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Abstract. We develop the theoretical back-
ground for generating artificial observations for
a virtual reference receiver in post processing
mode. We use double difference information
from network solutions to correct zero difference
observations in a preprocessing clock estimation
process and find that the observations can be
adjusted on the level of about 4 mm. Using sim-
ple ionosphere and troposphere modeling tech-
niques we show how phase observations can be
calculated for any location within the network.
Full use is made of the ambiguity and ionosphere
information from double difference network so-
lutions in order to keep full consistency of the
artificial phase observations on the double dif-
ference level. The effect of such observations is
demonstrated with data from a GPS network in
Switzerland. We find that baseline solutions are
more precisely determined (e.g. ambiguity reso-
lution) using a virtual receiver at one end with
observations constructed with the proposed ap-
proach.
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1. Introduction

The still increasing number of continuously op-
erated GPS arrays offers a wide range for test-
ing and validating new positioning concepts. To
make full use of the entire information in the case
of phase, it is necessary for a user to perform
a correct, double difference (dd) ambiguity-fixed
network solution with all the data from the ref-
erence network and from the rover receiver. It
makes sense to simplify the handling for the user
by establishing artificial observations for one vir-
tual reference receiver (VRR) out of the (real)
observations from the reference receivers of the
permanent array. The proposed procedure is
based on the idea of using and removing a pri-
ori known information from network solutions of
the reference sites and creating artificial zero dif-
ference (zd) observations for any location within
the permanent array with a significantly smaller
“observation” noise, reduced noise due to multi-

Fig. 1 AGNES stations in April 2001 (courtesy Swiss
Federal Office of Topography).

path and an adequate modeled troposphere and
ionosphere above the selected site. These ob-
servations can be used to perform a short base-
line solution with any commercial software to the
rover receiver which benefits (e.g. in ambiguity
resolution) from the quality of artificial observa-
tions and from the short baseline length.

This paper first gives a short overview on the
generation of virtual code observations. The
main part consists of the development of phase
observations for a VRR and the discussion of
their benefits. We restrict ourselves to a post-
processing procedure suitable to study the best-
case scenario as well as for validating results
from real time kinematic (RTK) applications.
Each section closes with results with data from
AGNES (Automated GPS Network in Switzer-
land), a multi-functional GPS permanent net-
work which is operated by the Swiss Federal
Office of Topography (L+T) and mainly serves
for navigational and geodetic surveying pur-
poses and scientific applications as well. To-
day the network consists of approximately 20
stations (Figure 1) with a typical spacing of
50 km (http://swisstopo.ch/en/geo/agnes.htm).
All presented data stem either from the year 1999
when SA was on or from the year 2000 when SA
was turned off. At that time the network only
consisted of a pilot configuration of 6 resp. 10
stations.



2. Artificial Code Observations

Let us assume that we process all code data of all
stations of a permanent GPS array in an epoch-
by-epoch mode. In a first section we discuss the
necessary preprocessing steps, in the following
section the procedure to generate the artificial
observations.

2.1 Preprocessing

For each epoch the code observation equation of
the reference receivers ¢ = 1,...,n to the satel-
lites k =1,...,s reads as

C=pf—c - AtF +c-At; +If + Apfitrop 1)

with the observed pseudorange Cf, the geometric
(slant) range p¥, the satellite and receiver clock
corrections AtF and At;, and the ionospheric and
tropospheric refraction If and Apf,, . .

Provided precise satellite orbits are available
(e.g. from IGS) as well as tropospheric zenith
path delays from an ambiguity-free phase net-
work solution (see Section 3.1) we may remove
the terms p¥ and Apf,.,, in Eq. (1). When
analyzing the ionosphere-free linear combination
(C3) we are left with clock terms as the only un-
knowns:

¥ =—c - AtF £ ¢ At (2)

where ¢ is the C3 observable reduced by the
a priori known information. By selecting either
a satellite or a receiver clock as reference clock
the system (2) can be solved for the unknown
parameters (Bock et al., 2000). Moreover this
analysis provides post fit residuals which allow
to clean the original data (outlier detection).

2.2 Artificial Observations

Removing the known geometry and atmospheric
terms from Eq. (1) and adding the corresponding
terms for the position 7, of the VRR transforms
the original observations to the new location and
new atmospheric conditions:

—k
Ci=ph—c-Ath e At +TF + Apk,,,-(3)

Note that by introducing Eq. (2), the new

pseudo-observations Uf contain already precise
clock corrections. Considering the term for iono-
spheric path delay above the VRR in the case of
code observations, it is sufficient to use I* stem-
ming from an ionosphere a priori model. Similar
remarks are valid for the tropospheric path delay
Apk i op- Assuming that all reference receivers
collected code observations to the same satellites
we may define the artificial observations epoch-

— 1 —k

Such a definition leads to a observation noise
o(C) = o(C)/+/n. If the assumption for Eq. (4)
does not hold we may alternatively define as ar-
tificial observations:

—k 1 ) —k
C, = D) Z(Ci —c- At;) (5)

where n(k) is the number of sites having actually
observed satellite k. By this procedure the clock
offset of the virtual receiver is set to zero with no
implications on the later use of the observations.

It can be verified that coordinates of a VRR
estimated by code point positioning (introducing
precise satellite clocks) have a rms error which is
smaller by approximately a factor v/n compared
to a real station at the same location (Jaeggi,
2001).

3. Artificial Phase Observations

For each epoch the phase observation equation
for the reference receivers reads as

LY = pf—cAtF+o At—IF+Apf ., +A-NF(6)

with the observed phase pseudorange L¥ and the
initial ambiguity term X - N} where we used the
same notation as in Eq. (1). The initial ambigu-
ity term however changes the situation for gener-
ating artificial observations considerably. Apply-
ing Eq. (4) resp. Eq. (5) without any preparatory
work to Eq. (6) would destroy the integer nature
of the initial ambiguity terms. Therefore another
approach described in the next section has to be
selected.

3.1 Transformation of DD Ambiguities to
Quasi ZD Ambiguities

Having performed an ambiguity free network so-
lution for saving precise station coordinates and
accurate troposphere zenith path delays, the dd
carrier phase ambiguities Nf{ can be fixed to
their integer values by performing a correct dd
network solution (Mervart, 1995). For a network
of the size of AGNES the Wide-lane, Narrow-lane
approach is well suited (Beutler et al., 1999). In
the optimum case we have then access to all suc-
cessfully resolved dd ambiguities on n—1 linearly
independent baselines. Ambiguity resolution is
mandatory for all further processing steps other-
wise an observation has to be excluded. Based
on these values we convert the terms N/ in the



network to a quasi zd level as follows:

e e 2

k,REF
NF =Nk +NF..; = Nk +NEED 4 N (7)

i,ref

with a satellite specific zd term Nrke + & receiver

specific single difference (sd) term N2, and

the known dd ambiguity term N;f;’:f F_ This
conversion is described and validated by (Jaeggi,
2001). Due to a degree of freedom of n+s—1 the
method depends on two assumptions: (1) The
choice of the values of N/*2%" on each baseline
for a reference satellite, and (2) the choice of the
values of Nrke f for a particular reference station.
We have to ensure that exactly the same dd am-
biguities result when again forming double differ-
ences. Depending on the selected reference sta-
tion this restriction may considerably reduce the
number of well suited zd observations for gener-
ating artificial observations. Only files which are
made perfectly coherent can be used without in-
troducing any inconsistencies. The obtained zd
ambiguities from Eq. (7) are biased by satellite
specific terms (class I bias) and by receiver spe-
cific terms (class II bias). A class I bias is always
the same at all stations for a given satellite and
therefore cancels by forming single differences. A
class IT bias which can be caused by adjusting sd
ambiguities on a quasi single difference level also
cancels when again forming dd. It is important
to note that finally artificial phase observations
will be evaluated (see Section 3.4) again on dd
level which implies that it is sufficient to prepare
ambiguity information consistent on dd level.

3.2 Preprocessing

For each epoch we may define for the original
carrier frequencies (L1, L2)

I¥:=LF —af — AN} (8)

with the reduced phase pseudorange I¥, the ob-
served phase pseudorange L¥, the a priori in-
formation a¥, and the quasi zd ambiguity term
NF, if a consistent term NF is available. Pro-
vided precise satellite orbits are available (e.g.
from IGS) and tropospheric zenith path delays
(both included in term a¥) from an ambiguity-
free phase network solution we are left with
“clock” terms and “ionosphere” terms as the only
unknowns:

I¥=—c-AtF +c-At; — IF. 9)

The three terms on the right-hand side of Eq. (9)
are all biased due to the biased term N} in
Eq. (8) and should therefore be called pseudo-
clock and pseudo-ionosphere terms. By select-
ing one clock as reference clock the system (9)
can be solved for the unknown parameters ei-
ther by simultaneously processing Eq. (9) for
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Fig. 2 Stochastic ionosphere parameters on a quasi

single difference level over a 40.4 km baseline on day 299

in the year 2000. The fluctuation-level depends on the

baseline length and the day-time.

Ly and Ls or by separately processing L; and
L> by introducing appropriate ionosphere infor-
mation (see Section 3.2.1). From the point of
view of the parameter estimation process both
methods are well suited, but the simultaneous
processing of L; and Lo has two disadvantages
even if it would favour the error budget: (1) the
estimated pseudo-ionosphere parameters are bi-
ased by class I and class IT biases due to the term
NF and (2) all estimated parameters are influ-
enced by Ly and Ly ambiguity terms. While the
latter point only prevents a strict independency
of the parameters on both frequencies the pres-
ence of class IT biases in the former point makes
an ionosphere interpolation impossible (see Sec-
tion 3.3.1). Note that we have to avoid forming
the ionosphere-free linear combination (Ls) in
Eq. (9) in order not to destroy the preserved inte-
ger nature of the transformed ambiguity terms.
Moreover L3 amplifies random phase measure-
ment noise and noise due to multipath.

3.2.1 Stochastic lonosphere Parameters

Opposed to the deterministic component of the
Total Electron Content (TEC) which is described
by an ionosphere model the stochastic compo-
nent of the TEC represents the residual part
of the modeling which is due to a multitude of
short-term fluctuations in the TEC. Using the
fixed dd ambiguities these stochastic ionosphere
parameters (SIP’s) can be computed on the dd
level either by analyzing the Ly = Li — Ly lin-
ear combination or by simultaneously analyzing
the original carriers Ly and L, directly (Schaer,
1999). The main difference lies in an accuracy
gain of approximately a factor of 4 when choosing
the latter method. Figure 2 shows the stochastic
component of the TEC in the AGNES network.

As we try to avoid forming any linear com-
bination (L4 contains only 64.7% of the iono-
spheric signal) we use the latter method for solv-
ing Eq. (9). In order to use the SIP’s in Eq. (9)



we convert them from dd to zd level. Again (as
for the ambiguities, see Section 3.1) this conver-
sion depends on two assumptions: (1) the choice
of one IfLY for each baseline (or a summation
condition on all SIP’s on each baseline), and
(2) the choice of the values of Ifef for a par-
ticular reference station. The second assump-
tion causes a class I bias which is not critical
but, more important, assumption (1) does not
cause a class II bias stemming from the ambi-
guity term N which is essential and allows for
a satellite-specific ionosphere interpolation (see
Section 3.3.1). This step of the analysis provides
quasi zd SIP’s which can be applied in Eq. (9).
It is important to note that these terms con-
tain only the differential ionosphere which im-
plies that a separate clock estimation for L; and
L gives pseudo clock parameters which are not
only biased by the class I and class II biases
caused by the ambiguity terms but also by iono-
spheric biases. Nevertheless this does not affect
the parameter estimation at all. The remaining
ionospheric effect can be absorbed by the clock
parameters and shows up in the the differences
of (Ati,r, — Ati r,) resp. (Ath — At} ) (Jaeggi,
2001). Figure 3 shows all Ly residuals from a
clock estimation process (9) for one day in the
AGNES network.

Applying SIP’s and transformed ambiguities
stemming from Eq. (7) leads to Ly residuals in
the order of 4 mm which are free from any re-
maining systematics. Only the processing of
L, and Ly simultaneously as described in the
last section would lower the residuals slightly by
an approximate factor of /2 quite close to the
random phase measurement noise level. Figure 4
shows the impact of the different approaches dis-
cussed in this section on the resulting accuracy.

3.3 Artificial Observations
A transformation equivalent to Eq. (3) allows to

define artificial carrier phase observations in full
analogy to Eq. (4) resp. Eq. (5). Note that such
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Fig. 3 Lj-residuals of pseudo clock estimation on day

299 in the year 2000.
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Fig. 4 RMS of pseudo clock estimation in a short inter-
val on day 99 in the year 1999. The chosen approach for
realizing a VRR is ‘Ly (SIP introd.)’.

defined observations can only be evaluated on dd
level by performing a baseline solution with any
independent rover receiver. However for carrier
phase observations special attention has to be fo-
cussed on the terms I} and Apf . which have
to be known precisely for each epoch at the co-
ordinates A,, 3, where the VRR should be real-
ized. It is not sufficient in the case of ionospheric
delay to adopt values from a standard model as
small scale and high frequency fluctuations are
not captured. Similar remarks are valid for tro-
pospheric path delay.

3.3.1 lonosphere Interpolation Model

As for different satellites the different areas in the
single layer can be separated by up to 2500 km
a satellite specific correction model seems appro-
priate. Moreover for correcting high frequency
variations an epoch-wise modeling is necessary as
Traveling Ionospheric Disturbances (TID’s) on a
medium scale show periods from 10 min up to
1 h. Based on the transformed SIP’s §IF on zd
level (which reflect the residual part of the iono-
sphere) a linear correction model at each mea-
surement, epoch for each satellite k£ has to be es-
timated:

SIF = 0I5 + ax - (\i = o) + ag - (B; = fo)

with a constant zero difference term §I¥, a gra-
dient in east-west direction ), and a gradient
in north-south direction ag. Ag, By are the coor-
dinates of the Taylor development which do not
have to be identical with the coordinates of the
VRR. In Figure 5 we compare the interpolated
ionosphere parameters (IIP’s) for one AGNES
site which was not used for interpolation with
the original SIP’s for the same station.

Both methods show a good agreement in the
morning-hours. Towards noon when the iono-
sphere activity rises the interpolation is less suc-
cessful but good enough for the VRR (see Sec-
tion 3.4.2). The quality of the interpolation
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Fig. 5 Difference of IIP’s and SIP’s for half of the day

99 in the year 1999 for all satellites in Zimmerwald.

mainly depends on the ionospheric conditions
and the distance between the stations. The
agreement in Figure 5 is based on the central lo-
cation of the used station Zimmerwald (see Fig-
ure 1). A similar experiment at the border of the
network would give worse results. Post fit resid-
uals provided by this analysis are typically on a
level of 1 cm during night time but may grow up
to 20 ¢cm at noon in bad cases. The impact for a
VRR will be outlined in Section 3.4.2.

3.3.2 Troposphere Interpolation Model

A similar procedure can be applied to determine
the term Apk ,  for the VRR (see Section 3.3).
We model the tropospheric zenith path delay
(ZPD) above the VRR using troposphere param-
eter estimates stemming from a network solution
which are available with typical time resolutions
of a few hours for the reference sites. This al-
lows us to model the ratio of the observed to the
a priori zenith path delay as a linear function
of longitude and latitude scaled by an additional
height-dependent parameter (Jaeggi, 2001). Ex-
perience shows that in AGNES zenith path de-
lays can be modeled at the 1 cm level despite
the large variation in height of the stations, the
highest receiver being at Jungfraujoch (3635 m
above sea level).

3.4 Evaluating Virtual Phase Observations

Artificial phase observations can be processed by
any commercial GPS-Software when performing
a usual baseline solution. In realistic applica-
tions two steps are necessary. First a VRR has
to be realized close to the location of the rover
receiver. The following step consists of process-
ing the short baseline VRR —rover. To determine
the effect of artificial observations on baseline so-
lutions (namely on the ambiguity resolution) we
processed data from AGNES for day 099, 1999 in
Section 3.4.1 and Section 3.4.2 and data for day
299, 2000 in Section 3.4.2 in different modes.

3.4.1 Baseline Solutions

We computed for five baselines of different
length ambiguity fixed solutions between Zim-
merwald and another reference station applying
a usual wide-lane, narrow-lane ambiguity fixing
approach by introducing coordinates and tropo-
sphere parameters from previous ambiguity free
network solutions. We compare these “real” am-
biguity statistics with “virtual” ambiguity statis-
tics obtained from the same baselines where Zim-
merwald was replaced by a VRR generated from
all the other AGNES sites except of Zimmerwald
itself. Table 1 shows the a posteriori RMS of the
fractional parts of the wide-lane and the narrow-
lane ambiguities.

First we see in both cases a clear linear rela-
tionship between the RMS of the wide-lane frac-
tional parts and the baseline length, due to the
linear increase of differential ionospheric errors
with the baseline length (Beutler et al., 1988),
which play the limiting role on wide-lane ambi-
guity fixing. But more important both quantities
tend to be smaller when using virtual observa-
tions at one end of the baseline. We recognize
that the shorter the baseline the more we gain
when using artificial observations. The limiting
distance (> 100km) where using virtual obser-
vations does not show any further improvements
heavily depends on the ionospheric conditions.

The narrow-lane fractional parts do not show a
similar dependency on the baseline length. But
the comparison with real data reveals again a
significant improvement.

Next we investigate the effect of different iono-
sphere modeling on zero baselines as only such
baselines are important for realistic applications
of VRR where all spatially correlated error terms
cancel. Therefore a zero baseline reveals best the
quality of the ionosphere modeling. We consider
four different modes for establishing a VRR in
Zimmerwald and perform a zero baseline solution
to the real station Zimmerwald for each mode:
(1) original SIP’s are applied, (2) IIP’s are ap-
plied (Zimmerwald used for interpolation), (3)
IIP’s are applied (Zimmerwald not used), (4) no
special ionosphere modeling is applied. The same
experiment was carried out with the AGNES site

Table 1. RMS of wide-lane (WL) and narrow-lane (NL)
ambiguities for baselines real—real resp. virtual—real of
different length

RMS for Real Data  RMS for Virtual Data
WL Amb. NL Amb. WL Amb. NL Amb.
(km) (WL cycl.) (NL cycl.) (WL cycl.) (NL cycl.)

Length

5.7 0.027 0.035 0.012 0.024
17.0 0.014 0.039 0.012 0.020
79.2 0.036 0.050 0.031 0.034
98.8 0.044 0.034 0.040 0.013

181.6 0.070 0.024 0.074 0.016




Davos which is located at the border of the net-
work. The effects on wide-lane ambiguity fixing
are listed in Table 2.

Introducing SIP’s gives maximal benefit on
ambiguity fixing. Even using IIP’s is only
slightly worse when including the considered
site in the interpolation process. However both
modes have no practical use. The mode actu-
ally used for generating artificial observations is
(3) whose benefit strongly depends on the cho-
sen location in the reference network. For loca-
tions near the center the obtained results are of
high quality (Zimmerwald in Table 2) while for
sites at the border no comparable results can be
achieved (Davos in Table 2). No application of
any satellite- and epoch specific correction model
gives significantly worse results in both cases.

Table 2. RMS of wide-lane (WL) ambiguities for
two zero-baselines virtual—real for different procedures
of ionosphere modeling (see text)

Procedure Zimmerwald Davos
RMS of WL Amb. RMS of WL Amb.
(WL cycles) (WL cycles)
) 0.004 0.011
(2) 0.009 0.012
(3) 0.010 0.035
(4) 0.032 0.059

3.4.2 Realistic Example

Finally we show for one particular day a realistic
example from a measurement campaign carried
out in October 2000 by the Swiss Federal Office
of Topography where code and phase observa-
tions were collected by different rover receivers.
As in Section 3.4.1 we compute first a VRR in
Zimmerwald based on the realistic mode (3) and
perform again a zero baseline to the original site.
This gives insight into the quality of the expected
results. Following the same scheme we compute
a VRR for one rover receiver at its location and
process the resulting zero baseline. In a first step
accurate coordinates are computed using an am-
biguity free baseline solution, in a second step
ambiguities are fixed to their integer values us-
ing a wide-lane/narrow-lane approach. The re-
sults are given in Table 3.

The results for the Zimmerwald experiment
are even slightly better than those presented in
Section 3.4.1 from the year 1999. The results
of the rover experiment are slightly worse than
all the ones shown previously. In fact, the frac-
tional parts on the rover receiver zero-baseline
can not be expected to be as good as for a per-
manent receiver due to shorter occupation time
which demands for different ambiguity resolution
strategies.

Table 3. Ambiguity resolution statistics for a zero-
baseline from a permanent station resp. rover to a VRR
at the same location

Station WL Amb. NL Amb. Resolved

(WL cycl.) (NL cycl.) Ambig.
Zimmerwald 0.006 0.025 100.0 %
Rover 0.012 0.038 93.3 %

4. Summary

We developed artificial code observations which
allow to verify the reduced observation noise pre-
dicted by theory. The same algorithm is appli-
cable for phase observations when zero difference
ambiguity and ionosphere information consistent
on double difference level is available. We have
shown how this can be done in an efficient way
by introducing two assumptions for the trans-
formation of the dd information to the zd level
which do not affect the application of artificial
observations. Furthermore we have presented
four different preprocessing strategies with their
advantages and their disadvantages and selected
the direct processing of L; and Ly by introduc-
ing stochastic ionosphere parameters. This pro-
cedure promises not only a high accuracy level
but allows also for an epoch and satellite spe-
cific ionosphere interpolation which can be used
to correct rapid ionospheric fluctuations at the
location of the VRR.

Our evaluations of artificial observations on
baselines virtual—real showed that the width in
the distribution of the fractional parts of the am-
biguities (wide-lane and narrow-lane) could be
reduced significantly helping in fixing them to
integer numbers. The ionospheric fluctuations
prove to be the limiting factor during daytime.
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