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Abstract A limitation of GPS positioning is that the
vertical component is generally two to three times less
precise than the horizontal components. In a previous work
by R. Santerre of Laval University and G. Beutler of
University of Bern, it was shown in simulations that it is
possible to improve the GPS vertical positioning precision
by using a multi-antenna GPS receiver and a precise calibration technique of the relative hardware delay between
the antennas and the receiver. However, no actual implementation of the system was done to prove the concept
until now. A new multi-antenna, GPS-over-fiber architecture with real-time delay monitoring, designed and implemented to improve the vertical precision is presented. The
improvement in vertical precision arises from the elimination of the relative receiver clock error in single difference, between antennas, and the precision real-time
calibration of the relative hardware delay. Experiments
were conducted with a zero baseline and a short baseline
configuration. The results show, as expected by the theory
and the simulations, a two to three times improvement in
the precision of the vertical component such that it reached
the same level of performance as the horizontal
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components. These promising results will enable the use of
this type of configuration in several applications where the
same precision in all 3D components is essential and could
not be achieved before with standard GPS positioning
techniques.
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Introduction
In the quest for ever-increasing precision in standard GPS
positioning applications, one is confronted with an important
fact: the vertical precision is usually two to three times
inferior to the horizontal precision. This fact is due to the
strong vertical geometry inhomogeneity of the satellite sky
distribution, which causes some systematic biases in the
range measurement to propagate more adversely in the vertical component of the position solution. Furthermore, the
receiver clock and the tropospheric parameters, if estimated,
are highly correlated with the vertical position component.
All combined, these effects lead to a less precise vertical
component in the position solution (Santerre 1991; Santerre
and Geiger 1998). One could be tempted to propose doubledifference processing as a means to eliminate the receiver
clock error. However, with double differences, even if
mathematically the receiver biases are eliminated, there is no
improvement because the double-difference solution is
equivalent to a single-difference solution with receiver clock
error estimation (Lindlohr and Wells 1985).
In light of these considerations, it was proposed in
Santerre and Beutler (1993) that a multi-antenna configuration, consisting of a single GPS receiver connected to
multiple antennas, could be implemented as a way to
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remove the relative receiver clock error in single differences and thus achieve better precision in the vertical
positioning. Though validated by simulations, two main
issues remain unsolved for an actual implementation: the
effective kilometer-long transmission of the GPS signal
from the antennas to the receiver and the real-time calibration of the relative hardware propagation delay
between these antennas and the receiver. The first issue
may be solved using optical fiber, which allows the GPS
signal to travel several kilometers with minimal signal
attenuation and degradation. However, the second issue
has not, to the authors’ knowledge, been addressed before
and poses considerable design challenges. Indeed, even if
the receiver clock error is eliminated in single differencing since only one receiver (clock) is used, the relative
hardware delay between the antennas and the receiver
remains as a systematic bias that fluctuates over time,
mainly due to the optical fiber thermal stretching and
contracting caused by temperature variations. Real-time
calibration is required because, as stated previously, any
remaining systematic bias affects the vertical positioning.
Santerre and Beutler (1993) estimated that 1 mm in relative hardware delay error translates into 1–2 mm in
vertical offset in positioning depending on the configuration. It is clear that, for high-precision applications, the
relative hardware delay must be monitored at the millimeter level.

Design of the proposed architecture
There is a growing interest in continuously monitoring
movements and deformations in man-made structures such
as bridges, dams, skyscrapers and terrain motions resulting
from volcanoes, landslides, ground subsidence, etc. GPS
technology offers many advantages for this purpose such as
its continuous and autonomous use and, in the long run,
cheaper deployment costs comparing with traditional
methods such as standard geodetic leveling procedures.
Unfortunately, GPS solutions cannot reach the same level
of precision in the vertical component as in the horizontal
components, while in most of these applications, the same
level of precision is required for all 3D components.
Based on what was proposed by Santerre and Beutler
(1993), a prototype was designed, built and tested. The
main differences to a standard GPS system for high-precision positioning applications are as follows:
•
•

The use of a GPS receiver with multiple antennas and
increased number of channels.
The use of optical fiber to link the antennas to the
receiver and the necessary electrical-to-optical and
optical-to-electrical conversion equipment.
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•

•

A real-time calibration system for the relative hardware
delay for the signal between the antennas and the
receiver.
A GPS processing software that incorporates this
additional relative hardware delay observation and uses
single-difference (between antennas) processing.

The main innovation of this architecture is the integration
of the above-mentioned real-time relative hardware delay
calibration to a GPS-over-fiber, multi-antenna system.
Real-time hardware delay measurements using an
additional signal but with the same propagation path as the
GPS signal are employed to compensate any additional
change in relative delay. For the designed architecture, a
reference oscillator and a phase comparator that is based on
the phase-shift technique (Dennis and Williams 2005;
Larson and Paulter 2007) were used. For practical reasons,
an RF (radio-frequency) carrier was chosen as the reference signal for probing the relative delay measurements.
The main advantages are that the RF carrier can also be
used for downconverting the GPS signal to IF (intermediate
frequency) and that a simple phase comparison can be used
to measure the relative delay. The setup is presented in
Fig. 1, and the prototype is shown in Fig. 2.
The basic operation of the system is as follows.
A 1551.42 MHz LO (Local Oscillator) signal is generated
at the local station and directly modulates the bias current
of a DFB (Distributed FeedBack) laser operating at the
1,550-nm band. The modulated optical carrier is split
equally with a 1: 2 optical power splitter. If more remote
stations are used, more splitters are required. The resulting
modulated optical signal (called LO-over-fiber) is sent
through standard, monomode optical fibers to the remote
stations. At each remote station, the optical signal is split
once again with a 1: 2 optical power splitter. One part goes
to an external optical modulator, in our case, an SOA
(semiconductor optical amplifier). The other part goes to a
photodetector. The resulting electrical 1,551.42-MHz signal coming out of the photodetector is amplified and used
as the reference oscillator to downconvert the received L1
GPS signal (1,575.42 MHz) to an IF of 24 MHz with the
RF front-end, which comprises mixing, amplifying and
filtering stages. The resulting IF signal (GPS-IF) modulates
the supply current of the SOA so that the optical signal at
the output of the SOA is now twice modulated: first by the
1,551.42 MHz at the local station and now by the GPS-IF
at the SOA. The output optical signal at the SOA is sent
back to the local station by means of a second standard
monomode optical fiber. The optical signal is now called
GPS-IF&LO-over-fiber. At the local station, the optical
signal is converted back to electrical form with a photodetector. The resulting electrical signal, which contains
both the GPS-IF and the LO signals, is equally divided with
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Fig. 1 Proposed architecture for the GPS-over-fiber system
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Fig. 2 Photograph of the prototype for the proposed architecture

a 1: 2 power splitter. On one of the two parts of the divided
electrical signal, the LO signal is filtered out and the
resulting GPS-IF signal feeds the GPS receiver. The other
part of the electrical signal goes to a phase comparator
where the phase of the LO signals coming from both
remote stations is compared. The real-time output of the
phase comparator is digitized and stored for post-processing in the current prototype version.

Performance criteria
For the proposed architecture to improve the vertical
positioning precision compared with traditional GPS configurations, two main conditions must be met:

The additional optical circuits and the reference signal
must not significantly degrade the GPS signal.
The relative delay must be precisely measured within
1 mm in real time by the relative delay measurement
(RDM) device and be an accurate estimation of the
relative hardware delay of the GPS signal between the
antennas and the receiver.

The first condition was taken into consideration during the
design process by carefully choosing the proper optical
components and operations points. It was shown in MaciasValadez et al. (2009a, b) that with the proposed architecture, the carrier-to-noise degradation due to the presence of
the optical circuits is less than 2 dB and the impact on the
positioning is negligible.
For the second condition, let us first analyze why it is
important that the relative hardware delay be precisely
measured and what are the effects of the other biases. The
standard phase observation equation for single-difference
processing is
1
Du ¼ ½Dq  kN  DI þ DC þ DTr þ DHg þ Ddpc
k
þ eDu 

ð1Þ

where D is the single-difference operator, u the phase
observation, k the carrier wavelength, q the geometric
range between satellite and receiver antenna, N the integer
carrier phase ambiguity, I the ionospheric bias, C the tropospheric bias, Tr the receiver clock error, Hg the hardware
delay between antenna and receiver, dpc the error due to
antenna phase center variation and eDu the remaining unmodeled biases and noise. Units for all quantities are in
meters except for u and N which are in cycles.

123

GPS Solut

With the proposed one receiver configuration, the
receiver clock error is eliminated,
1
Du ¼ ½Dq  kN  DI þ DC þ DHg þ Ddpc þ eDu  ð2Þ
k

to use a set of ionosphere model parameters produced by
one or more dual-frequency receivers (Wild et al. 1989).
For the tropospheric bias, regardless of the baseline length,
a small error of 1 mm on the relative tropospheric zenith
delay produces more than 2 mm of error in the vertical
baseline component, depending on the elevation mask
angle (Santerre 1991). Since externally measuring a relative tropospheric zenith delay with 1-mm precision is difficult in most cases, it is then usually recommended (Dach
et al. 2004, ch. 11) to estimate this delay along with the 3D
coordinates. However, in some cases, for short baselines
with large height difference when there is no atmospheric
layer inversion, it is possible to use a differential tropospheric model such as the differential model of Essen and
Froome, which has already been tested for deformation
monitoring applications (Akrour and Santerre 1998) and
was first described by (Rothacher et al. 1986).
For high-precision applications, it is also important to take
into consideration the phase center variation of the antennas
and the multipath. The variation in the location of the phase
center may reach several millimeters so it can have an impact
on high-precision applications. A solution is to use identical
and similarly orientated antennas or to use calibrated
antennas as described by (Wübbena et al. 2000).
Multipath may also pose a serious challenge in some
situations as it can cause significant errors as large as a few
centimeters. In this case, the better solution against multipath is always to choose the best locations for antennas,
free of reflective obstructions. Additionally, one can
choose specialized multipath-rejection antennas such as
choke-ring antennas for even better performances. It is also
possible to use receiver with multipath-rejection algorithms
and filtering techniques, such as sidereal filtering, during
the processing of the observations (Souza and Monico
2004; Zhong et al. 2009).

The system of observation equations is usually solved
using the least-squares estimation. As can be seen, besides
the relative hardware delay, there are other biases and
remaining random error contaminating the phase measurement. The random errors due to noise will propagate to
the 3D coordinates and the additional parameters estimated
such as a tropospheric parameter, according to the variance–covariance matrix of this estimation. However, the
variance–covariance matrix is continuously changing
depending on the number of visible satellites and their
position, the number of estimated unknown parameters and
the processing techniques. Using the simulation technique
developed by Santerre (1991), it is, nevertheless, possible
to predict the behavior of the variance–covariance matrix
as a function of the site location, the elevation mask angle
and the number and type of estimated unknown parameters.
The results of this method showed that if the unknown
parameters are limited to the three coordinates in singledifference processing, the vertical dimension of the confidence ellipsoid is 2–3 times smaller compared with the
case where the three coordinates plus a receiver clock error
parameter are estimated in single difference, which gives
the same results as the double-difference processing.
The propagation of the remaining systematic biases in
the phase observations into the estimated position has also
to be dealt with. The impact of the absolute ionospheric
bias and the relative tropospheric bias on the positioning,
among other systematic errors, was analyzed in Santerre
(1991). The main effect of the ionospheric bias is a baseline contraction factor of 0.6 ppm for a mean total electron
content (TEC) of 1017 electrons/m2. A possible solution is
Fig. 3 Experimental setup for
zero baseline
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Fig. 4 Positioning solution for
a zero baseline comparing the
standard approach (left) and the
proposed approach (right)
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Finally, the two remaining biases are the relative
receiver clock error (DTr) and the relative hardware
delay (DHg). These two biases are generally taken
together as a receiver clock parameter and estimated as
an additional unknown parameter in the standard GPS
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solution. With the proposed approach, the receiver clock
error is eliminated but the hardware delay remains. If
this delay is estimated along with the 3D coordinates, no
improvement in the vertical component is to be expected. Thus, it has to be externally measured. In Santerre
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Table 1 Summary of
positioning results for zero
baseline experiment

Bold values indicate
improvement in the vertical
component

Components

Standard solution
(relative hardware delay
estimated)
Average/rms value

Proposed solution
(relative hardware delay measured
and included as additional data)
Average/rms value

Vertical

0.0/0.6

-0.2/0.3

North

0.0/0.3

0.0/0.4

East

0.0/0.2

0.0/0.3

Units are in mm

Fig. 5 Zero baseline
configuration used for
temperature variation analysis
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and Beutler (1993), the impact of the hardware delay
measurement error on the positioning is analyzed.
Depending on the elevation mask angle and the site
location, the impact varies but in all cases, it is roughly
1–2 mm of vertical offset error for each 1 mm of
hardware bias. It is then clear that for high-precision
positioning applications, the relative hardware delay
should be measured with millimeter precision. In MaciasValadez et al. (2009a) and Macias-Valadez (2011), it was
shown that the proposed relative delay measurement
(RDM) device can indeed track millimeter fiber length
variations.

Results and analysis
In order to test the proposed architecture, a zero baseline
and a short baseline configuration were deployed. The main
advantages of a zero baseline configuration are that all
errors, except the relative hardware error, are eliminated.
With a zero baseline, the reference position is (0, 0, 0) and
any departure from this position is an indication of any
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remaining bias including the residual noise of the receiver.
Also, by analyzing the dilution of precision (DOP) factors
and the rms value of each position component, it is possible
to have a first indication of the success of the proposed
configuration if the vertical precision is improved. However, for a more realistic test, a standard baseline was also
deployed. In this case, a short, 1-m-long baseline was
chosen, because it was possible to have its reference 3D
coordinates known at submillimeter level and thus compare
the GPS positioning results with a very accurate external
reference.
The GPS receiver used was a multi-antenna geodetictype receiver that can process simultaneously phase
observations from one or more antennas. More specifically,
this work used the FPGA-based software-defined GNSS
receiver developed at the E´cole de Technologie Supe´rieure
of Montreal, Canada (Sauriol and Landry 2007; Fortin and
Landry 2009). The main advantage of this GNSS receiver
is its great flexibility, where the IF frequency, the type of
GNSS satellites and signals, among other characteristics,
can be easily changed by modifying the software with
remote and real-time access to any internal signals.
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Zero baseline positioning analysis
The setup for the zero baseline configuration is shown in
Fig. 3.
During a 10-h session, observations were recorded at
30-s intervals and an elevation mask angle of 15 was
applied. Only small temperature variations were observed
during this experiment since the 2-km-long fiber optic rolls
were inside a laboratory. Temperature fluctuations were
less than 4C. However, these small temperature changes
were enough to introduce changes in the hardware relative
delay of a few hundredths of cycle, i.e., a few millimeters.
The positioning solution was done with two approaches for
comparative purposes: the standard approach that corresponds to a standard single-difference solution with estimated relative hardware delay and 3D coordinates at every

epoch, thus without using the RDM device measurements,
and the proposed approach in which the RDM device
measurements are incorporated in the GPS data processing
and only the 3D coordinates are estimated at every epoch.
The results for both approaches are shown in Fig. 4. It is
important to note the improvement in the vertical component solution with the proposed approach compared with
the standard approach. As theoretically expected, the
VDOP is two to three times smaller, which in turn translates into a two to three times improvement in the rms
value of the vertical coordinate (Santerre and Beutler 1993;
Santerre and Geiger 1998). The rms values are calculated
with respect to the mean value. The rms value for the
vertical coordinate is 0.6 mm for the standard approach and
improves to 0.3 mm for the proposed approach, which
represents a factor 2 improvement (Table 1). The rms value
for the vertical coordinate then becomes similar to that of
the horizontal coordinates. All these results are in good
agreement with what was predicted in simulations by
Santerre and Beutler (1993). However, a careful analysis of
the graphics for the vertical component in the proposed
approach reveals a small shift of -0.2 mm from the zero
mean value in the zero baseline configuration. This
anomaly, which is not very significant in this case, may be
due to remaining uncalibrated biases in the RF front-ends.
Temperature variation analysis on zero baseline
In Fig. 5, the hardware propagation delays of the GPS
signal from the antenna to the receiver and of the relative
delay calibration signal are denoted by H1–H4 and by
Ha–Hc. Because the path followed by the GPS signal
(corresponding to the delays H1, H2 and H3) is not exactly
the same as the path followed by the 1.5-GHz calibration
signal (corresponding to the delays Ha, Hc, H2 and H4), not
every portion of the relative hardware delay is monitored.
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Fig. 8 Experimental setup for
short baseline test
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Particularly, the path between the antenna and the RF
front-end (H1) is not taken into account by the RDM
device. However, this is not a problem as long as this
unmodeled relative delay remains constant or, at least, does
not vary by more than 1 mm. However, temperature
changes may cause variations. To see the influence of
temperature changes on the unmonitored parts of the
architecture, an extreme temperature variation in one of the
remote station in the RF front-end was applied. The temperature was raised from 20C to 60C for a few minutes.
The effect is shown in Fig. 6, where one can see that the
change in temperature has an impact on the single difference of observations but is not monitored by the phase
comparator (the RDM device).
Using the standard approach, the temperature rise has no
effect on the positioning since it is absorbed by the estimated relative hardware delay parameter. However, for the
proposed approach, one can see that the temperature rise
has a direct impact on the vertical component since the
thermal effect was not taken into account by the RDM
device. Nevertheless, this effect is quite small, as the
maximum vertical shift is 2 mm (Fig. 6). If we consider
that the effect is only 2 mm for an extreme 40C temperature difference between the remote stations, the effect
becomes negligible for real applications where the temperature difference between the remote stations would not
be that extreme.
Short baseline positioning analysis
Even if zero baseline tests were conclusive, another proofof-concept has been done on a short baseline. For testing
purposes, a short, carefully leveled and oriented beam was
chosen. For this beam, as shown in Fig. 7, the length
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between the antennas is known with 0.1-mm uncertainty.
The main advantage of using this beam is that precise 3D
reference baseline components are available in order to
compare to the GPS positioning solution. The beam, which
has a mounted theodolite for beam orientation and knobs
for adjusting the rotation around the three axis plus two
bubble tubular levels, was adjusted so as to have the following 3D components: -152.5 mm North, 988.1 mm
East (999.7 mm horizontal) and 229 mm vertical, all with
maximal 0.3-mm uncertainty. The 229-mm height difference between the antennas is due to the presence of an
elevating column that will be used to add controlled vertical displacement of one of the antennas.
Figure 8 presents the experimental setup for the short
baseline test using the calibrated beam.
Similar to the zero baseline case, the standard was
compared with the proposed approach. Four sessions were
analyzed: one 12-h session and one 14-h session using
observations taken at 30-s intervals, with no movements on
the antennas; one 6-h session and one 16-h session using
observations taken at 3-s intervals with vertical movement
of one of the antennas. Graphical results for two of the
sessions are shown in Figs. 9 and 10. The figures of
the other tests are reported in Macias-Valadez (2011). The
summary of all results is presented in Table 2 at the end of
this section.
By comparing the standard and the proposed approaches, one can observe that there is a significant
improvement in the rms value, with respect to the mean,
of the vertical coordinate when using the proposed
approach. The rms value improves almost by a factor of
three: from 11.1 to 4.1 mm in the first session and from
8.8 to 4.1 mm in the second session. The rms value of the
vertical component is then of the same magnitude as the
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Fig. 9 Comparison of
positioning results using the
standard and the proposed
approach (case with no antenna
movement, session 149A)
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rms value of the horizontal components. The improvement in the vertical positioning by using the proposed
approach is also evident when looking at the DOP factors.
Indeed, in all cases, the VDOP decreased from an average
of around 2 to less than 1. As mentioned earlier, this
improvement is in agreement with the expected confidence ellipsoids that were simulated in Santerre and
Beutler (1993).
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If we closely analyze the mean values of the vertical
positioning, one can observe that there is a small offset in
the vertical coordinate for the proposed solution. This bias
is closely linked with the relative hardware delay measurement as any small deviation or error in the relative
hardware delay measurement has a direct impact on the
vertical positioning. As stated by Santerre and Beutler
(1993), any 1-mm error in the relative delay measurement
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Fig. 10 Comparison of
positioning results using the
standard and the proposed
approach (case with controlled
vertical movement, session
148R)
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translates into 1.4-mm bias in the vertical position for midlatitude site and a 158 elevation mask angle. Thus, it can be
concluded that there is still an unmodeled hardware delay
that is changing and affecting the vertical positioning. This
unmodeled hardware delay was in this case the delay
between the antenna and the remote station, because the
current prototype is not weather-proof the antenna and the
remote station had to be separated by 15 m of coaxial
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cables, so that the remote station could be installed inside
the building. Indeed, the RG-58 coaxial cable used has a
thermal coefficient of around 175 ppm/C, so that 15 m of
cable experiences a length change of 2.6 mm/C. Then, if a
temperature gradient of just 1C between the cables was
observed, the relative hardware delay increases or decreases by 2.6 mm, which then translates into an additional bias
in the vertical coordinate of more than 3 mm. This
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Fig. 11 Proposed approach without estimating (left) or with estimation of (right) a tropospheric parameter in the positioning solution (session
149A)

temperature gradient could easily appear if one of the
cables is more affected by the sun than the other one.
However, by using shorter coaxial cables between the
antennas and the remote stations (less than 1 m), which is
the case for the next version of the prototype, the error
should be kept under 1 mm. For the proposed approach, the
system was also tested by processing the data with the
estimation of an additional tropospheric parameter. If this
parameter is estimated, it was shown in Santerre and
Beutler (1993) that the vertical coordinate is less sensitive
to variations in the relative hardware delay when compared
with the previous case, that is, without the tropospheric
parameter estimation. In other terms, the effect of 1-mm
bias in the relative hardware delay translates to a 0.9-mm

bias (instead of 1.4 mm) in the vertical component (for
mid-latitude sites and elevation mask angle greater than
10). The results are shown in Fig. 11.
In Fig. 11, one can observe that when a tropospheric
parameter is estimated for each hour, the drift effect due to
the unmodeled hardware delay is significantly reduced.
However, even if the estimation of the tropospheric delay
helped in reducing the bias in the vertical component, one
has to keep in mind that one should focus on avoiding this
bias by minimizing the coaxial cable length between the
antennas and the remote stations. Once this issue is solved,
the decision of whether to estimate a tropospheric parameter or not should be taken considering other factors such
as height difference between stations.
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Table 2 Summary of the positioning results for all tests performed on the short baseline
Session

Baseline 3D
components

Standard solution
Average/rms value
(average minus ‘‘true’’ value)

148A

Vertical
North

149A

229.8/11.1 (0.8)

229.9/4.4 (0.9)

229.4/3.6 (0.4)
-152.9/6.3 (-0.9)

-152.8/6.8 (-0.8)

-153.4/6.1 (-1.4)

987.2/4.5 (-0.8)

987.3/4.2 (-0.7)

987.1/4.1 (-0.9)

Vertical

230.5/9.2 (1.5)

232.7/3.2 (3.7)

230.5/2.7 (1.5)

-152.3/4.9 (-0.3)

-152.5/4.6 (-0.5)

-152.3/4.6 (-0.3)

987.2/3.6 (-0.8)

987.1/3.5 (-0.9)

987.1/3.6 (-0.9)

North
Vertical

227.1/4.1 (-1.9)

228.5/3.7 (-0.5)

-153.2/4.2 (-1.2)

-153.1/4.3 (-1.1)

-153.3/4.3 (-1.3)

East

985.8/3.5 (-2.2)

985.3/3.4 (-2.7)

985.3/3.4 (-2.7)

Vertical

288.7/17.4 (-0.3)

286.6/4.9 (-2.4)

287.6/5.0 (-1.4)

-153.9/10.4 (-1.9)

-154.1/9.2 (-2.1)

-153.6/9.1 (-1.6)

986.8/6.0 (-1.2)

986.8/6.1 (-1.2)

North
150A

Proposed solution
(with tropospheric parameter estimation)
Average/rms value
(average minus ‘‘true’’ value)

East

East
148R

Proposed solution
(without tropospheric parameter estimation)
Average/rms value
(average minus ‘‘true’’ value)

North
East

229.4/8.8 (0.4)

986.6/6.5 (-1.4)

Bold values indicate improvement in the vertical component
All units are in mm
Reference 3D components of the baseline: -152 North, 988 East, 229 Vertical (289 Vertical for session 150A)

Conclusions and future work
The improvement of the vertical precision using a multiantenna configuration and relative hardware calibration
was predicted through analysis and simulations in Santerre
and Beutler (1993) but no practical implementation had
been done until now. Even if commercial multi-antenna
receivers and GPS-over-fiber exist, several difficulties
would arise when trying to combine these with a highprecision real-time relative hardware delay calibration
system. The major innovation of the proposed architecture
is the successful combination of this real-time calibration
system with a GPS-over-fiber multi-antenna architecture,
which is currently patent pending (Macias-Valadez et al.
2010). The results presented here with a zero and a short
baseline configurations show that the vertical precision
improves, so that it becomes comparable to the horizontal
precision, which is a promising result for precision monitoring applications.
For the optical link, commercial off-the-shelf components were chosen, taking great care to adopt a low-cost
solution. It was shown that a directly modulated DFB laser
provides a good-quality local oscillator for length monitoring of the fiber optic cables and GPS signal downconversion. Furthermore, direct modulation of semiconductor
optical amplifier was used to perform the electro-optic
conversion of the GPS signal. Nonetheless, much work
remains to be done in several aspects of the project. First,
all system should be rebuilt with better electronic integration, miniaturization, portability, rugged-construction
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and the option to use more than two antennas. This would
allow conducting much needed tests of the remote outdoor
stations on real engineering structures and studying the
long-term behavior of the complete architecture. Second,
additional filtering and smoothing techniques could be used
to remove remaining multipath effects and noise. Finally,
software engineering should be done in order to enable
real-time processing with an interface designed for the endusers.
Besides monitoring of engineering structures and terrain
deformations, other applications where this technology
could be used are as follows: (1) time transfer applications,
where it would allow removing the unwanted effects of
cable (fiber) relative (time) delay variations due to temperature changes, and (2) attitude measurements, where it
would allow the precision of the roll and pitch angles to be
as good as the yaw angle, especially for large separation
between the antennas.
The actual results shown are very encouraging and, as
the needs for high-precision, autonomous, real-time monitoring of engineering structures increase, many end-users
could benefit from this technology.
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