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SUMMARY

In many civil and military systems direction findinvith high accuracy is of top importance.
The resolution of Attitude Determination (AD) cae performed by using Global Navigation
Satellite System such as GPS. The concept of dgtitletermination by GPS is to initially
calculate the baseline between the receiving aatenoy differential positioning, and then,
calculate the attitude parameters. In order toeaghprecise attitude determination one can
use GPS carrier phase observations with correefiglved integer cycle ambiguities. Solving
the integer number and the attitude parametersris glia Least Squares Adjustment.

When data collected by single frequency receiver jnitializing of the attitude determination
system takes up to 10 minutes with correctly remslinteger ambiguity. This research
examines the influence of additional frequency daexd to L1 and its impact on duration of
initialization time and precision of the solutidm. this article we illustrate that the use of a
dual-frequency receiver significantly cuts back the time required to find a solution, yet
makes no dramatic contribution to the accurachefsblution.

The speed of the IA solution depends on changdkdrreceiver-satellite geometry; so we
implement an antenna rotation algorithm, in ordesgeed up the geometrical change. Results
indicate that the use of rotation technique shartibie initialization process when gathering
data from a single-frequency receiver; and hasuoh ®£ffect when collecting data from a
dual-frequency receiver.
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Attitude Deter mination by Means of Dual Frequencies GPS Receiver

Vadim ROKHLILN and Gilad EVEN-TZUR, Israel

1. INTRODUCTION

Attitude determination in air, sea or land with higccuracy and high reliability has always
been a technological and engineering challengeacidan finding information is required
nowadays by many civilian systems like car nava@atsystems and military systems as
unmanned aircrafts system. Some instruments sualtasipass or a gyroscope are useful yet
inherently limited. A magnetic compass determinigsation relative to the magnetic north
and not to the true north. It cannot be used inmaagally induced areas. A Gyroscope
accumulates errors due to drifts, thus, requiriegagalic recalibrations.

GPS allows for additional ways of Attitude Deteration (AD). It operates 24 hour a day
and is not prone to any of the mentioned limitagion

1.1 Integer ambiguity solution

The accuracy of position, speed and direction bys Géceiver depends on the quality of
several important variables such as the qualitthefpseudo range measurements, the carrier
phase measurements, and the accuracy of the GEBtesaphemeris. Accurate direction
finding requires measuring the transmitted wavespbaand not just the pseudo range (PR).
Many methods were designed to handle the issubadgomeasurements, and solving for the
Integer Ambiguity(IA). Many IA algorithms employ "On-The-Fly" (OTRgchniques, such
as the Ambiguity Function Method (AFM) (Remondi, 849, Least Squares Ambiguity
Search Technique (LSAST) (Hatch, 1990), Fast AmbrgResolution Approach (FARA)
(Frei and Beutler, 1990), and Least-Square AmbygDecorrelation Adjustment (LAMBDA)
(Teunissen, 1994). AFM technique uses only theinteger part of the phase measurement,
and therefore the integer part is not affected ywtecslips. However, it requires increased
measurement in order to receive an accurate solutio

The implemented techniques are performed in thtages: A float solution; evaluation of
integer values by a search method; and a finakdibution. All these methods use of the
variance-covariance matrix, obtained during thatfolution stage. The methods differ in the
ways the IA values are evaluated.

There are many applications which require an ateuesl-time solution using kinematic or
position differences methods. Therefore integer igoities must be solved in the shortest
time. The objective is to obtain correct integeluea within a few seconds. As long as the IA
values have not been solved, one cannot obtainramcwf position up to the level of
centimeters. The conditions under which IA values e solved depend not only on
sophisticated calculation methods, but mostly oysmal system parameters such as distance
between antennas, number of visible satellitestipath errors, and other errors which could
not necessarily be modeled. These factors havenpact on the quality and accuracy of the
measurements.
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1.2 Attitude Deter mination

The basic principle of attitude determination (ADYy GPS is based on interferometry
methods, using at least two antennas. The GPSI| sigy@agates at the speed of light, arriving
to the antenna closest to the satellite, earli@n ihto other antennas. By calculating the phase
differences between pairs of antennas, using sesatellites and three or more antennas, the
relative distance between the antennas can benuat#i. The same means can be used to
calculate Euler angles as well (attitude parametehs pitch and heading). Heading and pitch
can be determined using only two antennas (Kaglah 2006).

Therefore, calculating the attitude parametersiregdirst to calculate the vector between the
antennas using differential solution techniquesd amly then calculate the attitude
parameters. Calculating the vector can be donesbydo range or by phase measurements.
Accurate applications require using phase measursnaed solving 1A (Dai et.al, 2008).

We have developed a unigue and highly accurateisolfor attitude determination algorithm
based on single frequency receivers. This algoriilses two antennas that are fixed to a rigid
platform and located less than one meter apart. dlgerithm is based on two modes:
initialization and normal. During initialization rde GPS signals are received from a satellite,
then IA values have been solved and they are usedltulate the baseline vector and the
attitude parameters of the platform. During thenmalr mode the algorithm provides the
attitude parameters continuously for every epoch Kiwematic measurements. The
initialization process that solves the observaiguations and finds the integer ambiguity
takes more than 10 minutes. This time is too largdPS AD systems to operate as real-time
systems. The main purpose of the current researt¢b minimize initialization time up to
several minutes. For this reason, dual frequenc$ Gfeivers is used for a faster solution of
the initialization mode, and examination of twoguencies together and their combination on
the solution of the attitude parameters.

The calculation time of the integer number of thavelengths depends on geometrical
changes between the receiver and the satellit¢ignosi therefore this study implements the
antenna rotation technique (Tu et.al, 1996).

2. DIFFERENTIAL GPSSOLUTION

GPS observations contain mostly code and phase umesasnts. Compared to code
measurements, the main advantage of phase measuseisi@ low error level, usually less
than 1 mm with lower effect of multipath errors itle 1995). And so, phase measurements
are an important element of accurate attitude oetetion systems.

Phase equations for bath andL, frequencies can be modeled as:

CDik,Ll t)= /‘Ll WTLJLZ (t) = pik +c| dt; (t) -t (t) - lille +Tik +/‘L1 Nille _gik,Ll
CDik,L2 t)= ALZ WTLJLZ (t) = pik +c| dt; (t) —dt (t) - IilfLZ +Tik +/]L2Nik,L2 _gik,Lz

deLl,Lz(t) represents phase measurements between sakebitel receiven, on L; or L,

(1)

frequencies in meter,ol" represents the true distance between the satfidehe receiver. c
is the speed of lightdt (t) and dt“(t) are clock errors of the receiver and the satellite

respectively.li'le,L2 is the ionosphere delay in meter, éﬁlﬁis the troposphere delay in meter.
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A, Tepresents the phase wavelengtk represents the integer number of the

L/L,
. . Kk .. .
wavelengths fot; andL. frequencies respectively;, , represents additional noise errors

for each input, such as phasmter movements of the antenna, multipath effetéstronic
equipment errors, and other factor which couldbeimodeled.
Since the vector between antennas of attitude metation systems is very short, ionosphere
and troposphere errors are assumed to affect bo#ivers in a similar way (Teunissen 1998),
and can thus be canceled out (Leick, 1995).
Since the measurements in equation (1) are affdayedtmospheric and hardware errors
(receiver and satellite), one of the effective wayslecrease and eliminate their influence is
to calculate measurements differences. When twaivexs measure phase from same satellite
at the same time, satellite and receiver clockrere cancelled out, and satellite orbital errors
and atmospheric delays of the GPS signal are sgnity minimized (Hofmanmt al. 1997).
This process is known as double difference - DR){

OADY,, =0AQLL +ADAN, +0Ag!!] )

(AL, =08 +ATANL , +0AE @)
Although DACDi,;g,Ll,LZ values can be obtained via GPS receiver measutsrtien|A values

of phase measurements are still unknown. In o@éandle the DD measurements and solve
the IA values, two approaches are applied in thidys Both approaches include differential
measurements use dual frequency receivers witbsahan one meter short baseline. The first
approach is with static measurements. Using thisageh, we tested the effect of adding an
L, frequency to evaluate the solution time of theeowation equations, and found the
resulting integer ambiguity. When usiihg frequency, the minimal required measurement
time for initial solution, based on previous expents, was about 100 seconds. This time
was reduced to 40 seconds whHanand L, frequencies were used. . The second approach
makes use of the baseline rotation technique, wiiekvill be discussed later on.

Both methods, the baseline rotation method andtstegasurement, solve the vector and the
number of wavelengths, which at this stage areapdlnot integer numbers. The LAMBDA
algorithm is used in order to obtain integer val(lBsunissen 1998). This algorithm receives
non-integer ambiguities values and their cofactaatrm, and solves the minimization
problem according to the Least Squares Adjustment:

rg’ibn”y—AAa—Abb”éy ,a0z" bORP 3)

y is the measurement vectaryepresents the IA value vectod, is the coefficient matrix of

the 1A valuesp represents the baseline vector , aids the coefficient matrix of the baseline
vector.

3. LINEAR COMBINATION OF THE FREQUENCIES

GPS satellites transmit both andL, frequencies. A combination of these frequencias ca
contribute to a faster solution of the IA valuesndar combinations are mainly used to
minimize or tocancel out the influence of different factors suwh atmospheric delays.
Common combinations are wide lanky), narrow lane l(y) and lonosphere-freeL()
(Hofmannet al. 1997). Equation (4) presents the possible comibinaiin the DD equations

TS06G - Engineering Surveying, Machine Control &uidance, 5715 1/17
Vadim Rokhlin and Gilad Even-Tzur
Attitude determination by means of dual frequenG&sS receiver

FIG Working Week 2012
Knowing to manage the territory, protect the enwiment, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



of phase measurements fol and L, frequencies, when;aand a are the combination
coefficients:

DACDI,]AB[al,a:] =8 DDAq)IJAE[ L ta DDA(D”AE{ L3 (4)
Table 1 presents the wavelengths and coefficiemtsessary to create the frequencies
combination. Using the lonosphere-free combinasanificantly minimizes the effects of
lonosphere delays (Leick, 1995). Since this mettetdrns thea, = f ,/ f , parameter as a

non-integer number, it makes the calculation of Ithevalues as integers very hard. In this
study the length of the baseline between the tweraras is approximately one meter. Since
the wavelength of they combination (86 cm) is very close to the lengththa baseline, it
allows a faster convergence of the solution to dbeect IA values. The,, combination
significant drawback is its highest noise levehti®k to the original frequencies, which can
cause a noisy and inaccurate solution. Howevell, frembination has a shorter wavelength
(10.7 cm), which leads to a longer convergence)dwer noise levels when compared to the
L1 andL, frequencies, which ensure a more accurate solution

frequency | a; parameter | a, parameter | wavelength[cm] notes
L1 1 0 19.0 Original L; frequency
L2 0 1 24.4 Original L, frequency
Lc 1 fLoffia 48.4 lonosphere free
Lw 1 -1 86.2 Wide Lane
Ly 1 1 10.7 Narrow Lane

Table 1 — The most commonly used Linear Combinatishen working with the original;
andL, frequencies.

4. THE BASELINE ROTATION METHOD

The baseline rotation method is mainly used todaauicker geometrical change between
the satellites and the receivers and to shortersthgtion time for the integer ambiguity.
Assuming that at; receiverR; is connected to antendaand is located above station 1, and
receiverR; is connected to anteni@aand is located above station 2 (see left sidegofé 1).
The antennas are swapped between the statidpsasitenna A is switched to station 2 and
antennaB is switched to station 1(see right side of figije This antenna swap method is
equivalent to a 180° angle rotation of attitudeedatnation array of a rigid rod with two
antennas. Position | is defined as the antenngamaént before the swap, and position Il is

their alignment after it. (dxAB,dyAB,dzAB)I represents the vector between both antennas
before the rotation. The vector after the 180°tratais equivalent to the vector before the
rotation with a reversed si§tX,;, dy,g, 02,5 ), = (-MXug 2 Ay p, 02,5, -

First Position - | Second Position - |l
t1 t2

Rotation by180 deg

-
o—A\—o O— O
Antenna A Antenna B Antenna B Antenna A

Figure 1 — The rotation of the baseline at a 180ta
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The observation equations of the double differerafethe phase measurement before and
after the rotation for all 4 satellites at a singpeoch are:

ik jk
NAB,L1 NAB,Ll
il jl
d NAB,L1 d NAB,L1
XAB jm XAB jm
0 =y | +A | R A dy | A | e 5
ip! - A“l yAB A, Njk Tl - A“u yAB Aty Njk ( )
dz AB.L, dz AB,L,
AB /| ji AB /|| i
NAB,LZ NAB,L2
im jm
NAB,LZ NAB,L2
Vector | PP represents the double difference carrier phasesumeaents for positions |

iy

and Il. A, “is a coefficient matrix of the vector between tmeanas, before and after the
rotation andA, ~ represents a coefficient matrix of theandL. wavelengths. It is assumed

that there are no cycle slips between epochs duhagcalculations of the IA parameters,
keeping theAM coefficient matrix fixed before and after the anma rotation. Reducing the

observation equations (5) before and after thetiomtaallows the calculation of the vector
only due to the reduction of the IA parameters.
dX g
IE,ISZ,H 'li,?zJ :'(Aan +A.1I) dyAB (6)
dz,,

A 180° rotation is a special case of the baselmation. Figure 2 depicts the rotating of the
antenna array at a nd80° angle.

First Position - | Second Position - Il
tl t2
rotation by 6 deg Antenna A
Antenna A Antenna B

Antenna B
Figure 2 - Rotating the baseline at a non-180°ang|

@ is the rotation angle of the antenna arr@(ﬁ) represents a rotation matrix around the
axis.&(@) function is to rotate the vector in the local legeordinate frame (LLF) around

the vertical axis ap angle. That is why the vector values in LLF sysiamosition | can be
rotated into position Il by using the equation,

de de cosd - sird de
dn| =R, ()| dn| =| sind cos¥ 0| dn (7)
du du 0 0 1) du

1 | |
The vector in LLF coordinate system can be caledldtom the Cartesian system vector by

using theP matrix. Matrix P is rotation function of the geographical coordasap,A,h of

one of the edge points of the vectét {s an orthogonal matrix, meanirigi* = P).
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-sinA cosi 0
P=|-singcosl - si sinl cog (8)
cosg cosl cog sig Sip
The relation between the vector in position | i@atesian system, and that obtained in
position Il is:
T ~ _ ~
(dXAB dyAB dZAB)| = I:)I 1R(9)T PII (dXAB dyAB dZAB)|| (9)
By using equation (9) in equation (5), and subingcthe observation equations before and
after the rotation, only the vector can be caladawithout solving for the IA variables.
OX g
- T~
=1 =(A, ~ARR(O) R )| dye (10)
Az ),
Since we are interested not only in the vector abad in the IA values, we can calculate them
using equation (5), by inserting known vector valgsolved by equation (6) or (10)), and
solving only for the IA values. If we add the eqaas appearing in (5) (instead of subtraction
as we did before), we get equation (11), requigngimultaneous solution of the vector

components and the IA values. However, the quidaggrical change in position relative to
the satellite is expressed in equation (11).

T

Xy N2
i+ = (A, +APR(O) R )| dv | +2A[ N& (12)
dz,; ), N)T

5. RECURSIVE LEAST SQUARE ADJUSTMENT

One of the major of the research was to obtairsgefaorrect solution to the IA variables and
the baseline vector. When we use measurements G&8 receivers, there is always a
possibility of inaccurate solution while calculajirthe variables with small number of
measurements. Multipath errors or a poor geométlistribution of the satellites could affect
the solution. Thus, we may not always get correliteon with minimal measurements of 1A
variables and the baseline vector, as was discussgthpter 2. In such a case the algorithm
remains in the initialization mode and then it meds to recursive least square adjustment
method. The system continues to add measuremedtsawue IA variables and baseline
vector until the length of the calculated vectol wqual the given vector length. The given
length between the phase centers of the antenmasasured at the beginning of the process
in very accurately and is used as the basis forpesison. Once the difference between the
calculated length of the vector and the known lengtess than a threshold, the initialization
mode is complete and the algorithm advances todhmal mode.

The recursive least square method adds new measoierafter every new epoch. These
measurements are included into the least squang alith the previous solution, while taking
into account the cofactor matrix of the previoususon (Mikhail, 1976), achieving more
accurate value of variables.
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The solution after the addition of a new epatiof the vector and the IA values based on the
old solutiond_, is equal to:

d :di—l_Ni—l_lCI(I +C|Ni—1_1C|t)_1(Cldi—1_Li) (12)

[
N, is the cofactor matrix of the previous solutid. represents the coefficient matrix of
the variables, and,; represents the new DD measurements. The new oofaeitrix N,™* can

be calculated by adding new measurements overasie bf the old\,_,™ cofactor matrix like
so:

Nt = Ni_1-1(| —ct(1+eNel) e Ni_;l) (13)

After each epoch, the IA variables receive a ma®ueate float solution. At this stage the
LAMBDA algorithm is employed in order to calculatee integer values of the IA. Using the
updated IA values, the baseline vector is recaledla

6. CALCULATING THE ATTITUDE PARAMETERS

The attitude determination (AD) parameters represiem direction of a coordinate system
attached to platform relative to the Local Levehrife system (LLF) (Lu et.al, 1993). In AD
systems based on GPS measurements, the coordystgenan LLF is as follows: the axis
points upwards in the direction of the ellipsoid@mal, thee axis points towards ellipsoidal
east and the axis points to the north. Since three points @efrplane, a minimum of three
antennas define the Antenna Body Frame (ABF) coatdi system. The ABF origin is
selected to coincide with the phase center posiifoone of the antennas, predefined as the
master antenna and all other antennas are referras slaves. We assume the antennas are
fixed to a rigid platform, and their relative s@dtconfiguration is fixed. Positivg axis is
defined on the line from antenna 1 to antenna 2 xTaxis is orthogonal to thg axis and
positioned in a plane defined by antennas 1, 23aftez axis is orthogonal to bothandy,
pointing upwards. The LLF coordinate system canabg@sted to the ABF system by
combining three continuous rotations around thedhaxes of the Local Level coordinate
system. First rotation is aroundaxis, referred to as heading).(Second rotation is aroumd

axis, referred to as pitclp)( Third rotation is around axis, referred to as rolt) R(h, p,r)
is an orthogonal rotation matrix that rotates &G#ctor from the LLF syster(ﬁ,e,u)T to

the ABF system(xb,yb,zb)T. The rotation matrix R is equal 8, (r)[R (p)R,(h) when

R;, R, andR, are rotation matrixes relative to thee andu axes respectively.
b

X n
y> |=R(h,p,r)le (14)
z° u

The AD parameters can be found directly, or by gisiéast square attitude estimation
(LSAE). The direct approach is quick and simple asds only three antennas in order to
solve the AD parameters. When a system has morettitrae antennas, the calculation is
based on three antennas only. However, the LSAEoapp makes use of all available
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information during the calculation of the AD parders. The more antennas are factored in
the calculation, the more accurate and reliable¢lalts will be (Dai et.al, 2008).

6.1 Thedirect approach

Using the direct approach, the attitude parametansbe calculated using only a local level
coordinate system, with no prior knowledge of tlerdinates in the antenna body system
(Lu et.al, 1993).

Based on the ABF definitionf, represents a baseline between antennas 1 andl 2han

coordinates of antennas 2 and 3 in the ABF systmbe expressed as = (0,b,,,0)" and

121

b, :(Xsb’ y3b,0)T respectively. After assigning the coordinates déana 2 into equation 4L
in ABF system and rearranging the equation, we nedeive:

h= —tan‘l(ﬂ] :
Y2,
2

\ X22,| + y22]

We see that only two antennas (1 and 2) are regjuireorder to determine the pitch and
heading of the platform. Once these parameterg&rave/n, we can rotate the coordinates of

antenna 3, :(x&l,ym,zm) in the local level system around the pitch anddirgaangles.

(15)
p=-—tan"

The coordinates need to be transformed afterwartteet ABF system in order to calculate the
roll parameter:
r=—tant 2L (16)
X

7.IMPLEMENTATION METHODS

The program that was developed during this studpased on the Matlab code of Dai,
Knedlik, and Loffeld, developed in 2008 in the SiedJniversity is Germany (Dai et.al,
2008). Originally the program solved only data froade measurements supplied by a single-
frequency GPS receiver, and measured in a state sinly. The added program has
capabilities to receive data measurements ofiadfdequency GPS receiver and solve the
IA and vector components based lonandL, frequencies and the frequency combinations
such ad.y, Ly Li+Lw, Li+Ly, as disbudded in chapter 4. The ability to sahee IA values
and the vector have been added using the bas@iagon method along with a recursive
solution of variables in the case that the obtais@dtion is not based on a minimal number
of measurements, as mentioned in chapter 5.

In order to test and check the program, severatmxgents were performed using a simple
device that allows testing in static and controltethtion states (Figurg). The device is
constructed of two main parts: a pointer and a @enghe pointer is made out of a rigid
aluminum rod that indicates the direction of thesddme with two antennas. The rod is
attached to a flat plate allowing a rotation of thd at 45° intervals. The sensor is made up of
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two dual-frequency GPS Ashtech Z-Surveyor receivesanected to two AeroAntenna
antennas, model AT2775. Each antenna is positiamedhetal plate in order to minimize
multipath errors. Rotation of the rode with theeammtas to the desired angle is preformed
manually. The array is activated by a two mode<gss: initialization and normal. In the
initialization mode the rod is rotated to the dedidegree in order to solve the IA. During the
normal mode azimuth measurements can be performpedtéiting the pointer in the desired
direction.

Figure 3: A direction finder constructed of two g@s: a pointer and a sensor.

The program was written in Matlab software andghgtem performance cannot be tested in
real time. During initialization mode, the algonthreceives RINEX files sent from the
receivers at the end of the measurement. The splsitsteps of the IA and the vector are
described in Figur@. At the end of the initialization mode, the alglon enters into the
normal mode.
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Read the Handle Rinex
v

Initializing Parameters

v
Calculate position of the Master
Antenna using Single point
positioning

DD phase equation

Float Solution of the IA and the
vector

Y
Integer Ambiguity Estimation
using the LAMBDA algoritm

'

Baseline Solution

|calc. Baseline - given
length| < threshold

Iterative Least Square

Attitude Determination

v

\E\nter Normal Mode/

Figure4 — Diagram of the developed algorithm
8. RESULTS

The results of the performed test are a good ittisin of the developed system abilities.
Dual-frequency Ashtech Z-Surveyor receivers wemdus this experiment. The experiment
was conducted on 1.6.2011 for a span of 80 mindtegg which data was collected at 1

second epoch intervals. 8 satellites were usethéosolution of the observation equation, and
the Pdop values ranged between 1.8 and 2.1.

Static measurements were performed during the éxgeriment (Fig. 5). This experiment

tested the combined frequencids, frequency measurements were added td {Heequency.
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Other combinations of frequencies and their coatidn to the initialization time and the
accuracy of the solution were also evaluated. &kperiment was divided into six stages (a to
f). During stage (a) the unknowns, 1A and the veoiere solved by using; measurements
only. During stage (b) the unknowns were solvedgii; and L, measurements. During
stages (c) and (d) the unknowns were solved aguptdi frequencies combinations meant to
producely andLy, and during stages (e) and (f) the combinatioh;dfequency and they
and Ly combinations were tested.

— The results of (a) and (b) experiments (Fig 5) shimat the addition of thie, frequency to

the L; frequency shortens significantly the initializatiobme. When usind.; frequency
only, the time to solve the integer number of theevelengths is a little over 3 minutes,
and the time to solve the IA when usihg and L, frequencies is 40 seconds. Both
experiments produced similar standard deviations.

— The solution time for the IA using§w combination (c) is 100 seconds. This time is
significantly shorter than the solution time whilsing only thelL; frequency (a). The
standard deviation in this experiment is 0.59%%isicantly bigger relative to experiment
(@).

— The solution time of the IA usinigy combination (d) is 225 seconds. This time is close
the solution time when using only; frequency (a). The standard deviation in this
experiment is 0.07°, significantly smaller relatit@ experiment (e) and similar to
experiment (a).

— According to (e) and (f) results, the IA are solwe@0 seconds when using a combination
of L1 andLy frequencies, and 80 seconds when using the fregggenombinatiori; and
Ln. Thus, combining.1 andLyy with L; andLy significantly shortens the solution time for
the integer number of the wavelengths. The standevehtion of experiment (e) is 0.33°.

The second experiment (Fig 6) was conducted acogitdi the baseline rotation method. This
experiment tested the influence of the rotationtle@ duration of the initialization. The
experiment contained two stages, during stagen@ubhknowns were solved according to the
measurements df; alone, and during stage (b) the unknowns wereesloaccording td.;
andL, measurements. During the experiment a 90° rotatemperformed. Sections (a.1) and
(b.1) of Fig 6 illustrate the calculation of theiramth using the static measurement method
before the rotation. Sections (a.2) and (b.2) & Bigure illustrate the calculation of the
azimuth using the static measurement method dfeerdtation. The azimuth values received
during stage (a) and (b), before and after thetiosta were calculated using the static
measurement method. The discrepancy between tmeutizivalues before and after the
rotation is due to the angular rotation that waslenduring the experiment. Sections (a.l),
(a.2) and (b.1), (b.2) illustrate that the caloathtotation angle is equal to the actual rotation
angle.
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The solution time for the integer number of wavegltbs when using thel frequency alone
(stage a) is 230 seconds. This time includes 50nskscfor rotating the pointer (baseline), and
90 seconds of information gathering in a statidestzefore and after the pointer rotation
(90+50+90=230s). The solution time when usinglihe@ndL?2 frequencies (stage b) lasted a
total of 70 seconds, 30 seconds of rotating thatpniand 20 seconds of data gathering is the
static state before and after the rotation of tlenter (20+30+30=70s). No significant
contribution to the minimization of the solutiome was detected using this method when the
antennas are in the static state only.
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Figure 5 — Experiment results for the antennabénstatic state. Sections (a) through (f) show

Number of epochs = 80

azimuth calculation by frequency type:
(a) L4, (b) L ansz, (C) Lw (d) Ln, (e) L1 andLW, (d) Ly andLN.
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Figure 6: Experiment results using the baselinatiamt method. (a) azimuth calculation using
thel, frequency only. (a.1) azimuth calculation using sitatic measuring method before the
rotation. (a.2) azimuth calculation using the statethod after the rotation. (b) azimuth

calculation using the; andL; frequencies. (b.1) azimuth calculation using tiatics
measuring method before the rotation. (b.2) azineatbulation using the static measuring
method after the rotation.

9. CONCLUSIONS

Combining different frequencies significantly slems the solution time of the integer number
of the wavelengths. An array of experiments havewshthat in less than 30 seconds a
solution can be obtained once the receiver staksng up the satellites signals. These results
depend on various factors such as the satellitemggical alignment, the exposure of the
receiver to multipath errors, the quality of théeanmmas and so forth.
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The need for a quick solution depends upon theiegipin. If the application requires a
solution within a small timeframe, the user neaedpurchase the right equipment, capable of
receiving and processing more than one frequentylgneously. The results show that
L1+L2 have no influence on the solution's accuracy dretefore, if the length of the
initialization does not play a significant partG®S receiver can be used for thefrequency
only.

Theoretically, the baseline rotation method carubed to solve the integer number of the
wavelengths in seconds. It is however importanteimember that actual rotation requires
time and resources, especially when using motorizethtion. Additionally, not all
measurements are normally spaced because of manys encurred during the data
processing and the solution of the observation wopus Therefore, there are minimum
measurements we need to perform in order to ovexdbm@ errors. The solution time of the
obtained results using this process was not mirchiay the rotation method used in the
experiments.
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