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Abstract Continuous global positioning system (GPS) sta-
tions propagate biases and spurious signals into the derived
parameter time series when the measurements are subject to
site-specific effects, such as multipath. This is a particular
problem in the investigation of geophysical and atmospheric
phenomena where signals may be small in magnitude. A
methodology to remove these erroneous signals from long-
term time series will significantly increase the usefulness
of the derived time series. This work provides the theoreti-
cal basis for use of an empirical site model (ESM) derived
from post-fit phase residuals to mitigate unmodelled site-
specific errors. Additionally, we also investigate the effec-
tiveness of applying an ESM to a regional GPS network and
a short baseline solution. Under most observing scenarios,
we show that the ESM approach is predicted to improve the
precision and accuracy of the site coordinates. However, it
is important to note that we found some scenarios where the
ESM can introduce a bias. For instance, when the antenna
is mounted close to the ground. In this scenario, for a short
baseline, we observed the introduction of a 4-mm bias in
height. Use of an ESM for the same short baseline with an
uncalibrated radome substantially improves the results by
removing a large bias of over 10 mm in height. Similarly,
application of an ESM derived from historic data yields sim-
ilar improvements. This demonstrates that the ESM can be a
powerful tool when applied to appropriate site-specific con-
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figurations and could potentially be implemented in routine
GPS analysis for a broad range of applications.
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1 Introduction

A large component of GPS site-specific error is caused by
unmodelled multipath effects (Elosegui et al. 1995; Hatanaka
et al. 2001; King and Watson 2010). Errors due to multi-
path have a sidereal periodicity (Choi et al. 2004; Agnew
and Larson 2007) and can propagate into long-term posi-
tion time series with significant power at the GPS draconitic
year (~351.4 days), and its harmonics (Ray et al. 2008).
Especially when correlated with other parameters of inter-
est, unmodelled error sources can have a detrimental effect
of introducing spurious artefacts into parameter time series.
Correction of systematic site-specific errors can significantly
reduce the phase noise. This yields better resolution of the
coordinate time series and more accurate estimates of para-
meters and interpretation of geophysical signals.

A multitude of techniques have been developed to address
the problem of modelling and mitigating multipath effects.
Each of these has potential to reduce the effects of multipath
on GPS analysis, but they are mostly not widely applicable.

A ray-tracing approach has been developed by Byun et
al. (2002) and Lau and Cross (2007) to model and remove
the errors from multipath reflections, taking into account
complex ray paths and diffraction. Both of these studies use
physical models based on the geometric theory of diffraction
(GTD), which is an extension of geometrical optics. Byun
et al. (2002) point out that use of a simulator based on GTD
is only valid for wavelengths which are small in compari-
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son to the dimensions of the interacting objects, and will fail
to account for the scattering from small objects. The pres-
ence of an object in the near-field of an antenna can induce
currents which alter the antenna’s characteristics and are not
addressed by optical theory (e.g. Elosegui et al. 1995; Byun
et al. 2002).

Despite these limitations, the ray-tracing approach could
account for a significant portion of multipath effects, if an
accurate information is available about the location and
microwave characteristics of all nearby objects. Unfortu-
nately, this is rarely the case, and the local area is rarely
invariant in time, making it difficult to accurately apply this
technique over long-time periods or to large networks.

One promising technique uses the signal to noise ratio
(SNR) to map and estimate the multipath environment (Axel-
rad et al. 1994; Bilich and Larson 2007), to produce a cor-
rection map. The technique has been demonstrated to iso-
late and remove multipath error sources (e.g. Priillage 2013;
Rost and Wanninger 2009, 2010; Benton and Mitchell 2011).
However, in the case of this technique, it is not suitable for
correcting long-term historic data sets due to inconsistent
measures of SNR from different GPS receivers, which in
some cases are too coarse to produce a sufficiently accurate
correction.

An approach developed by Wiibbena et al. (2006) and
later refined by DilBsner et al. (2008) involves calibrating
as much of the monumentation with the antenna, during the
estimation of the PCV. This may be a promising approach for
dealing with the near-field effects, especially if the robotic
calibration system utilised can handle heavier payloads. But,
this technique does not address site-specific error from far-
field effects.

Wiibbena and Schmitz (2011) overcome far-field multi-
path effects by applying an in-situ calibration technique that
uses a local network of temporary stations. This requires the
placement of temporary stations, each with their antenna and
mounts calibrated, around an existing station in a low far-field
and near-field multipath environment. This technique is very
promising, but like the ray tracing approach, it is not applica-
ble to historic data sets where the equipment or environment
of sites has changed.

A number of multipath mitigation techniques attempt to
take advantage of the sidereal periodicity of GPS satellite
orbits (e.g. Bock et al. 2000) to predict and correct the mul-
tipath error. These are enhancements to this technique that
factor in variation of the satellite orbit period (e.g. Choi et al.
2004; Larson et al. 2007; Ragheb et al. 2007). Choi (2007)
have found a modified sidereal filter to be effective for high
frequency observations (1 Hz) where multipath signals which
have a period of 30-300 s. However when observations with
a sampling of 30 s were used, the technique was highly sen-
sitive to an incorrect repeat period, which increased the like-
lihood of the multipath error becoming out of phase with
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the filter, resulting in an amplification of the error. The con-
cept behind this technique is somewhat analogous to the one
we present, although there are significant differences in the
way the correction is obtained and implemented in the re-
processed solution.

Wu and Hsieh (2010) developed a technique based on the
statistical analysis of carrier-phase residuals to obtain a cor-
rection model, which is correlated with preceding observa-
tions. They found that 6 days of data could be used to remove
multipath error from current and future data. They applied
the technique to a short baseline of 13.5 m and a longer base-
line of 23.1 km, reporting an improvement of 40 % in height
determination.

The approach we investigate uses stacks of undifferenced
carrier phase residuals to generate a site-specific correc-
tion map, referred to throughout this paper as an empiri-
cal site model (ESM). This technique was first presented
by Hurst Kenneth et al. (1998), who reported an order of
magnitude reduction in the sensitivity of the station’s final
position solution to the elevation cut-off angle, a reduc-
tion in the number of phase observations rejected, and a
reduction in the post-fit phase residual RMS. Iwabuchi et
al. (2004) showed that ESMs derived from phase residu-
als processed in a double difference network produced a
similar results to the undifferenced approach. This confirms
that application of the transformation of double-difference
phase residuals to undifferenced phase residuals (Alber et al.
2000). Choi (2007) investigated the use of residual stacking,
among other site-specific mitigation techniques to improve
the analysis of post-seismic analysis after the 2003 Tokachi-
Oki earthquake. Choi (2007) used only 3 days of data to
obtain an ESM, applying different resolutions in azimuth
and elevation of 1°,3° and 5°. They found that even a 1°
resolution was too coarse to recover multipath errors below
45° in elevation (for high monuments). In a recent work,
Haines et al. (2013) have mentioned an empirical technique
to enhance the IGS antenna models used to monitor the
vertical sea floor motion at Platform Harvest. The authors
speculated that the technique mitigates the effect of multi-
path; however, they provide limited information about the
ESM methodology and its effectiveness. Desai et al. (2013)
used the ESM model approach to verify the suitability of
two new GNSS stations to be part of a core reference frame
network. They also reported a reduction in the variance of
position estimates when the ESM was applied to the solu-
tion.

An advantage of the ESM approach is that historical data
can be used to produce a site model of a particular sta-
tion, which can be made available in a common format
(e.g. a modified ANTEX file) for use by others. Addition-
ally, the ESM approach can also correct for antenna and
radome mismodelling errors which may not be possible from
other conventional calibration techniques. This makes it an
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attractive technique for application to long-term time-series
analysis.

No attention in the literature has been given to the theo-
retical basis, optimum design and efficacy of the ESM tech-
nique. In this paper, we provide a theoretical basis to assess
in which conditions an ESM should be used to model site-
specific errors. We also present a series of simulations that
shows the conditions under which the ESM approach is most
effective, and also those situations where the technique may
fail.

2 Deriving an ESM

To create an ESM, we started with the IGS absolute antenna
calibration model for the antenna installed on any given site
(see Fig. 1a). We then compute a block median (at 0.5° grid
spacing) of undifferenced post-fit phase residuals obtained
from each individual station (e.g. Fig. 1b). We have used the
GAMIT software (Herring et al. 2010) where the clock error
for ground sites and satellites is estimated in a post-fit data
editing stage (after the ambiguities have been fixed) to obtain
undifferenced, ambiguity fixed, post-fit residuals. There are
other alternative techniques to transform double-differenced
residuals into undifferenced residuals, e.g. (Alber et al. 2000).

We then take the block median of undifferenced phase
residuals and add them to a bi-linear interpolation of the
antenna PCV (to match the grid spacing), to obtain the ESM
model (see Fig. Ic and Eq. 1).

LCgsm = 2.5457 % Llpey — 1.5457 % L2pcy + €azer (1)

where e is the bin averaged LC phase residual (mm). This is
then written into a modified ANTEX file for each station, at
0.5° intervals for both azimuth and elevation.

We have derived a new ESM for each calendar year, or
upon a change of antenna at the station. For grid cells which
did not contain any phase residuals, no interpolation was per-
formed. This approach is suitable for our application where
we are re-processing data; however, interpolation is advis-
able if the ESM was to be applied for a different time period
to its derivation.

3 Theoretical basis

An ESM relies on the hypothesis that in a least squares solu-
tion with sufficiently high degrees of freedom, the distribu-
tion of the undifferenced phase residuals across azimuth and
elevation will approximate the systematic site-specific errors
caused predominantly by multipath effects.

°
LC PCV (mm)
Pesiduals (mm)

180

(b) LC block median phase residuals
from the station MOBS

(a) ASH701945C_M LC PCV

LOwew s

LC PCV [mm)

-8
=12
-15

180

(¢) Derived LC ESM for MOBS
(Fig 1a + Fig 1b)

Fig. 1 An example of an empirical site model being generated for the
IGS station Melbourne (MOBS). The polar plots show azimuth and
elevation variation of phase centre variation or phase residuals. a The
LC Phase Centre Variation (PCV) for the ASH701945C_M antenna,
installed at the station MOBS. b The LC phase residuals obtained from a
regional solution of processed data from 2012 for MOBS. ¢ The derived
ESM obtained by adding the LC antenna model ASH701945C_M to
a block median of the LC phase residuals, which is then stored in a
modified ANTEX file

The standard solution by weighted least squares is given
by:

f=ATwa)'aATwsp )

The design matrix, A, is defined by the partial derivatives
of the functional model with respect to the parameters being
estimated (X). The matrix W is the inverse of the the observa-
tion variance covariance matrix, and b is a vector of observed
minus computed.

The residuals v can be calculated from:

v=AX—D 3)

If we now introduce an unmodelled systematic error f
into the observations, the equations now become:

F=ATWATTATW®OD + 1) )
which can be written as:
F=ATWATTATWh + (ATwA) AT wy (5)
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Thus, £ is biased by (AT WA)~' AT W f. The least squares
residuals with a bias become:

b= A[ATWA) AT Wh4+ATWATTATWH— b+ f)
(6)

which then leads to:

b=AATWATTATWb —b+ AATWA)TATWS — f
(7

That is, the least squares residuals are not only a function
of the original error, f, but also its propagation term:

AATWAYTATWF — f (8)

Therefore, it could be concluded that re-iterating the solution
using an ESM is unlikely to improve the estimated parame-
ters. However, it is important to first understand how the term
AATWA)TATW f behaves. It is conceivable that, under
certain conditions, this term can be small, i.e.

IAATWATTATWE I < 1 F i )

When the propagation term is very small compared to the
size of the bias, it follows that the residuals will give a very
good approximation of the real site-specific biases and ran-
dom errors, the latter which average towards zero through
combining multiple days of data. The design matrix A and
the weight matrix W are the main components controlling
the magnitude of the propagation term. The design matrix
A will be influenced by the geometry of the stations with
respect to the satellite orbits and the parameterisation strat-
egy. The weighting strategy for the observations will influ-
ence the matrix W.

4 Simulation

To investigate the nature of the propagation term of Eq. 8,
we use simulations with the specific goal of assessing when
carrier-phase residuals are and are not useful to empirically
determine site-specific errors. Our GPS simulator is based on
the undifferenced GPS observable and is conceptually similar
to that of Santerre (1991). We have applied the simulator in
a similar way as detailed in King et al. (2003), and further
verified in Penna et al. (2007) and King and Watson (2010).

For the tests described here, we have used a typical session
span of 24 h, with a sampling period of 120 s. The satellite
orbits, clocks and earth orientation parameters have been held
fixed. Unless otherwise stated, for the following simulations
we estimated coordinates once per 24-h session, tropospheric
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zenith delays once per hour, the receiver clocks every epoch,
and ambiguities were fixed by not estimating them in the solu-
tion. We applied elevation-dependent weighting and used a
10° elevation cut-off angle. We initially adopted an arbitrary
station location of 45°S, 140°E, but explore variations in
subsequent analysis. The simulations were run for one 24-h
period, with the date set to be January 1,2012. Random white
noise with a magnitude of 1 mm was added to the b term in
Eq. 4 in addition to the systematic error discussed below.

The multipath model added as a site-specific error in the
simulations was adapted from the model used by King and
Watson (2010). In this paper, we have used derived values
for the direct gain (grucp) for right-hand circular polarised
(RHCP) signals and the reflected gain (grpcp) for left-hand
circular polarised (LHCP) signal. Signals which are circular
polarised change in the direction of polarisation after being
reflected, and an antenna’s characteristics are significantly
different for different types of polarisation. We adopted pub-
lished values for the Leica AT504 choke ring antenna, com-
monly deployed in geodetic networks, and of a similar design
to the most common geodetic antenna in the IGS network,
the AOAD/M_T antenna. We model the multipath effect §¢1,
by:

a sin[4m % sin g] ) (10)

S = — tan~!
27 ( gRHCP + a cos[4r % sin €]

where X is the carrier phase wavelength for the L1 or L2
carrier-phase signal, and H is the height of the antenna above
the reflecting surface. The elevation and zenith angle of the
observed satellite is represented by ¢ and z, respectively.
The direct antenna gain pattern (grucp) was modelled using
a simplified modified dipole:

grHCP = c0s(z/GRrucp) (11)

We used a direct gain rate value (GRrycp) of 1.1044 for
L1 and 1.0931 for L2 (equivalent to a gain rate of 1.1 for LC).
For the reflected gain (grucp), we used linearly interpolated
values for the reflected gain rate (GRpycp) from a figure of
Bedford et al. (2009).

gLacp = cos((7w/2)/GRrucp) (1 — sin(e)) (12)

The amplitude, a, of the reflected signal for a given surface
roughness (S) was obtained from:

a=Sx* GRLHCP * Ra (13)

where the values for surface roughness (S) lie between 0
and 1. A value close to 1 indicates a smooth surface which
will preserve the power of the reflected signal, while a value
close to O indicates a rough surface, where little power is
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returned by the reflected signal. R, is the Fresnel equation
for an electric field perpendicular to the plane of incidence
and depends on refractive indices n| and np, withn; = 1 for
air, and n, appropriate for the reflecting medium.

nycosz —/n3 — (nj sinz)?

R, = (14)

nycosz + ,/n% — (nj sinz)?

Unless otherwise stated we adopted the same values that
were used by King and Watson (2010) for § = 0.3, and ny =
2, appropriate for a smooth concrete surface surrounding the
antenna.

The main limitations of the multipath model described
here are the azimuthal symmetry, the time-constant parame-
ters, and the assumption of a homogeneous planar reflector.
Next, we test how this simple multipath signal propagates
through an undifferenced solution and how effectively it can
be recovered again from the least squares residuals.

4.1 Influence of simulated multipath bias

The amplitude and frequency of multipath error vary consid-
erably as a function of antenna height above the reflecting
surface (Fig. 2). In general, a reflector close to the antenna
produces a long-wavelength periodic signal as a function of
observed signal elevation angle, whereas a reflector further
away will produce a higher frequency multipath bias at low
elevation angles and very little bias at high elevation angles.

To assess the ability and efficacy of the ESM approach to
recover site-specific errors from least squares post-fit resid-
uals, we calculated the RMS of the difference between the
recovered 0.5° binned ESM and the similarly sampled simu-
lated biases (Fig. 3). We refer to this as the RMS error. Given
the random noise in the simulation has amplitude 1 mm, an

20 T T T T L
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15K — h=1.50m][

Multipath Bias (mm)

—-20 | | | | | | |

10 20 30 40 50 60 70 80 90
Elevation Angle (degrees)

Fig. 2 LC multipath bias as a function of elevation angle, for monu-
ment heights of 0.10 and 1.50 m
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Fig. 3 Simulated LC multipath bias and the ESM multipath bias
obtained from the simulated least squares residuals for a monument
height of 0.5 m. The difference between the two is plotted in red, from
which we calculate the RMS error of the ESM

RMS error of near this value would indicate close to perfect
recovery of the simulated multipath (e.g. Fig. 3).

We observe a strong correlation between the RMS error
and the monument height (Fig. 4). The RMS error decreases
as the monument height increases; however, there is a signif-
icant variation for low monuments (<1 m), and a significant
peak in RMS for monument heights close to 0.17 m. From
this we infer that the ESM approach has difficulty in recov-
ering multipath signals which vary slowly as a function of
elevation angle.

Figure 4 also shows the impact of introducing a higher
surface roughness value (S) into the simulated multipath
bias. There is a linear increase in the RMS of the differ-
ence, between ESM and simulated multipath, for all monu-
ment heights as the value of S increases. This indicates that
the ESM performance can be significantly degraded, partic-
ularly for low monuments close to surfaces which reflect a
significant proportion of the incoming signal power.

4.2 Influence of station location

We varied the simulated station latitude from +90° to —90° in
increments of 5°. Based on earlier results shown in Fig. 4, we
selected two monument heights. First, we chose H = 1.5 m
as a representation of a high monuments where the ESM is
expected to perform well. Second, we chose H = 0.17 m as
a worst-case scenario not uncommon in some networks.
There is no significant latitude dependence from simu-
lated multipath biases for a monument height of 1.5 m; with
the opposite the case for H = 0.17 m (Fig. 5). For mon-
uments mounted close to the ground between the range of
0.17 £ 0.15 m, the performance of the ESM starts to degrade
above +60° or below —60° in latitude, corresponding with
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Fig. 4 RMS error of recovering the simulated multipath bias using an
ESM for a range of monument heights, and for three different surface
roughness () values: 0.3, 0.5, 0.7. A higher S value indicates that the
material will reflect greater input signal power

= h=0.17m

RMS (mm)

-90 —-60 -30 0 30 60 90
Latitude (degrees)

0 |

Fig. 5 The influence of a stations latitude and the ability of the ESM to
recover the simulated multipath bias for two different monument heights
of 0.17 and 1.5 m. The dashed vertical lines are set +60 and —60 in
latitude, where we see a poleward increase in RMS for monuments close
to a planar reflector

the inclination of the orbit plane. For subsequent simulations
we use the default station location of 45°S, 140°E.

4.3 Influence of GPS parameterisation

We investigated the influence of GPS processing parameters
on the ESM performance within our simulator. In particular,
we looked at the frequency of estimation of receiver clock
terms, variation in elevation cut-off angle, changes to the sto-
chastic model used and the frequency of troposphere zenith
delay estimation.

Removing the receiver clock estimation term from the
simulation is somewhat analogous to simulating a short base-
line double-difference baseline processing technique, with
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multipath only occurring at one of the stations. Despite this
simplification it provides a qualitative insight into how the
ESM might perform using a different processing technique.
We found that there was an overall improvement in perfor-
mance of the ESM when a baseline approach is used, with
the RMS error decreasing by approximately 25 % (Fig. 6a).

Using a PPP scenario, i.e. estimating clocks every epoch,
we investigated the impact of the elevation cut-off angle by
running the simulations using 5°, 10°, and 15° (Fig. 6b). A
5° elevation angle significantly increases the magnitude of
the peak RMS error for a low monument as well as causing
an increase in RMS error for high monuments above 1.8 m.
In contrast, the higher elevation cut-off angle of 15° shows a
minor decrease in the peak RMS error, when compared with
a 10° cut-off angle. For higher monument heights there is
no significant change in performance, except with a cut-off
angle of 5°.

We investigated the effect of different stochastic models
of GPS observations upon ESM performance in the simula-
tor by changing the weighting from an elevation-dependent
(1/sin(e)?) to a uniform weighting function (Fig. 6¢). Apply-
ing the latter model produces a small decrease in the peak
RMS error, but this comes at a cost of an increase in the RMS
error close to 50 % for the rest of the monument heights sim-
ulated.

We show the effect of estimation of troposphere parame-
ters upon the performance of the ESM over most monument
heights (Fig. 6d). When troposphere estimation is removed
there is a significant improvement in the performance of the
ESM. The peak RMS error decreased by almost 1 mm, as
well as had a shift in the peak RMS to a lower monument
height.

4.4 Tmpact of multipath on parameter estimates

We looked at the effect of a simulated multipath bias upon
different estimated parameters. Recall that the presented sim-
ulations pertain to the geometry on Jan 1, 2012, and do not
take into account any time variability of the satellite geome-
try.

For the standard PPP simulation scenario, where clocks
are estimated every epoch and troposphere are estimated
every hour, there is a significant height bias of up to 25 mm
for low monument heights <0.25 m (blue line of Fig. 7a).
Also note that there is a significant height bias for monuments
below 1.5 m.

When the same simulation is repeated without troposphere
estimation, there is a significant decrease in the peak height
error for a small range of low monuments compared to the
standard simulation scenario (see red line in Fig. 7a). There
remains a significant error for monument heights below 0.1
m when no troposphere estimates are included. When the
simulation scenario is re-run, without clock estimation, but
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Fig. 6 Influence of processing variables and estimated parameters on the ESM ability to recover a simulated multipath bias for a range of monument

heights

troposphere being estimated every 2 h, we see a further reduc-
tion in bias (see black line in Fig. 7a).

Note that the effect of multipath on troposphere estimates
will follow the negative correlation between the height and
troposphere bias of approximately 3:—1 (Beutler et al. 1987).

To further understand why there is a significant increase
in RMS error for low monument heights, we computed the
correlation with the estimated height bias, for arange of mon-
ument heights, with a simplified elevation-dependant data
weighting function and simplified troposphere delay map-
ping function (Fig. 8).

There is a significant peak in the correlation coefficient
for both the troposphere mapping function and elevation-
dependent weighting function for lower monument heights.
This suggests that, for low monument heights, it will be dif-
ficult to separate the multipath bias using the ESM approach
when a troposphere mapping function or elevation weighting
function is applied. Given troposphere mapping functions are
integral to geodetic positioning, it therefore appears unlikely
from our simulated results that an ESM will yield improved

30 T T T

sk = Clock and Trop Estimated | |
=== No Trop estimated

20 = No Clock Estimated 1

Height Bias (mm)

—15 1 1 1
0.0 0.5 1.0 1.5 2.0
Monument Height (m)
(a) Height Bias

Fig. 7 Effect of multipath bias on the height component for PPP sim-
ulation scenario with troposphere and clock estimation (blue line), no
troposphere estimation, but with clock estimation (red line), and a sim-
ulation with troposphere estimates, but without clock estimation (black
line)
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Fig. 8 Correlation coefficient of the simulated height bias, for a range
of monument heights, with a simplified troposphere zenith delay map-
ping function (1/sin(e)) and a simplified data weighting function

(1/sin(e)?)

parameter estimates in such cases. We investigated this con-
straint and a possible means of overcoming it using observed
data later in the paper (Sect. 5.3).

4.5 Impact of applying an ESM on estimation parameters

Previously, we found that multipath can have a significant
effect on height estimates; we now investigate how well the
ESM is able to reduce the height bias. First we ran the simu-
lation to create an ESM from the simulated phase residuals,
using the methodology outlined in Sect. 2. We then repeated
the simulation with the same parameters, except we applied
the ESM. We then computed the difference in the estimated
absolute height bias from both solutions, where a positive
difference indicates an improvement in the solution and a
negative value indicates a degradation of the solution (Fig. 9).

The performance of the ESM fell into three distinct cat-
egories depending upon monument height. For tall monu-
ments (>1.2 m), we found that there is little improvement
in reducing the height bias through the application of an
ESM. For mid-range monuments (0.25-1.2 m) an average
improvement of 1 mm can be expected and, for a small range
of monuments (0.25-0.18 m), this can reach up to 6 mm in
improvement in the height bias. However, for a small range
of low monuments (close to 0.17 m) a bias of 2 mm could be
introduced through the application of an ESM.

4.6 Simulation summary

Our simulations show that the amplitude and frequency of
multipath vary as a function of height above the reflecting
surface. Antennae mounted close to a planar reflecting sur-
face have a larger height bias when troposphere mapping
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Fig. 9 The difference in height bias, obtained from a simulation with
an ESM applied estimated height bias was subtracted from a simulation
without an ESM-applied estimated height bias

functions and elevation-dependent weighting is used. This
results in the multipath bias being absorbed into troposphere
estimates, making it difficult for the ESM to recover the site-
specific bias.

The GPS parameters applied during processing can have
an impact on how well the ESM will perform. Estimating
clock and troposphere parameters and using a low eleva-
tion cut-off angle will decrease the ability of the ESM to
recover the multipath bias. Monument heights above 0.25 m
are largely insensitive to the processing parameter set. How-
ever, monuments mounted near the ground (<0.25 m) are
sensitive to the processing parameter selected and can have
a significant impact upon the error in the derived ESM. We
also found that the ESM did not perform as well for stations
located above or below the orbit inclination of £60° latitude.

The ESM was likely to improve the height bias for most
monument heights, particularly between 0.25 and 1.5 m.
There was a small subset of monument heights (~0.17 m)
where we found that the ESM actually degrades the solution
introducing a further height bias into the time series.

5 Application to observed GPS data

Simulations are a convenient tool to assess the performance
of an ESM under controlled conditions. To verify our simu-
lation findings, we assessed the performance of applying an
ESM to observed data.

5.1 Regional solution

We processed observations from a regional network con-
sisting of approximately 60 stations (Fig. 10), unless oth-
erwise stated data processing was carried out as detailed in
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Fig. 10 Map of the regional GPS network processed

Table 1. Data were processed from 2010 through to the end
of 2012, where the average ambiguity resolution success rate
was >94 %.

5.1.1 Impact on phase RMS

We compared the phase RMS obtained from the regional
solution with and without the ESM applied. The phase RMS
was calculated as a function of azimuth and elevation at 0.5°
bins, any bin which did not have any observations was not
included in the calculation. An RMS value was calculated for
each station over a period of a calendar year, and whenever
there was a change of instrumentation at the station.

70 T T T T T I
Bl No ESM Applied

60F EER ESM Applied [
wn
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=
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Mean Phase RMS (mm)

Fig. 11 Histogram of mean phase RMS from regional solutions with
and without ESM applied

After applying the ESM, we found a significant reduction
in the phase RMS, for all of the stations processed, from a
median in the phase RMS of 5.2-2.3 mm (Fig. 11). While
this reduction in phase RMS is substantial, we cannot rely on
this alone as a measure of the ESM utility. Therefore, we also
need to ensure that the estimated parameters are improved in
both precision and accuracy.

5.1.2 Solution spectra

From the 3 years of processed observations we computed
position and velocity estimates for each station, using the
same stations to define the reference frame in the solution
with and without the ESM. To assess any change in the
periodic components of the de-trended coordinates obtained
from the regional network solutions we computed the Lomb—
Scargle periodograms (Scargle 1982). For the majority of sta-

Table 1 Processing parameters applied to short baseline and regional network solutions

Model/parameter Track solution Regional solution
Elevation cut-off angle 10° 10°
Software TRACK (Herring et al. 2010) GAMIT (Herring et al. 2010)

A priori zenith dry delay MIT

A priori zenith wet delay MIT VMFI
Antenna phase variations 1GS08 1GS08
Data rates 30 (s) 120 (s)

Observation weighting

VMF]1 (Boehm et al. 2006)

Elevation weighting: a + (b*/sin?(e)) with a, b derived from post-fit phase residuals

FES2004 (Lyard et al. 2006)

Orbits IGS final (fixed) IGS final (fixed)
Solid earth IERS2010
Ocean loading N/A

Atmospheric tides N/A

Ionospheric correction N/A

Tidal and non-tidal applied at observational level (Tregoning and Watson 2009)
second- and third-order IGRF11 (Petrie et al. 2010)

@ Springer



896

M. Moore et al.
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Fig. 12 Station spectra for MOBS (left) and MAW1 (right), for the
height component calculated from the de-trended co-ordinate time
series produced by the regional solution with and without an ESM

tions analysed there were peaks located at the GPS satellite
draconitic year, as has been reported by other authors (e.g.
Ray et al. 2008; Collilieux et al. 2007; Agnew and Larson
2007; King and Watson 2010).

We compared the spectra obtained from the regional solu-
tion with and without an ESM, as well as calculated the dif-
ference in spectra between the two solutions. We did not
find any clear underlying pattern; for some stations the solu-
tion with the ESM applied had a lower amplitude at the dra-
conitic; and its harmonics (Fig. 12a), while other stations had
an increase in amplitudes at the same frequencies (Fig. 12b).
This contradicts the findings by Haines et al. (2013), where
they reported a decrease in the draconitic harmonics; how-
ever, we have used a much larger network of over 60 stations.
We did not find a clear relationship between monument height
and a change in power at the draconitic, for this data set.

We then stacked the spectra for all of the de-trended co-
ordinate time series obtained from the regional processing
with and then without an ESM applied. To obtain a spectral
stack we computed the median normalised power estimate
across each frequency using the median variance for each
frequency bin obtained from the solution without an ESM
applied. The median variance calculated from the solution,
without the ESM applied, was used to normalise the spectra
of the solution with the ESM applied. The ESM solution
has a slightly increased power at the draconitic and other
harmonics (Fig. 13). The difference of the two solutions also
showed a peak at these frequencies. We subdivided stacks of
spectra by monument height, but we did not find any clear
pattern.
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Fig. 13 Spectral stack for the height component of all stations
processed in regional network, with and without an ESM applied

We are unable to determine if changes in power at the
draconitic frequencies at some stations represent improve-
ments or degradation in the solution with the ESM applied.
It is plausible that multipath-induced aliasing at draconitic
frequencies interferes constructively or destructively with
aliasing at the same frequencies caused by other effects (e.g.
errors in sub-daily earth orientation Griffiths and Ray 2013).
This combined with the interaction of draconitic-annual and
solar-annual terms requires further investigation and outside
the scope of this paper.
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From the regional solution we have found that the applica-
tion of the ESM has reduced the phase RMS. While there are
significant changes in spectra at individual stations, we have
been unable to identify any pattern for the regional network
or any relationship to monument height. We now look at a
specific site in detail, where a significant bias is suspected to
be present.

5.2 Local tie anomaly at Yarragadee

We chose to investigate in detail the performance of applying
an ESM at a geodetic facility located at Yarragadee, Western
Australia; where there is an IGS station YAR2 and a nearby
IGS stations YAR3. There is a local tie residual between
YAR2 and the SLR station (7090) of 14 mm (Altamimi et al.
2011), well outside the Global Geodetic Observing System
(GGOS) goals of 1 mm local ties (Plag and Pearlman 2009).
Disagreements in local ties are particularly problematic for
the realisation of ITRF (Altamimi et al. 2011).

From our simulations we found that an ESM was unlikely
to perform well for antennae mounted close to the ground.
Further complicating the situation at YAR?2 is the addition
of an uncalibrated radome ‘JPLA’ (Fig. 14). The radome is
not concentric with the geometric centre and will add an
additional bias to the existing multipath bias. The radome
was removed on the 23 of May 2012 (DoY 144) at approx-
imately 03HOOZ and re-installed on 29 of September 2012
(DoY 273) at approximately 00HO0Z, as part of an IGS exper-
iment on the impact of uncalibrated radomes (Romero et al.
2011). This provides a rare opportunity to analyse the per-
formance of an ESM over a short baseline, where a con-
trolled equipment change has been made and a high preci-
sion survey has been carried out that can be used as ground
truth.

We applied the ESM obtained for YAR2 and YAR3 from
the 24-h static GAMIT regional solution to a TRACK kine-

Fig. 14 1GS stations YAR2 with the uncalibrated radome JPLA
installed, note that the radome is not concentric with the antenna

matic short-baseline solution between YAR2 and YAR3. We
switched to a kinematic solution as this will give us an oppor-
tunity to apply the ESM derived from a different processing
scenario and to be implemented using a different software
package; hence allowing us to assess how applicable an ESM
may be to other applications. We compared the change in
height estimates from the kinematic solution with and with-
out an ESM applied for the different periods when the radome
was installed and removed. A new ESM was derived at the
start of each calendar year and when the radome was removed
or reinstalled. The mean change in height for the different
periods and for the different processing scenarios obtained
from the kinematic solution and the difference from the ter-
restrial survey results (Woods and Ruddick 2007) are detailed
in Table 2.

The distance between YAR2 and YAR3 is approximately
15 m, and therefore, the effects of geoid slope on such a
short baseline will be negligible, which allows us to directly
compare the change in height from GPS observations with
levelling results.

The kinematic solution with no ESM applied for the
radome on period (2012 DoY 001 to DoY 143) has a mean
difference of 9.7 mm from the levelling results. When the
radome is removed (DoY 143 to DoY 273) and no ESM
applied, the mean difference reduced to 3.1 mm. We infer
that the radome is responsible for a 6-mm height bias on the
short baseline between YAR2 and YAR3, and the remaining
3-mm bias is due to a combination of far-field and near-
field multipath effects that remain regardless of the radome
being installed or removed. These effects may include the
mischaracterisation of the antenna phase variation of one or
both of the antennas when using a type mean phase centre
model.

For the period with the radome on and when the ESM
was applied, the height difference from the terrestrial sur-
vey is reduced to 0.1 mm. This suggests that the ESM mod-
els the bias induced by the JPLA radome, and also takes
into account the other site-specific biases. In addition the
ESM solution has reduced the height standard deviation by
2 mm.

Importantly, however, we observe the introduction of a
bias of over 6 mm in the height component when the ESM
is applied during the radome off period. If the true multi-
path environment is similar to that generated for H = 0.17
m simulations, then an ESM is derived from historic data
at YAR2 and this is not an unexpected result (see Sect. 4.4
and Fig. 7a). We infer that the uncalibrated radome is intro-
ducing a larger site bias which is more likely to be cor-
rectly modelled by an ESM. However, when the radome
is removed the site-specific error changes its characteris-
tics significantly to one which is likely to varying slowly
with elevation, and thus poorly removed by the ESM tech-
nique.
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Table 2 The mean change in height from YAR3 to YAR2 obtained from kinematic processing of data in 2012, using ESM models derived from
2012 data and 2010 data, and the difference from terrestrial survey results [dh = —1.1551 £1 mm (Woods and Ruddick 2007)]

Radome a) No ESM b) ESM 2012 applied c) ESM + Constr. TZD d) ESM 2010 applied
On Mean (m) —1.1454 —1.1550 N/A —1.1545
o (m) 0.0100 0.0080 N/A 0.0090
Diff (m) 0.0097 0.0001 N/A 0.0006
Off Mean (m) —1.1520 —1.1614 —1.1589 N/A
o (m) 0.0100 0.0070 0.0100 N/A
Diff (m) 0.0031 —0.0063 —0.0038 N/A
On Mean (m) —1.1456 —1.1551 N/A —1.1568
o (m) 0.0100 0.0090 N/A 0.0090
Diff (m) 0.0095 0.0000 N/A —0.0017

5.3 Variation to regional processing

From our simulation results we found that not estimating the
troposphere zenith delay estimates decreased the RMS dif-
ference between the simulated multipath error, and the error
estimated from the least squares residuals by the ESM, and
the peak RMS shifted to a lower monument height. The effect
was even more dramatic when we investigated the impact
upon the height component, with a significant reduction in
the peak bias for low monuments.

In anetwork-based GPS analysis, it is essential to estimate
troposphere zenith delay parameters. However, for pairs of
nearby stations it is possible to constrain the troposphere
zenith delay estimates to one particular station. We investi-
gated whether we could improve the ESM by constraining the
troposphere zenith delay estimates at YAR?2 to those obtained
at YAR3 (once adjusted for the height difference between the
two stations), in a new regional solution processed for the
radome off period. We then recomputed an ESM from this
solution for the station YAR2.

We applied the new ESM to the kinematic solution for
the period when the radome was removed, and there was a
significant reduction of 2.5 mm in the bias caused by the
ESM (compare column b) and c) Table 2). This agrees with
our simulation results where we showed that we can expect a
reduction in magnitude of the ESM error, but not necessarily
a complete removal of the height bias at the station when
troposphere parameters are removed from the solution used
to generate the ESM. However, this still does not outperform
the solution without an ESM applied, with respect to the
mean bias.

5.4 Application of an ESM derived from historic data
We have shown that it is possible to apply an ESM derived

from a regional network solution and for a particular case
successfully apply it to short-baseline kinematic solution.
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However, the ESM was derived from the same data set used
in the kinematic processing; the ESM technique will be of
much more value if historic data could be used to derive an
ESM to be applied to current data sets, such as the application
within a real-time kinematic network solution.

To test this scenario, we derived an ESM from data
processed in 2010 from the same regional network and
applied it to the short-baseline kinematic solution for YAR2—
YAR3 for the radome on period in 2012. Significantly,
we found that the level of improvement in the height bias
was similar to that achieved using the concurrent data set
of 2012 to derive the ESM (Table 2 column b and d).
Therefore, ESMs derived from historic data sets may be
applicable to future data sets, thus increasing its poten-
tial use to a wide range of applications. We anticipate that
the ESM derived from the historic data could be further
improved through more rigourous interpolation of the phase
residuals before being combined with the antenna PCV
model.

6 Conclusion

We have shown that it is theoretically possible to obtain a
model of site-specific biases from residuals of a least squares
solution (i.e. an ESM) provided that the bias propagation term
is small.

Our simulations demonstrate that the height of the monu-
ment, and therefore the characteristics of the multipath bias,
has a significant influence on the effectiveness of an ESM
to model the bias. For most monument heights, the ESM
can recover an accurate model of the bias from the residuals.
However for low monument heights, where the multipath bias
varies slowly with elevation angle, the ESM can degrade the
solution, producing a significant RMS error of up to 4 mm.
The ESM is also less likely to be effective for low monuments
located at high latitudes (£60°).
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The choice of GPS processing parameters influences how
the ESM will perform. The estimation of clock, troposphere
parameters and a low elevation cut-off angle will decrease
the ability of the ESM to recover the multipath bias.

Application of the ESM to a regional solution signifi-
cantly reduced the phase RMS of all stations processed from
amedian of 5.2-2.3 mm. However, this does not demonstrate
that the use of an ESM improved estimation of the solution
parameters.

An investigation of the spectral characteristics for each
station, before and after an ESM was applied, did not reveal
any significant pattern. A spectral stack of all stations’ power
spectral density (PSD) showed a minor increase in nor-
malised power for the draconitic periods, and its harmon-
ics for the time series with an ESM applied. We specu-
late that any effect at the draconitic frequencies may be
masked by constructive or destructive interference with
other sources of draconitic aliasing (e.g. Griffiths and Ray
2013)

Application of the ESM to a kinematic solution was effec-
tive in the removal of a significant height bias in the baseline
YAR2-YAR3. Without application of an ESM, the solution
for the radome on period disagreed with the local terrestrial
survey by over 10 mm. Whereas, use of the ESM produced
a solution that agreed with a local terrestrial survey results
to within 1 mm. In suitable site conditions, for instance in a
high multipath environment, the site-specific models could
potentially be published for use in other applications such
as RTK networks. However, it is precautionary to note that
during the radome off period the ESM can introduce a bias
in the solution (see Table 2).

Additionally, we found that it is possible to use historic
data to derive an ESM that could be effectively applied to a
different time period. This highlights the potential for ESMs
to be produced as part of routine geodetic processing and
applied widely to real-time networks.

The ESM technique is an attractive approach that only
requires historical data to model site-specific errors. How-
ever, the ESM should be applied with care if an antenna is
mounted close to a large planar reflector, as in this instance
use of the ESM could degrade the solution (although the
phase RMS is improved).
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