monitoring studies, such 
as in southern California, Japan, Vancouver Island in Canada (Bock & Shimada, 1989; Chen, 1994).  They will provide 
invaluable data for understanding and modeling the GPS error spectrum over a wide range of spatial and temporal 
scales, and enable us to characterize and understand the spatial distribution and time dependence of deformation within 
tectonic regions, from which constraints on the physics of the deformation process can be inferred.  However, the main 
emphasis for such systems is rapid and automatic data post-processing.  A recent Australian Research Council project to 
develop an automatic GPS array system for deployment at active volcano sites is mostly concerned with real-time data 
processing and deformation analysis for a local area (say, within a region of 50km radius); a critical issue if a 
catastrophic failure is imminent (Rizos et al, 1996).  This kind of development work has received some attention 
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recently (e.g. Hein & Riedl, 1995).  For most applications of a real-time GPS continuous array monitoring system, such 
as: ground subsidence; stability of engineering structures such as bridges dams; tide gauge site movement; deforming 
zones around volcanoes, the active area is quite small.  The purposes of this kind of monitoring is to: (a) recover the 
temporal and spatial deformation model; (b) strain and stress analysis from the deformation information; and/or (c) 
predict the future deformation of engineering structures, the imminent eruption of volcanoes, etc.  The relative 
positioning accuracy requirement is likely to be at the millimeter level for the horizontal and at the centimeter level for 
the vertical component.  The spatial sampling rate is required to be dense enough to recover the spatial deformation.  
The temporal sampling rate is required to be short enough to enhance the temporal resolution, but the shorter the 
sampling rate (position update period), the lower the accuracy will be.  The implementation strategy should balance 
these two effects.  Therefore, an automatic monitoring system could produce hourly or daily tracking of monitored 
points with little analyst intervention.  The end result would be a better understanding of the long- and short-term 
deformation of large structures in either real-time, or by post-processing. 
 
The deformation field can only be reliably recovered if there are enough data, and for complex deformation processes 
this means that a large number of GPS receivers should be deployed.  If the deformation can be characterised as a shift 
and rotation, a minimum of three GPS receivers could be used.  The deformation pattern for ground subsidence, 
engineering structures, deformation zones around volcanoes, etc., is likely to be very complicated.  The recovery of 
deformation information will therefore require many GPS receivers, and obviously single frequency GPS receivers are 
desired because of cost savings.  On the other hand, the monitoring is mostly required to be carried out in real-time, 
especially during the period prior to a volcanic eruption.  Real-time (or near real-time) monitoring requires that the 
satellite ephemeris be available on demand, hence it is unlikely that the precise IGS ephemeris can be used.  Near real-
time error mitigation procedures that account for orbit bias, ionospheric bias, tropospheric bias, multipath, and biases 
dependent on the type of GPS receiver and antenna, will become important issues.  The system design necessary to 
mitigate the various bias sources, and at the same time reduces the overall system cost, is a considerable challenge. 
 
In this paper, the general GPS network design principles for real-time GPS continuous array monitoring systems that 
combine dual-frequency GPS receivers and single frequency GPS receivers are described.  The data processing 
techniques, including ambiguity resolution and the bias elimination (or mitigation) procedures for orbit bias, 
ionospheric delay, tropospheric delay, multipath and biases dependent on the type of GPS receiver and antenna, will be 
discussed.  
 
  
GENERAL GPS NETWORK DESIGN  
 
External Control Stations 
 
The external control stations should be placed outside the active area of the deformation, but inside the same local 
tectonic plate.  Dual-frequency GPS receivers are required for this purpose.  The external stations should be connected 
to the IGS stations, or other large area continuous monitoring networks.  The effect of tectonic shift on this network can 
be determined as a general shift or rotation.  The movement of the external stations are expected to be small and 
smooth, and could be ignored for periods of up to a couple of weeks or months.  The data processing required to 
connect the external stations to the IGS (or other such large area continuous monitoring stations) could be carried out 
every few weeks using the precise (IGS) ephemeris and dual-frequency data, using the standard scientific processing 
procedures.  This "fiducial network" error mitigation procedure has been successfully implemented (Bock & Shimada, 
1989; Blewitt, 1989, 1990; Chen, 1994).   
 
In order to determine the general shift or rotation of the local tectonic plate, a minimum of three external GPS stations 
would be required.  In addition, three external stations with precise coordinates and the dual-frequency observations 
from these stations, can be used to mitigate orbit and ionosphere delay biases, and the methodology for this will be 
discussed in the following sections.  
 
Local Monitoring Stations 
 
The local monitoring stations are used to sample the spatial deformation.  If the deformation is only a shift or rotation, it 
is easy to sample this deformation with a minimum of three stations.  Unfortunately, the active deformation area is 
typically very distorted and the deformation will include plate shift, rotation and distortion.  The more complicated the 
distortion, the more local monitoring stations should be used in order to recover the deformation information. 
 
Figure 1 illustrates an example of a network design for a real-time continuous array monitoring system within an area of 
about 50km radius.   denotes the external stations and  denotes the local monitoring stations.  The external control 
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stations should be located outside of the active region, but should be as close as possible.  The location of the 
monitoring stations should be selected in order to recover the deformation information using as small a number of 
monitoring stations as possible. 
 

 
Figure 1. Example of Monitoring Network Design 

 
 
AMBIGUITY RESOLUTION AND RECOVERY TECHNIQUES  
 
Ambiguity Resolution for External Control Receivers 
 
The data processing techniques for the external stations, and the wider area continuous GPS stations (or IGS stations) 
are well known, and are used in many GPS continuous monitoring array systems, such as in Southern California, 
Vancouver Island in Canada, Japan, etc. (Dong & Bock, 1989; Blewitt, 1989; Chen, 1994).  This mode of data 
processing is typically post-processed and the precise ephemeris is used.  The first step in the data processing is the 
detection and repair of cycle-slips in the carrier phase data.  The procedure for repairing cycle slips is to compute the 
wide-lane slip at each observation epoch formed by wide-lane carrier phase and narrow-lane precise pseudo-range data, 
which is also an ionosphere-free combination.  Once the wide-lane slip is resolved, polynomial fitting to the ionospheric 
combination is used to extract the cycle slips in the L1 and L2 carrier phase data (e.g. Blewitt, 1990), or by polynomial 
fitting to the carrier phase combination with the maximum wavelength (14.65m) and the even-odd relationship is then 
used to decouple the cycle slips on L1 and L2 (Han, 1995).  The advantage of continuous monitoring is that a static 
network is being repeatedly surveyed, hence the station coordinates are very well determined.  Therefore, the cycle slips 
can be detected and repaired using the residual sequence formed by carrier phase observations and the initial 
coordinates of the stations.    
 
The second step is to resolve the integer ambiguities.  Since the baseline lengths are typically from tens to hundreds of 
kilometers (between the external control stations and the large area continuous GPS stations), the ambiguity resolution 
is not trivial due to the presence of ionospheric or tropospheric delays, even though the external station coordinates are 
well known and the precise ephemeris is available.  A long observation span (at least one hour) will be necessary to 
determine the integer ambiguities, and then the integer ambiguity set should be valid for the whole observation span.  
For rising satellites, new integer ambiguity parameters will have to be estimated, again requiring a sufficiently long 
observation period.  
 
In order to determine a real-time ionospheric model, all data from the external stations should be processed in real-time 
as well.  The ambiguity resolution process for the external stations is an essential step for the determination of the 
double-differenced ionospheric bias of the external station relative to the selected reference station and the reference 
satellite.  When the system is set up, the initial ambiguity set for dual-frequency data collected by receivers separated by 
a few tens of kilometers can be determined using the precisely known coordinates and a long observation span.  Then 
the real-time ambiguity recovery techniques (Blewitt, 1990; Han, 1995) should be employed for detecting and repairing 
cycle slips.  The reliable fixing of the double-differenced ambiguities of a newly risen satellite may require half hour, or 
more, of observation data.   
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Ambiguity Resolution for Local Monitoring Receivers 
 
The main problem of ambiguity resolution for single frequency receivers is the ionospheric effect for baselines with 
lengths greater than about 15km.  The real-time ionospheric model determined by the external control stations is used to 
correct the ionospheric bias on single frequency carrier phase data.  Generally, for GPS continuous monitoring 
applications, the monitoring station coordinates are well known.  The integer ambiguities and cycle slips can be easily 
determined for baselines up to a few tens of kilometers using the known coordinates and the real-time ionospheric 
model.  The coordinate solution can be obtained every hour, or every day, depending on the temporal resolution and 
accuracy requirements.  The longer the observation span, the better accuracy of the solution, but the coarser the 
temporal resolution.     
 
 
 
ORBIT BIAS ELIMINATION  
 
Effects of the Orbit Bias on Single Differenced Observations 
 
As a first step it is necessary to derive the effect of an orbit bias on single-differenced observations.  Let's assume that a 
few external control stations (Ri ) have coordinates that have been determined very precisely from standard post-
processing using the precise ephemeris and appropriate geodetic algorithms.  For a local monitoring receiver (U), the 
single-differenced observation between the external control receiver (R

i
) and the local monitoring receiver (U) will be 

affected by any orbit bias.  Assume that the orbit bias in the direction from the GPS satellite to the local monitoring 
receiver is 

!
!  and the other component in the plane (O) that is perpendicular to the direction from the satellite (S) to the 

local monitoring receiver (U) is   
!  
!  .    

!  
!  can be further partitioned into 

!
!1, in the direction of the section line between the 

two perpendicular planes of RSU and O, and 
!
! 2  in the direction perpendicular to 

!
! 1 in the plane (O).  Figure 2 

illustrates the geometric relations.   
 
If the orbit bias is known, the computed range with orbit bias ! '  can be represented by the range without orbit bias !  
and the orbit bias term as follows, from Figure 2: 
 
 ! ! "= +'

!
; (1) 

 
and  
 
 ! ! " # $ #i i= + % & %' cos sin

! !

1 ;  (2) 
 
Considering the relation 
 
 ! " #

i i
X$ = $sin cos%
!

, (3) 
 
the following relation can be derived: 
 

 
  

! i " ! = ! 'i " ! ' "
!  
# 1" cos $( ) "

1
!

%
!  
& 1 %'

!  
X i %cos (  (4) 

 
where !

i
 can be approximated by a constant ! .  Within a region of 50km radius, the angle !  should be less than 1/200 

radian and therefore 
 
 

  

!  
!  " 1# cos$( ) <1.25 %10 #5 "

!  
!   (5) 

 
Hence a 20m orbit bias in the direction from the satellite to the receiver will result in less than a 0.25mm bias in the 
single-differenced range between receivers separated less than 100km.  Therefore, this term can be ignored.  The 
maximum value that the second term can reach is 0.1m, if the orbit bias is 20m and the baseline length is 100km, from 
the following computation: 
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For the second term, !  is the angle between the two vectors 

!
!
1
 and !

!
X i , and as 

!
! 2  and !

!
X i  are orthogonal: 

 

 1 1 1
1 1

!
" #

!
"

!
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! ! ! ! ! !
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and finally 
 

 ! ! ! !
!

"
i i i

X# $ # # % %' '
1 ! !

&  (7) 

 
The orbit bias effect on the single-differenced range can be represented as the last term of the above equation, which is 
the product of the baseline vector and the orbit bias component in the plane (O), orthogonal to the direction from the 
satellite to the local monitoring receiver.  If there are several reference stations whose positions are known with high 
precision, the orbit bias term in the single-differenced range will be eliminated through a particular linear combination.  
This idea was suggested by Wu (1994). 
 

 
Figure 2. Geometric Representation of the Orbit Bias 

 
Elimination Procedure for the Orbit Bias 
 
If the parameters !

i
 can be found which satisfy the conditions: 

 ! i
i

iX" # =$
!

0  (8) 

and  

 ! i
i
" = 1, (9) 

 
the linear combination of the single-differenced range can be formed as: 
 

  
! i " #i $ #( )

i

% = ! i " #'i $#'$
1

#
"
!  
& "'

!  
X i

( 

) 
* 

+ 

,  
- 

i

% = ! i " #'i $#'( )
i

%   (10) 

 
Therefore, the single-differenced observation should be formed by  
 
 ! "i i=    and  ! = " (11) 
 
where !

i
 (or ! ) can be replaced by ! 'i  (or !') in following way: 
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 ! i " #i $ #( )
i
% = !i " & i $ &( ) = !i " &'i $&'( )

i
%

i
%  

 (12)  
The standard deviation of the linear combination of single-differenced observations is 
 

 ! ! "# = $ +%0
2 1i

i

 (13) 

 
In order to minimize ! " , another constraint should be added: 
 

 ! i
i

2" = min  (14) 

 
In order to satisfy equations (8) and (9), the minimum number of external control stations is two if a local monitoring 
station is on a line joining the two external control stations; the minimum number of external control stations is three if 
a local monitoring station is on the plane defined by three external control stations; and the minimum number of 
external control stations is four if a local monitoring station is arbitrarily located.  If more external control stations are 
available, equation (13) should be used to uniquely determine the linear coefficient parameters which make the standard 
deviation of the linear combination of single-differenced observation a minimum.    
 
Three examples of a three external control station network are described below, all assuming that the local monitoring 
stations are on the plane defined by these stations.  Example 1: The three external control stations form an equilateral-
triangle, with the local monitoring station located at the centroid (Figure 3a).  Example 2: Using the same external 
control stations, the local monitoring station is located midway along one baseline (Figure 3b).  Example 3: Using the 
same external control stations, the local monitoring station is located outside the triangle (Figure 3c).  The results for ! i  
and the standard deviations of the linear combination of single-differenced observations are given in Table 1. 
 

 
 (a) Example 1 (b) Example 2  (c) Example 3 

Figure 3.  Three cases of network configurations 
 

Table 1.  Linear combination coefficients 
 !1 !

2
 ! 3 !"  

Ex 1 0.3333 0.3333 0.3333 05774
0

. !  
Ex 2 0.5000 0.5000 0. 0 7071 0. !  
Ex 3 1.0000 1.0000 -1.000 17321

0
. !  

 
    
From these examples, it is concluded that the local monitoring stations should be located within the triangle formed by 
the external control stations.  It is easy to extend this to four external control stations, that is, the local monitoring 
stations should be located within the tetrahedron formed by the four external control stations.  Because the earth is 
approximately an ellipsoid and the active area may be in a mountainous region, it could be difficult to set up a local 
monitoring stations within the tetrahedron.  Therefore, we need to investigate whether the height component should be 
neglected, and to determine how much effect it has on the linear combination of single-differenced ranges. 
 
The baseline vector !

!
X
i
 can be separated into two components, !

!
X i

P which is on the plane formed by the three 
external control stations, and the other component !

!
X H  which is orthogonal to this plane.  The constraint of equation 

(8) is relaxed as:  
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i
PX" # =$

!
0 (15) 

 
and the orbit bias component !  can also be partitioned into two components ! P, ! H( )  in the same way.  Equation (10) 
becomes:  
 

 ! i " #i $#( )
i
%  
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1

#
"
! 
% " &
! 
X i

' 

( 
) 

* 

+ 
, 

i
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i
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#
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The maximum magnitude of the second term on the right hand side of equation (16) can be estimated as: 
 

max
1

!
"#H "$Xi

H
% 

& 
'  

( 

) 
* =

1

6370 km
"20m"1200m = 3.8mm  

 
if the orbit bias is assumed to be 20m, the height of the receiver above the ellipsoid is 1000m, and there is the 200m 
height difference caused by the curvature of the earth across an area of size 50km.  Therefore, for most cases, the local 
monitoring station can be assumed to lie on the plane formed by the external control stations, and the height component 
can be ignored. 
 
If a data gap occurred for one external station, the linear coefficient parameters can be redetermined using the other 
external stations.  Therefore, the linear coefficient parameters should be determined for each epoch.  If there are no data 
gaps for all the external stations, or a few short data gaps which can be ignored, the linear combination can be 
determined from the estimated coordinate correction vectors: 
 

 ! " !# #
! !
X X

i

i

i
= $%  (17) 

 
The estimated coordinates of the local monitoring station are: 
 
 
! ! !
X X Xi i

i

= + !"0 ( )# $%  (18)     

   
 
ATMOSPHERIC DELAY  
 
Ionospheric Model for a 50km Radius Region 
 
At least three external control stations are set up beyond the active deformation zone, and the precise coordinates can be 
updated every few weeks by processing the baselines which connect these stations to the IGS framework.  Moreover, 
the data from these external control stations should be processed in real-time, or near real-time, in order to determine 
the integer ambiguity set and subsequently for the near real-time ionospheric model determination.  The initial 
ambiguity set for dual-frequency data should be determined when the system is initially set up, and then real-time 
ambiguity recovery techniques (Blewitt, 1990; Han, 1995) should be employed to maintain ambiguity continuity.  The 
ionospheric delay value on L1 carrier phase can be determined relative to the reference station and the reference 
satellite at each epoch.  This is the so-called local epoch-by-epoch and satellite-by-satellite ionosphere model 
(Wanninger, 1995; Webster & Kleusberg, 1992).  The reliable fixing of the double-differenced ambiguities of a newly 
risen satellite may require a half hour, or longer, period of observation data.  As long as the ambiguities of a particular 
satellite cannot be fixed, no ionospheric corrections can be applied to determine the ionospheric model for this satellite.     
 
The ionospheric delay can be computed epoch-by-epoch and satellite-by-satellite relative to the reference station and 
the reference satellite using the following relation: 
 
Ii
j(k ) =

f2
2

f1
2
! f2

2 " #$%L1

j,i (k) ! &1 " #$NL1

j,i( ) ! #$%L2

j,i (k ) ! &2 " #$NL 2

j,i( )( ) 
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 (19) 
 
where ! "# L

i j
k

1

,
( ) , ! "# L

i j k
2

, ( ) are double-differenced observations of the L1 and L2 carrier phase in meters relative to 
the reference station and the reference satellite.  The computed ionospheric delay will, however, suffer from multipath 
and measurement noise.   
      

 
Figure 4. Differential model of the ionospheric delays 

 
The ionospheric delays of a station equipped with a single frequency GPS receiver are estimated from interpolation of 
the epoch-by-epoch and satellite-by-satellite ionospheric sequences of the three surrounding external control stations 
using the intersection points of the GPS signal paths with an ionospheric single layer model at a height of about 350km.  
Theoretically, the slant ionospheric delay should be transferred to the vertical delay for interpolation.  In practice, the 
zenith distances of each signal path at the points where they cut the layer are very close (less than 0.005 radians) for a 
small region (50km radius) and the linear ionospheric model can largely compensate.  Therefore, the slant ionospheric 
delay can be used directly.  On the other hand, within this area, the figure formed by the intersection points of the GPS 
signal paths with an ionospheric single layer is similar to the figure formed by stations and then the interpolation is 
made using the positions of the stations.  The ionospheric delay can be assumed to be linear across this area.  Therefore, 
the ionospheric delay can be expressed as: 
 
 I k x a k y a ki

j
i N

j
i E

j
( ) ( ) ( )= ! + !  (20) 

 
where a kN

j ( )  and a kE
j ( )  are the north and east slope components for satellite j relative to the reference satellite and the 

reference station at epoch k.  The slope parameters will change with satellites and epochs. 
 
Using the known ionospheric delays at the external control stations, the ionospheric model on an epoch-by-epoch and 
satellite-by-satellite basis can be determined.  After a kN

j ( )  and a kE
j ( )  are determined, the ionospheric delay for single 

frequency receivers can be computed using eqn (20). 
 
An example of ionospheric delay interpolation 
 
An experiment was carried out on the 2nd July, 1996, using two fixed dual-frequency GPS receivers and a roving 
receiver on a car (a dual-frequency receiver which can be used to check the accuracy of the linear interpolation).  The 
trajectory is almost a straight line and is shown in Figure 5.  If the roving receiver offsets to the line joining the two 
reference receivers are ignored, the ionospheric delay for the roving receiver can be interpolated using the ionospheric 
delay of the fixed receiver relative to the reference receiver.   
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Figure 5. Trajectory of the Moving Receiver 

 
The double-differenced ionospheric delay on L1 for the fixed receiver and satellite PRN18 can be computed using eqn 
(19) relative to the reference receiver and reference satellite PRN14, and are plotted in Figure 6a.  The elevations of the 
two satellites are also plotted in Figure 6a.  Linear interpolation was implemented to estimate the ionospheric delay on 
L1 for the roving receiver and satellite PRN18 at each epoch, and the results are plotted in Figure 6b.  The distances 
from the roving receiver to the reference receiver are plotted in Figure 6b.  Since the roving receiver is a dual-frequency 
receiver, the ionospheric delay on L1 can be computed directly, and this is plotted in Figure 6c if the integer ambiguity 
set for the roving receiver is determined.  It can be seen that the ionospheric delay on L1 increases with increasing 
distance between the roving receiver and the reference receiver.  The difference between the measured ionospheric 
delays and the interpolated values are plotted in Figure 6d.  The ionospheric delay residuals do not depend on distance, 
and most likely reflect multipath and random noise.  The mean value of the offset is about 4mm.   
 

 
Figure 6a. Measured double-differenced ionospheric delays on L1 for the fixed and reference receivers 
(baseline length 85.378km) and elevation of the referenced satellite (PRN14) and the satellite PRN18 

 

 
Figure 6b. The interpolated double-differenced ionospheric delays on L1 for the roving receiver 

relative to the reference receiver and  
the distances between two receivers  
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Figure 6c. The measured double-differenced ionospheric delays on L1 of the same satellites for the roving receiver 

relative to the reference receiver   
 

å  
Figure 6d. The differences of the interpolated double-differenced ionospheric delays and measured values 

 
Tropospheric delay  
 
Tropospheric delay can be accounted for by correction using a surface meteorological model, such as the Hopfield 
model, plus the estimation of local tropospheric scale factors.  Local tropospheric scale factors can be modeled as first 
order Gauss-Markov or random walk processes with temporal correlations (Dodson et al, 1996; Chen, 1994). 
 
 
MULTIPATH, ANTENNA PHASE CENTER BIAS  
 
Multipath is a phenomenon whereby a signal arrives at a receiver site via two or more different paths due to reflections 
from nearby objects such as buildings, the ground, vehicles, etc.  These effects are periodic features and are repeated if 
the environment is the same.  For example, the flat ground reflection will cause multipath, exhibiting a particular 
frequency band (Johnson et al, 1995), and the multipath will repeat every sidereal day for a static GPS receiver if the 
environment is unchanged.  If the static observation span is one hour or more, the multipath effect can be significantly 
reduced.  If the deformation monitoring requires high temporal resolution, e.g. 1-5 minutes, or real-time processing, 
multipath will affect the positioning results by up to a few centimeters. 
 
For deformation monitoring applications, multipath will impact on data processing, such as when detecting or repairing 
cycle slips for both external control stations and local monitoring stations, or requiring high temporal resolution results, 
or near real-time results.  For external control stations, the multipath source will be the environment around the stations.  
However, the multipath influence on data from the local monitoring stations, which requires correction of the single 
frequency observations using an ionospheric model, will be from both the monitoring station site effects and the 
external control stations (the latter via the ionospheric model).  The multipath can be reduced significantly using a 
Finite Impulse Response (FIR) bandstop filter for a particular frequency band, or extracted using a FIR bandpass filter.  
The multipath model can be determined by analysing residual sequences from the data collected in the previous days 
using a FIR bandpass filter and applying this multipath correction to the current day's data.     
 
As an example, the ionospheric delay model has been filtered using a FIR filter.  Since the high frequency terms are 
expected to be filtered out, the FIR lowpass filter is designed using the Parks-McClellan method, with a cutoff 
frequency of 1/600Hz, a stop frequency of 1/300Hz, a passband ripple of 0.01 and a stopband ripple of 0.1 (Kraus et al, 
1994).  The length of the filter is 810, and hence the filter delay is 405 seconds.  The magnitude of the response is 
shown in Figure 7.  The filtered double-differenced ionospheric delays on L1 for the fixed and reference receivers are 
plotted in Figure 8a (the original sequences are shown in Figure 6a).  The interpolated filtered double-differenced 
ionospheric delays on L2 for the roving and referenced receivers are plotted in Figure 8b.  It can be seen that although 
the high frequency (multipath and noise) effects have been removed, the low frequency ionospheric delay signal is 
preserved. 
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Figure 7. Magnitude response of FIR lowpass filter 

 

 
Figure 8a. Filtered sequences of the Figure 6a. 

 

 
Figure 8b. Filtered sequences of the Figure 6b. 

 
Multipath can also be extracted by assuming that the multipath should be within the frequency band from 1/600Hz to 
1/60Hz, and that only multipath influences are located in this band.  The FIR bandpass filter can be designed using the 
Parks-McClellan method, with the passband from 1/600Hz to 1/60Hz, with a 1/1200Hz transition band, passband and 
stopband ripples of 0.1.  The magnitude of the response is shown in Figure 9.  The length of the filter is 848, and hence 
the filter will have a 424 second delay.  The filtered sequence is plotted in Figure 10 (which is the multipath, under the 
assumptions given above).  In practice, the multipath numerical model would be extracted from the residual sequences 
of the previous days' data, and is then used to correct the current day's data. 
 
A lowpass Finite Impulse Response (FIR) filter can be implemented to reduce the lower frequency components below a 
specified frequency, so that the accuracy of the ionospheric delay for each epoch and each satellite can be improved.  
However, the FIR filter will have a delay (half the length of the FIR filter delay -- normally a few minutes) for the 
estimated ionospheric delay and therefore can only be used for near real-time applications.    
 

 
Figure 9. Magnitude response of FIR bandpass filter 

 

 
Figure 10. Multipath extraction by FIR bandpass filter 
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OFFSET BIASES DEPENDENT ON RECEIVER AND ANTENNA  
 
The offset bias that is dependent on the antenna is the antenna phase center offset and variation.  The phase center of the 
antenna is the point to which the radio signal measurement is referred and generally is not identical with the physical 
antenna center.  The offset depends on the elevation, azimuth, and the intensity of the satellite signal and is different for 
L1 and L2.  The antenna phase center offsets for different kinds of GPS receivers relative to the Turbo Rogue receiver 
with the Dorne Margolin T antenna have been determined by the IGS (IGS report on http://igscb.jpl.nasa.gov/, 1996).  
The offset components in the north and east direction can reach 5mm.  The antenna component in height can reach 3cm, 
and changes significantly with elevation angle.  Figure 11 is an example of the antenna offset component in height as a 
function of satellite elevation, and the north, east and height (90 degree) components are 1.5mm, -1.2mm and 5.1mm 
for L1 and -1.1mm, 1.7mm and 1.2mm for L2 (ibid, 1996). 
 

 
Figure 11. Antenna offset change in height component with satellite elevation 

 
If the same kind of GPS receivers and antennas are assumed to have the same antenna offset characteristics and the 
antennas are oriented in the same direction, the antenna offset can be ignored for baseline determination using the data 
double-differencing algorithm.  But if different kinds of GPS antennas are used for baseline determination, antenna 
offsets should be considered carefully in order to achieve millimeter accuracy.  Therefore, GPS antenna offset 
determination and correction will become necessary for GPS continuous array monitoring. 
 
The bias dependence on the type of GPS receiver is due to the manner in which different receivers internally process the 
carrier phase signals.  A zero baseline experiment has been performed by Braun & Rocken (1996) using the same 
antenna (Trimble 4000ST L1/L2 Geod antenna) and two different types of GPS receiver from the same manufacturer 
(Trimble 4000SST and Trimble 4000SSE).  The results indicate that vertical height error can be up to five centimeters, 
even when using one hour observation spans!  The mixed receiver problem seems to average out over 16 hour 
observation sessions.  Intensive research on this bias is required if millimeter accuracy positioning using mixed 
receivers is to be routine. 
 
  
ANALYSIS OF CONTINUOUS MONITORING DATA  
 
Continuous monitoring data makes high accuracy spectrum analysis possible.  The deformation is normally 
characterised by a special signature, for example linear temporal deformation and spatial constraints defined by 
coefficients of elasticity.  The GPS positioning errors will have components with the same periods, such as diurnal.  
Therefore, spectral analysis and digital filter techniques can be used to further discriminate the positioning error from 
the deformation information.  Until long periods of array operation can be analysed, it is not possible to make definitive 
statements concerning the likely performance of these techniques.   
 
 
CONCLUSIONS 
 
Real-time GPS continuous array systems are well  suited for volcano or engineering structure deformation monitoring 
because of the high resolution in time, increased reliability and cost efficiency that is possible.  The suggested network 
design and error mitigation procedures will achieve high precision positioning results using relatively low-cost (single 
frequency) receivers.  The orbit bias and ionospheric delay can be reduced significantly, while the tropospheric delay 
can be taken into account by modeling it as a first order Gauss-Markov (or random walk) process with temporal 
correlations.  Multipath elimination is achieved by using an Finite Impulse Response (FIR) lowpass filter for the local 
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ionospheric delay model, and multipath extraction (for data correction) using an FIR bandpass filter to account for the 
multipath in real-time.  Real-time performance with any update rate can be easily realised. 
 
Future research will be concerned with the implementation of the suggested procedures for real-world applications.  
This project is an ongoing activity within the Satellite Navigation and Positioning group at the School of Geomatic 
Engineering, The University of New South Wales. 
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