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SUMMARY

A newly developed GNSS (Global Navigation Satell@gstem) carrier phase ambiguity
resolution method to determine the full attitudel atynamic draught of ships is analysed.
GNSS receivers placed onboard a ship can provittedizsolute vertical motions relative to a
fixed vertical reference on earth, to be used @migination with nautical chart datum) to
estimate the UKC (Under-Keel Clearance), and rgdabaseline measurements which are
employed to estimate the attitude of the ship.

The advantage of the GNSS-RTK (Real Time Kinemasio)ution compared to other
techniques (e.g. Inertial sensors) is that it iftldss and, if carrier phase observations are
used, still of high accuracy. The difficulties cfimg such method lie mostly in the ambiguity
nature of the phase observations: in order to feMploit their higher precision compared to
the code measurements, the ambiguities must bedsolo apply the RTK technique for the
application of this study, it is necessary to solee the ambiguities in the shortest time
possible, ideally on a single-epoch base; theredoke needs a reliable ambiguity resolution
algorithm. The algorithm we make use of in this tabation is an extension of the well-
known LAMBDA (Least-squares AMBIguity DecorrelatioAdjustment) method, that is
currently the standard method for solving uncoms&h GNSS ambiguity resolution
problems. Its modification, the so-called ConstdinLAMBDA method, rigorously
incorporates into the integer estimation process rtnlinear constraints as given by the
known GNSS antennas geometry configuration. Thenradvantage of the method is that it
avoids the use of multiple high grade antennasirere to be placed onboard the ship to
estimate its attitude and UKC, providing a reliabkeseline solution on an epoch by epoch
base. The method is extensively tested on dataated onboard large ships sailing into the
harbour of Hong Kong, and a performance comparissiween the classical RTK approach
and the new method is given.
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1. INTRODUCTION

In this contribution a newly developed GNSS (Globivigation Satellite System) carrier
phase ambiguity resolution method to determinduheattitude and dynamic draught of ships
is tested. GNSS receivers placed onboard a shipande both absolute vertical motions
relative to a fixed vertical reference on earthp&oused (in combination with nautical chart
datum) to estimate the UKC (Under-Keel Clearanee) relative baseline measurements
which are used to estimate the attitude of the. ship

GNSS-aided sinkage and attitude estimation havae healyzed and tested in [1-2]. Carrier-
phase measurements collected from three geodetdilitygdual-frequency receivers placed
onboard were used to provide three sets of absotdedinates with the aid of a reference
station on land, as a classical RTK (Real Timeelatic) configuration. The advantage of
the GNSS-RTK compared to other techniques (e.gtifthgensors) is that it is driftless and, if
carrier phase observations are used, still of fagburacy. The difficulties of using such
method lie mostly in the ambiguity nature of thegd observations: in order to fully exploit
their higher precision compared to the code measemés, the ambiguities must be solved.
To apply the RTK technique for the application leiststudy, it is necessary to solve for the
ambiguities in the shortest time possible, ideafiya single-epoch base; therefore one needs a
reliable ambiguity resolution algorithm. The algbm tested in this contribution is an
extension of the well-known LAMBDA (Least-squaresMBiguity Decorrelation
Adjustment) method [3], which is currently the stard method for solving unconstrained
GNSS ambiguity resolution problems [4-8]. Its mauifion, the so-called Constrained
LAMBDA method [9-15], rigorously incorporates intthe integer estimation process the
nonlinear constraints as given by the known GNSt&raras geometry configuration. The
main advantage of the method is that it avoids tlee of multiple high grade
antennas/receivers to be placed onboard the sk@gtitmate its attitude and UKC, providing a
reliable baseline solution on an epoch by epocle.bése method does not use the a-priori
information to validate the baseline solution. &ast, it embeds the geometrical constraint in
the ambiguity resolution algorithm, thus directigling the fixing process. The method is
extensively tested on data collected onboard latgps sailing into the harbour of Hong
Kong, and a performance comparison between thesiclEdsRTK approach and the new
method is given.

2. GNSS-BASED ATTITUDE DETERMINATION AND UKC ESTIMATIO N
To estimate a ship’s attitude and the sinkageeudfit sensors can be employed. A common

solution is the use of inertial units coupled wsthhars or other sensing devices to detect the
distance from the seabed. This system presents disia@vantages, such as a time-dependent
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error due to the drift of the inertial systems. TBRSS technology overcomes this problem,
since it is driftless and it only relies on extdrimformation, namely the GNSS signals. The
absolute precise position of the ship is estimatedling use of a classical RTK configuration.
A receiver (or more, forming a network) placed imhor at the berth is taken as a reference
station, and one or more receivers - at least taresecessary to extract orientation angles -
are placed onboard the ship. GNSS baseline progcebgtween the antenna on the ground
and the different antennas onboard provide theivelposition of different points on the ship
with respect to the ground station. If the absopdsition of the latter is known, the precise
absolute coordinates of the antennas on the seimade available.

In order to have high-precision products, the GN&8ier phase measurements are usually
employed, which guarantee accuracies up to cm-leRvkase observations are, however,
affected by integer ambiguities: only the fractibpart of the phase of the incoming GNSS
signal can be measured. The process of resolvi@uitibiguities as integers is non-trivial if
one aims to a fast and reliable solution. Idedhy, positioning products should be available
on a single-epoch base, hence the ambiguities dghieutesolved with a single epoch of data.
To increase the probability of correct fixing, imaptice a multi-epoch processing is often
carried out, with the limitation that one needsdain amount of time to recover from cycle-
slips or losses of lock. Moreover, to enhance thwiguity resolution process, a certain
number of measurements from different GNSS fregesncan be used. A multi-frequency
approach also allows correcting for some atmosphemiors, such as ionospheric delays.
Multi-frequency receivers are, however, more expenand heavier than single-frequency
equipment.

Carrier phase GNSS-assisted UKC estimation was dsimrated to be a viable technique in
[1-2][16]. A set of three dual-frequency GPS antesireceivers installed onboard a ship
provides accurate baseline measurements with respec dual-frequency antenna/receiver
placed at the berth. The use of high-grade receigearantees good results. Here we present
a method to reduce the costs for applications wadrame of antennas is firmly mounted on
the ship, at known relative distances. Instead sifigithree high-grade receivers onboard,
only one is necessary in our method to extractteeline between the ship and the ground
reference. The other two (or more) antennas/receimeboard can be single-frequency, low-
cost receivers. A reliable ambiguity resolutionaishieved by a new ambiguity resolution
method which exploits the a-priori information onetbaseline lengths. Embedding the
geometrical constraint strengths the observatiodehand achieves fixing rates comparable
with those of unconstrained dual-frequency procegssi

The two different methods are illustrated in figuke where a classical 4-antennas RTK
configuration (on the left) is opposed to our loestsolution (right), where only half of the
high-grade receivers are used.

In the unconstrained approach, a standard ambigesplution algorithm based on the
popular LAMBDA method is applied, whereas the comised baselines are tackled with a
nontrivial modification of LAMBDA, the ConstrainddAMBDA (C-LAMBDA) method.

In the next section the two methods are reviewed.
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= Dual-frequiency receiver —* Unconstrained baselines
= Single-frequency receiver —— lLength-constrained baselines

Ground Station Ground Station

Figure 1 Scheme of a classical RTK approach (&fwith four dual-frequency antennas/receivers
compared to the low(er)-cost solution (right) wherghe number of dual-frequency equipment is halved.

2.1 The GNSS observables and functional model

The GNSS observables are the code and carrier phassurements collected at each
receiver. With the assumption that the precise labs@oordinates of the ground station are
available, only the relative distances betweenah&nnas on the ships and the reference
station have to be estimated. Thus, the differehet&ween the measurements taken at two
antennas are formed (Single Differences, SD). leamiore, to eliminate the remaining clock
errors we make use of the Double Differences (Didere the differences between SD from
two different satellites are built [17]. Thén DD observations collected continuously
tracking n+1 satellites on one or more frequencié § are modelled as

E(y) = Aa+ Bb ~ N¢n ™ 3
| b 2.1
D(Y)=Q, 2 @D

where E is the expectation operata, the unknown integer ambiguities abdthe unknown
real-valued baseline coordinates. We assume tleadittances between the antennas are
limited to a few kilometres, so that the atmospheaifects become neglectable after the
differencing operations [17]. Also, we consider tine following a maximum of two
frequencies.A and B are the design matrices that link the observabiés the unknowns.

A is the matrix of carrier wavelengths

0
o .. . 2 P
A= /1 if single-frequency ; A= if dual-frequenc (2.2)
1'n
/2|n

being /, the wavelength of theth frequency, whereaB is the matrix formed stacking the
matrices of unit line-of-sight vectoiG
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OO o

G
B= G if single-frequency ; B= if dual-frequenc (2.3)
G
The dispersion D) on the observed datg is described by the variance-covariance (v-c)

matrixQ,, .

Model (2.1) describes the classical unconstrainedet) where no geometrical constraints on
the baseline coordinatds are given and the only constraint considered esitteger nature

of the ambiguitiesal "'". For the baseline constrained configuration prefdds this work,
the a-priori knowledge on the baseline length isduto constraint the coordinates of the
baseline vectob
E(y) = Aa+ Bb R N e
() al M ob o C o |d (2.4)
D(y)=Q,

In the following section, the solution of both tbheconstrained and constrained models is
given.

2.2 Ambiguity Resolution methods

The models (2.1) and (2.4) are solved applyingltiteger Least-Squares (ILS) theory [18],
an extension of the least-squares principle fadmsystems where a subset of the unknowns
is integer-valued. The LAMBDA method is a fast amdiable implementation of the ILS
principle, while the C-LAMBDA method is a recenttersion of the classical LAMBDA
method. The C-LAMBDA method has been developedtakle baseline constrained
applications, such as GNSS-based attitude detetimina

2.2.1 The LAMBDA method
Three steps are involved in the solution of thdesys(2.1). First step is the derivation of the

float solution(é, 6), i.e., the least-squares solution derived disiiggrthe integer constraint.

The float solution is obtained solving the normgtem of linear(ized) equations
a
A EQlag da b Q. 25)
The precision of the float solutic(rﬁ, 6) is characterized by the v-c matrix

Qu Q; _ AQ'A AQ!B”
: = T yi 1 1 (26)
Q. Qp BQ,A BQB
Assuming the vector of ambiguities known, the solution of the system (2.1) would dive
conditional (ona) solution for b. Based on the expressions (2.5)-(2.6), the canwddti
baseline solution and its v-c matrix are
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b()=b- Q,Qi(= 3
Qsayica = Qib” Q. Q;

The least-squares principle applied to the systefr) 2ms to minimize the weighted squared

2.7)

norm of residuals|y- Aa Btﬂg , Where | ||(2g =() Q,; (). The sum-of-squares
decomposition based on the float solution readp [17
N A ~ 2
ly- Az B = ¥+ [ W+ |0 o) (2.8)

F(aba
where € is the vector of residuals. The right hand sideth&f equation shows that the
minimization involves the second term only, sinoe baseline term can always be made zero

by imposingb = B(a). Hence, the residuals are minimized through tHatisa of the ILS
problem
a- 4

a’ =argmin
~ Nen Qaa

(2.9)

The integer vectora” minimizes the distance with respect to the floglitson &, in the
metric of Q,, . The search for the integer minimizal’ is efficiently performed via the
LAMBDA method. The integer vector is searched iesid certain set of admissible
candidates (the search space), which is extensasghored until the minimizer of (2.9) is
extracted. The search is made fast via a decdoelaf the matrixQ,;, that smoothes the
spectrum of admissible integer candidates [17].

The fixed vector of integer ambiguities gives the fixed baseline vectbl = 6( a’).

2.2.2 The C-LAMBDA method

The solution of the baseline constrained model)(@4uires a non-trivial modification of the
approach described in the previous section, althdlig solution follows the same conceptual
steps of the classical LAMBDA method.

The float solution is firstly derived, following agtions (2.5)-(2.7). The sum-of-squares
decomposition (2.8) shows that for the baselinesttamed case it is not possible to make the

last term on the right hand side equal to zero, thug¢he nonlinear constrairf]|=1.
Therefore the minimization problem is formulated as

a® =arg min |a- %1|;+ Hb(a} Ab(aii
a N aa b(a)b( a)
o (2.10)
with  b(a)=arg ming- b(aj
bl 30k | ayba)

The search for the integer minimiza¥ is now complicated by the tight coupling betwees th
terms of (2.10). The sought-for vectaf weighs both the distance to the ambiguity float
solution (weighted byQ.,) and the distance between the adjusted floatisallii(a) and the

sphere of radiu$ (weighted byQIS(a)E)(a))' The evaluation of the cost function (2.10) regsli
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a longer computational time than the unconstraicase (2.9), and a direct search-based
method such as LAMBDA turns out to be inefficient.

The C-LAMBDA method has been designed to efficiestlve for the problem (2.10). After

a decorrelation of the set of admissible candidatdsch has different shape and size
compared to the unconstrained case, the searclade faster via the introduction of novel
search techniques as tBearch and Shrinkpproach [14-15][19] or thExpansionapproach
[11] [20]. These search algorithms adaptively adihe size of the search space shrinking or
expanding the set of candidates as the searchaquecBoth techniques have been proved to
work efficiently, with computational efficiency cqrarable to the one of the LAMBDA
method.

The advantage of the C-LAMBDA method lies in thgjonatrength of the functional model.
The baseline coordinates are constrained by thevledge of the distance between the
antennas. Embedding this information in the amlyguesolution process enormously
benefits the search for the correct integer ambyguector. This allows to down-grade the
GNSS equipment requirement in case of a statidgartion of antennas, such as the case of
antennas firmly installed on moving platforms.

3. TEST RESULTS

In 2005 the Centre for Marine Science and Techngl@yrtin University of Technology,
performed a series of tests on the account of thregHKong Marine Department. A detailed
study of the sinkage and dynamic draft of contahgs entering and leaving Kwai Chung,
the busiest container port in the world, was penfed. Full-scale trials were carried out on
some of the largest containerships, ranging inalimgth from 294 m to 352 m, in order to
accurately measure sinkage, trim and roll [2][18]le here compare some of the results
obtained by using the four dual-frequency receivensfiguration with results based on our
proposed configuration of two dual-frequency reeesv(one on ground and one onboard the
ship) plus two single-frequency receivers onbobhedghip.

3.1 Description of the experiments
Five different containerships were involved in fiedd test, entering or leaving the harbour of
Hong Kong.

Table 1 Basic information about the ships involed in the experiment

Ship Length [m] Transit direction Dis[,tp:)I ﬁﬁzgent -[i?nsé d(ag?vﬂ_r;d

Anna Maersk 352 Outbound 96600 22-:;/1212(())2:510

Katrine Maersk 318 Inbound 107200 08%1;/3%02518

Maersk Dortmund 294 Inbound 55000 005:?32;238?:46

Sally Maersk 347 Outbound 111300 018:221/2382:27

Sofie Maersk 347 Outbound 110200 057:/324{2+082:36
Coordinates reference statioN: 22° ; E 114°
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A ground station was setup at the berth (Trimbl@(ezceiver connected to a Trimble Zephyr
antenna). Three other receivers/antennas (of saarmufacturer and type) were installed
onboard, one at the bow, two on the bridge (onm#etand one at starboard side).

el T

6 ‘ ‘ ‘ . Anna Maersk
»n 0 1000 2000 3000 4000 5000 6000
a’ T T T T
=gl [ ﬂ‘l I" ]
L
8 6 : ‘ \ . atrine Maersk|
Ee] 1000 2000 3000 4000 5000 6000
g 8 T T T T T ]
o
g 6 l . ‘ i ‘ W Maer‘sk DortmundH
“6 0 1000 2000 3000 4000 5000 6000
L I . . . :
ge " :
QO
g 6 Sally Maersk -

1 L Il 1 L

Z 0 1000 2000 3000 4000 5000 6000

agm—lﬂm‘vmﬂwr!—n—ﬁ L i

6 ‘ ‘ ‘ | Sofie Maersk]

0 1000 2000 3000 4000 5000 6000

Epochs

Figure 2 Trajectory of the 5 ships used for théests in the Hong Kong harbor (left) and number of
tracked satellites by all the antennas onboard foeach test (right).

Table 1 reports some information about the differgnips involved in the experiment. The
number of (common) tracked satellites from all éiméennas for each test was for most part of
the trials seven or eight, with few excursions itterand few drops to six and five, see figure
2, right. For each ship we computed the preciselates positioning as well as its attitude
(Heading, Roll and Pitch). The estimation of pasitiand attitude, together with the area
bathymetry, provide the information needed to estextihe UKC of the ship.

3.2 Precise GNSS-based absolute positioning of the ship
The absolute positions are computed resolving thigiguities and baseline coordinates from

Figure 3 Precise trajectory of the five ships thin the cking area. Absolute positions are reseéd
within 0.1 decimeter error.
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one of the antennas on the ship and the referemtiers First, we processed the baseline
between the ground station and the antenna placeée dow. The data collected have been
resolved with the TGO (Trimble Geomatic Office) teadre. Figure 3 shows the trajectories
of the five ships in the docking area. The diffén@@noeuvres can be easily recognised.

The absolute position of the ship is needed totéotiae ship’s hull in the harbour, as well as
its distance with respect different features of Heabed so to keep the UKC constantly
monitored.

3.3 GNSS-based attitude determination of the ships

The ship’s attitude is extracted resolving the bhase between the antennas onboard. This
can be carried out differencing the baselines forrhetween the ground station and the
antennas on the ship or directly resolving the lozes® between the antennas onboard. The
latter approach is tackled making use of the C-LAMBmMethod.

The first approach was initially analysed, with #é dual-frequency receivers and antennas
employed to determine the relative positions ofahennas and the attitude of the ship. The
whole amount of data was processed via the TGQvaodt which solves for the ambiguities
on a multi-epoch base, working on all the acquifedjuencies (GPS L1 and L2 in this
experiment). This approach has been compared withpmposed method, where only the
single-frequency observations (GPS L1) collectexnfthe three antennas on the ship have
been used.

To illustrate the feasibility of real-time monitog of ship sinkage and attitude, we looked -
for the second case - into the single-epoch pedaom, which represents the most
challenging scenario. The ambiguity resolution sagkace at each epoch independently from
the previous epochs of data. This allows a totdegendence from changes of satellites
configuration, losses of lock, carrier phase cwiiles and other time-dependent effects.

Table 2 Single-frequency, single-epoch succesde for the three baselines formed by the antennam the
ship: one at the Bow, two on the bridge, Port sidand Starboard (Stbd) side.

. Single-frequency, single-epoch

Ship Receivers Baseline length unai%ed ((gPS-OI’)IIW) sgccegs rate

[m] LAMBDA [%] | C-LAMBDA [%]
Anna Maersk Port-Bow 253.65 14.5 55.3
(outbound) Stbd-Bow 249.48 35.2 78.9
Port-Sthd 36.565 26.1 68.6
Katrine Maersk Port-Bow 213.91 16.4 76.4
(inbound) Stbd-Bow 213.86 16.8 75.7
Port-Sthd 42.515 38.5 93.4
Maersk Dortmund Port-Bow 223.51 14.1 61.5
(inbound) Stbd-Bow 223.53 17.6 75.6
Port-Sthd 30.27 12.1 69.8
Sally Maersk Port-Bow 242.23 19.9 80.5
(outbound) Stbd-Bow 242.22 16.9 71.6
Port-Sthd 36.09 32.6 89.5
Sofie Maersk Port-Bow 242.21 27.6 77.4
(outbound) Stbd-Bow 242.17 29.9 77.2
Port-Sthd 36.22 47.2 82.9
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Below: estimation of the roll angle by
TGO and C-LAMBDA show a good
match.

Above: parts of the data collected
on Anna and Sofie Maersk are
severely affected by high noise
and multipath. This affected the
processing, leading to a wrong
integer fixing and therefore
introducing a bias in the
estimated attitude angles.

Figure 4 Time series of the attitude angles (Heading, Rollral Pitch) computed with the classic:
RTK approach using theTGO software (multi-epoch/du&frequency) or applying the CLAMBDA
method (single-epoch/single-frequency) to the basats formed by the onboard antennas.
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Table 2 reports the single-frequency, single-epsabcess rates (i.e., the ratio of epochs
where the ambiguities have been correctly fixed) dach of the baselines between the
onboard antennas. All the baselines formed by fineet antennas on the ship have been
processed with the LAMBDA and C-LAMBDA methods,dompare the performance.

The improvement in fixing rate is rather large &rthe cases, showing that the inclusion of
the baseline length as a constraint in the ambjg@solution process leads to a striking
improvement in the capacity of resolving the carsst of carrier phase ambiguities.

The correct set of integer ambiguities provides ghecise baseline coordinates vector. The
full attitude of the ship can be easily extractexhf the vector observations [14].

Figure 4 shows the three attitude angles for eaght $ieading (with respect to the North
direction), Roll and Pitch. The angles have beeiveeé with the two approaches described
earlier: the first one using the TGO software, $beond one using the C-LAMBDA method.
The performances of the C-LAMBDA method match the of the TGO software, with small
deviations between the different estimations. T&btpves the mean and standard deviations
of the differences between the angle estimatioosiged by the two methods. Only the three
tests where the TGO could resolve the ambiguibeshfe whole data set have been derived.
The differences are mostly contained within 0.0grde (1 ), with the exception of the roll
angle in the Maersk Dortmund test.

It can be observed that the TGO software providesesincorrect solutions for the first and
the last data sets (Anna Maersk and Sofie Maetisis)is probably due to the proximity of the
ship to the berth, which causes strong multipate tuthe presence of numerous metallic
structures. The C-LAMBDA method, instead, providles correct solution for most part of
the trials, making available precise attitude eations on an epoch by epoch base. It is less
sensitive to higher noise levels and multipath tlu¢he higher strength of the underlying
model, as given by the inclusion of the geometrooaistraints.

It is stressed that the results of the C-LAMBDA hwoat are based on a single-epoch of data,
to determine whether the algorithm can provide aewb solution within one epoch. The
inclusion of few more epochs (often only two orethly would be sufficient to achieve close to
100% success rate [21].

Table 3 Mean and standard deviations of the diffrences between the attitude angles provided by TGO
and C-LAMBDA processing. Only the three tests wherd GO could resolve the ambiguities are given.

Ship Heading Roll Pitch

Katrine Maersk Mean [deg] 0.004 0.001 0.001
(inbound) Std dev [deg] 0.076 0.040 0.055
Maersk Dortmund | Mean [deg] 0.005 0.004 0.0004
(inbound) Std dev [deg] 0.079 0.221 0.023
Sally Maersk Mean [ded] 0.001 0.012 0.001
(outbound) Std dev [deg] 0.064 0.036 0.047
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Figure 5 Geodetic height (with respect to theandard ellipsoid WGS84) for the three
antennas (Port, Starboard and Bow) on each ship

3.4 Ship UKC estimation

For large ships in shallow water, under-keel cleega(UKC) must be accurately predicted
and allowed for, to avoid ship grounding. Partteé difficulty in achieving this is that ships
tend to “squat”, or sink lower in the water as thepeed increases. This effect varies from
ship to ship, so extensive research has gone mieldping squat allowances for each ship
and speed (see [22] for an overview). Heeling efghip due to turning or wind, and wave-
induced ship motions, all act to change the UK@, st be understood and allowed for.

In order to validate squat prediction methods, GN@&S previously been used to measure
ships’ vertical elevation changes relative to thadisturbed water level [2,16]. Such
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validations are an integral part of developing $quradiction formulae, which are then used
to plan safe transits through shallow areas. The&CU¥ generally predicted by combining
charted bathymetry, measured or predicted tideht®igand pre-determined allowances for
squat, heel and wave-induced motions.

A proposed new application of GNSS to shippingdaltime monitoring and short-term
prediction of UKC [1]. This idea makes use of thHes@ute nature of GNSS elevation
measurements. By accurately measuring the posibbrise shipboard receivers relative to
the ship’s frame of reference, the absolute posstiof the keel extremities can be found, and
compared to the charted local bathymetry to det@eKC. This method bypasses the need
for tide height estimation in the calculation of OKAs discussed in [1], this method is also
preferable to the use of depth sounders for asgp&H#KC of merchant ships, as it promises
higher accuracy, gives a complete breakdown offéotors affecting UKC, and allows
prediction of UKC over the upcoming bathymetry, g@mt warnings can be given of
impending grounding risk.

Figure 5 shows the time series of the geodetichi@gtimation for the three antennas on each
ship. The geodetic height changes of each antereniaftuenced by the vertical movement of
the ship’s centre of gravity (primarily due to thguat effect with increasing speed) as well as
the roll and pitch changes shown in Figure 4.

By using the fixed antenna positions relative te #hip’s frame of reference, antenna
geodetic heights such as in Figure 5 can be usel@termine the keel geodetic heights and
hence clearance from the seabed.

4. CONCLUSIONS

This contribution reports field-test results of ewly developed method for GNSS carrier
phase ambiguity resolution. The process of resgltire ambiguities inherent to the GNSS
phase observables is the key towards very pregséo(cm-level) positioning products. The
LAMBDA method is an optimal algorithm to resolveetinteger ambiguities, and it is widely
used for its computational efficiency. The algamthas been extended with the C-LAMBDA
method to tackle those configurations where thatiked distances between the antennas are
known. This is the case of frames of antennas yirmbunted onboard moving platforms for
attitude determination purposes. The a-priori infation is embedded into the ambiguity
resolution process, via a modification of the chstction to be minimized by the search
algorithm. The strengthening of the observation ehadflects into an improved capacity of
fixing the correct set of integer ambiguities, bnepared to the classical unconstrained
algorithms. This allows the user to match the peronce usually obtainable only with dual-
frequency equipment by using only single-frequereneivers/antennas.

The application subject of this paper is the edimneaof ship’s attitude and UKC (Under Keel
Clearance). To estimate the distance betweenpésdhill and the seabed, it is necessary to
first resolve for the absolute position of one pain the ship, in order to locate the ship on a
nautical chart datum. Then, the attitude of thg shinecessary to detect the deepest point of
the hull and avoid collisions with any of the sedleatures.

The method presented in this work makes use of bmbty dual-frequency receivers (one
onboard, one onshore) to precisely estimate th@ssposition. Then, a set of two or more
single-frequency receivers/antennas onboard isinegjio estimate the hull’s attitude. The
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use of lower grade equipment is compensated bkiter strength of the functional model if

the set of geometrical constraints posed on thelipas are embedded into the ambiguity
resolution algorithm.

Test results showed that the C-LAMBDA method masctiee performance obtainable with
classical RTK multi-frequency configurations, aliog a fast, reliable and precise estimation
of the ship’s attitude with reduced costs.

Numerous maritime applications could benefit frame &lgorithm described in this work,

ranging from the automatic port navigation to pseailocking assistance.
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