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The availability, accuracy and integrity of the GPSsignal are the three potential risks
involved in using a GPS based navigation system faguidance of a moving vehicle. This
paper presents the results of modeling and simulain of a system based on pseudolites (PLS)
mounted on stratospheric airship platforms (SPFs)to provide precision navigation to a
moving object within a specific coverage area. Thspecific aim of this study is to determine
the effect of movements of the SPFs, and the PL mitaring time on the accuracy of
positioning of a moving object. The system has beeaimulated in MATLAB™, and consists
of a control station, six ground stations, and foulPLs mounted on SPFs. The positions of the
PLs on the SPFs are intermittently monitored by theground stations, and transmitted to the
control station, which calculates the exact positio of the PL antenna. Using this
information, the user receiver calculates its own g@sition, which is frequently updated to
provide navigation. It was seen that due to a bi-lesl calculation in determination of user
position, the errors in determination of pseudolite position magnify the error in user
positions. It was also concluded that the reduction in monitoing time substantially reduces
the errors in user position determination, but will require more advanced hardware.

Nomenclature

P = range between thB ground station and'jpseudolite
La = range between the user afigpseudolite

(X, ¥.2) = position of the fixed transmitter i, wheréli (1, 6)
Xy Va2 Z) = position of pseudolite j, wherdj (1, 4)

%) Yo 2,) = user position

P = pPa,i=1.,6

Q = Dari =1..,6

R = pP.i=1.6

S Posi =1..,6

radius of earth

C, clock bias error

RPR = random pseudo range

AR = actual range

PE = percentage of error introduced in actual eang
Rand [-1, 1] = random number generator betweemel+d

Y = velocity of SPF

T = monitoring time

TR = true range

! Post Graduate Student, Aerospace Engineering Breear, Powai, Non member.
2 Associate Professor, Aerospace Engineering Degatirfowai, Member.
® Professor, Chemical Engineering Department, PoMai, Member.

1
American Institute of Aeronautics and Astronautics



[. Introduction

GPS is becoming a popular system for providing getion services, owing to its global reach and iooious
availability. However, in order to maintain theagtity, availability and precision of GPS baseddgnice system
under jamming environment, there is a need to dgval navigation system which should be able to giexise
navigation solution independent of the NAVSTAR Gé&llites, at least in a local area.

One possibility of providing such a service is tount pseudolites (pseudo satellites) on a seriégybf altitude
platforms, and utilizing the GPS like signals egtttby them for precision navigation. The systemecage, i.e.,
range over which such a system can provide precis@mvigation, is directly dependent on the heighthe
platforms on which the pseudolites (PL) are mountégher the platform, larger the system cover&ieed towers
have an obvious limitation for this application;tthdrom the altitude capability, as well as thdaeatability point
of view. Therefore, one has to rely on aerial platfs like fixed-wing aircraft, helicopters, or Ligh-Than-Air
vehicles such as aerostats and airships.

Epley* has shown that airships operating at stratospladtitades offer the best compromise among theouari
high altitude long endurance platforms. Such gishare proposed to be powered with an electricapydsion
system using solar regenerative fuel cells, whigkgthem an ability to maintain their station ¥@ry long periods
of time (i.e. endurance). Their operation at sspleric altitudes also helps in increasing theftueance, since the
ambient wind speeds at such altitudes (17-22 km}laa least.

Tsujii et al® have investigated the use of a constellation cdhips as stratospheric platforms (SPFs) for
providing precision navigation for aerial and grdumased vehicles. However, since the SPF is alwaysng,
real-time SPF positioning and frequent broadcastsotoordinates to the user would be necessarg. pgrecise
positioning of the Pseudolite (PL) antenna on air &Pone of the most challenging issues in progdsuch a
service.

The basic motivation of this study is to carry oubdeling and simulation of a system based on pdiesio
(PLs) mounted on stratospheric airship platforn3H§, to provide precision navigation to a movibgeot within a
specific coverage area. The specific aim of thdysta to determine the effect of movements of tRé&Sand the PL
monitoring time on the accuracy of positioning leé tmoving object within few meters.

The proposed PL based simulation model consistsfefv ground stations as well as PLs which are riezlim
stratospheric platforms. The ground stations ageiired to continuously monitor the position of thés on the
SPFs. By knowing the exact position of the PL améerthe user receiver calculates its own positwinich is
frequently updated to provide navigation. The cqigal layout of the system is shown in Figure 1.
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Figure 1. Conceptual layout of the precision navigation systa
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The precision navigation system has been modeled MATLAB™ environment. The system has been
decomposed into two main blocks, viz., Control iBtatand User Position Calculator. The Control $tatblock
estimates the positions of the PL antennae mouatechoving SPFs, and transmits them to the PLs. U$er
Position Calculator uses these position updatesstomates the position of the moving object. Mathgcal
representation of the each block has been cartiedaad validated individually. The errors in thetefmination of
user position due to introduction of uniform anddam errors in the range between the ground statonl PLs
were estimated. The feasibility of the system wagstigated for various symmetrical and unsymmaittaryouts of
the ground stations. Finally, a sensitivity anadysi the motion of SPFs and PL monitoring time lo@ éaccuracy of
the determination of the user position was caroied

Il. Review of Literature

A. Advantages of PLs on SPF

The advantages of PLs on SPFs compared to PLsoom@jibased systems have been elucidated by Tsajif e
Although many applications using ground based Pagehbeen proposed, an operational system has eot be
established due to three problems specific to thém, 'Near-Far' problem, Multipath, and Time slgranization.
These problems are present, but less severe iroRISPFs. The near-far problem is of concern onrgtcaased
PLs, due to smaller distances. However, these atrsarious problems for PLs on a SPF. Since thghheif the
SPF is about 20km, and the distance between thanélLthe user is from 20km to 100km, the dynamigeais
much less than for ground-based PL applications. Mhltipath of PL signals would be less becausestbeation
angle is rather high compared with ground PLs. Téyechronization is also not much of a problemtfer PL
clock on the SPF, since it can be referenced t&>fR& receiver installed on the SPF, for the namgaif the SPF
itself. Thus, for providing navigation over a smatea, PLs mounted on SPFs are far superior tgrthend based
PL systems. However, the accuracy of the PL postilepends on the movement of SPFs; which canlibgtiag
factor for provision of precision navigation semdc

B. Positioning Of PL Antennae on SPFs

There are two methods for estimating the positiorPh antenna on a Stratospheric Platform, viz., GPS
Transceiver method, and the Inverted GPS methddPA& transceiver combines the function of a GPSweicand
PL. Many such devices can communicate and syncteaach other, and then estimate relative positisirgy the
ranging information among them. If only one tramgeeobserves the GPS satellites, all transceivansbe referred
to the precise GPS time. The Inverted GPS methaimdar, but here, the GPS transceivers are regldy the
onboard PL and many ground receivers. The accueaeys in this approach are high, and the systestsare also
lower (since GPS Transceivers are very expensii@ever, the disadvantage of this approach isithratjuires a
reference transmitter. In the present study, weausgix of these both methods to model and simwdasystem,
which can fulfill our navigational aids independehiGPS in a given region.

I1l.  Problem Definition and Simulation Model

We need to determine the bounds on the movemettieddirship in X, Y and Z directions that ensurgi\aen
accuracy in determination of the object positiohisTis followed by the identification of the ovdrahodel that
indicates thereby identification of the individudbcks and their mathematical representations.| Bimaulation of
all these equations is performed in MATLAB™ envineent that employs algorithms of numerical techniquie.,
Newton-Raphson and Least-square techniques fonfinaut the required coordinates. The system aisludes the
user position simulator model.

A. Overview and working of the model
The conceptual layout of the navigation system ist&1®f six stations on the ground, a control statand four
PL transceivers placed in moving airships as shiovigure 1. The frame work of the system is shawRigure 2.
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Note: For improved clarity, the lines from GS1-GS6 to PBR3 and PL4 are not shown
Figure 2. Framework for the precision navigation gstem

Since the positions of the six ground stationsfixed, only three ground stations are requireddtetmine the
X, Y and Z coordinates of the PL antenna. Howewamther three ground stations are required to &itkgle
difference measurement, to cancel the common eduggo factors such as tropospheric delay. Ttrassmitters
are used to estimate the exact position of the iterma mounted on each individual airship. Thiadkieved by
forming six nonlinear equations for each of the Risulting in 24 nonlinear equations for a conat&lh of four
PLs.

PLs consist of transceivers, which transmit signalghe Control Station, using which it (Controlaton)
calculates their positions (by taking the singléfelence measurement) and transmit it back to thEnus, the
problem is now similar to the conventional GPS eystThe estimation of the position of the movingeob (user
position) is carried out by knowing the positiori$?ds and the range vectors between them and #re us

Another framework for the model could be to detége Control Station and install the same hardwareaxh of
the airship platform. But this will complicate tbeerall system, and also increase the system cdspayload to be
carried on the airships, and hence their size. elahese two blocks have been kept separatedmlisity.

B. System Data Flow
The sequence of data flow in the precision navigaeslystem is as follows
Fixed transmitters i=1, 2,..6 mounted on grountiasta send the ranging signals to moving PLs j=4,....
mounted on SPFs.
Each moving PL supplies the six ranging signakh&Control Station.
Control Center calculates the exact position oPals and transmits it back to them.
The PLs transmit their exact position and rangiggal to the User.
Using the PL positions and ranging signal, the Wseeiver calculates its own position
In the next section, we discuss the sub blockshefrhodel and their mathematical representationfecebf
movement of vehicle in the time that system takgzrbcess the mathematical equations is not coregide

=

GEAEN

C. Mathematical representation of the model
The system is subdivided into two individual blockz., the Control Station, and User Position Qkdtor.
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a. Control station

Six ranging equations
between ground stations
& Pseudolite 1

SIX ranging equations
between ground stations

Control Center

& Pseudolite 2 # (Calculates the POS?tiUI]S
positions of the > of the_
Pseudolites

Pseudolites by
taking the single

Six ranging equations | difference
between ground stations
& Pseudolite 3

SIX ranging equations
between ground stations
& Pseundolite 4

Figure 3. 1/0O of the Control Station

The mathematical representation of the controlastdas given by the set of 24 nonlinear equatiemesenting
the range vectors between the fixed transmittedsttae PLs are as follows

(%= %)* + (V= Yo+ (2= 2)7 = pu 0

(Xz_xa1)2+(y2_ ya1)2+(22_ %1)2=p1a22 @)
(X5 = %)* + (V5= Ya) 4 (2= 2)7= Py @)
(X4_Xa1)2+(y4_ ya1)2+(24_ %1)2=p1a42 (4)
(Xs_Xa1)2+(y5_ ya1)2+(zs_ él)zzplasz ®)
(X6 = %)* + (Yo = Yar)* + (2= 20" = Puas ®)
(X6 = %0a)* + (Yo~ Yau)* + (%~ 2)°= Puae (24)

The Control Station solves these equations by tatie single difference measurement. To minimizeetror,
the set of six non linear equations are reducettiree equations by taking the difference measuréenidws, the
resulting set of equations are exactly in the farfrepresented by Eqns. (1-2), (3—4) and (5-6)viBglthese
equations, coordinates of the first Rk ,y  z ) are generated. On the same lines, the remainingfseduced

equations can give the coordinates for rest oPthén the form ofx .y . 7 )s (x,, Vi 25) 3N (x,, v, 2,4 -

b. User position calculator

Pseudolite antenna
positions

A J

User
coordinates

User receiver

Y

hd

Range between the
user and pseudolite

Figure 4. 1/0O of the user receive
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Eqn. (25) is a nonlinear equation representingdige vectors between the first PL and the User.
Pars” = (Xar = X))+ (Yu = V) + (24— 2)°

=Xy F Y FZ XY 202 Xx-2 0y Y2 5

By substitutingc * + y >+ z > = r?>, wherel = radius of earth, and introducing the clock biaseC_

pa1u2 - (Xa12 + yal2 + Zalz) - r?=Crr- 2Xa1Xu_ 2 Ya Yo~ 2 Z3 2% (25)
Egns. (26-28) are the similar equations for theaiaeing three PLs
pa2u2 - (Xa22 + ya22 + Zazz) - r’=Crr- 22X X" 2Yp Yym 22, % (26)
Paz ~(Xeg' + Vag' + Z5) = 177 CIT=2X5X,= 2Y,5Y,= 2 24 % 27)
pa4u2 - (Xa42 + ya42 + Za42) - r’=Crr- 2XaaX " 2Yua Yum 224 % (28)
The above four linear equations can be represantide Matrix form as shown in Egn. (29)
paluz _(Xa.’|_2 + ya12+ Za12) -r —2Xal —2yal —22al N X
Ioa2u2 _(Xa22 + ya22+ Za22) -r _ 2%, —2Y, —2Z, 1)| Y (29)
Pasi’ = (Xeg" + Vog' + Z,3) = I B 2% "2, —2Z5 1| 4
Pass =~ (X 2+ Yo"+ 2,0)- 1 2%, 2., —2z, Y\C,
Unknown state vector(x, y, z G, )T (30)
R= MU, 1)
Where R = vector (known)m = matrix (known) andJ , = vector (unknown)
M™'R= M'lMUp (32)
=U o
=% Y% z G

The overall system has been implemented in MATIABThe next section provides description of the aasi
user defined functions in the code.

D. Explanation of code

The code consisting of four user defined functidrtey are PLC, FAPLC, UPC and FAUPC. Hu@ction takes
input as the positions of the ground stations &edrange between ground stations and PL antennastindate the
exact position of the PL antenna. F4PLC is the adibate function of the above function. An initgless need to
be supplied for the PL position in this functiorheTfunction progresses towards the converged salidtom the
given initial guess (Uses least square algorithroalgulate the position of PLs). This function kelp solving the
position of the PLs. UPC takes input as the catedI&L positions from PLC function and the rangevieen the PL
antenna and user. This function finally gives tikact position of user by taking the above inputUPZ is the
subordinate function of the above function. Anialiguess need to be supplied for user positiothis in this
function. The function progresses towards convergmdtion of user from the given initial guess. iEThlso uses
least square technique to calculate the exactipogif user coordinates).

The model described above was tested to verifydlsistness and convergence for various patterrthieof
ground stations. Sensitivity analysis of the vaoiatof error in calculating the user position witfonitoring time
and movement of PL in X, Y and Z has been carrigtd Dhe results of these investigations are preskintthe next
section.

V. Results and Discussion

A. Verification of the code

a) The solver was seen to converge to the same foiat pven with different initial guess, this shothat the
code is independent of initial guess. In one suddrgle, it was seen that in both the cases, the cod
converges to the same point viz. [-600m, 2300mQr35even when we start from [300m, 300m, 300m] as
shown in Figure 5 or [-300m, -300m, -300m] as shawhigure 6.
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Figure 5. Trajectory of the user coordinates Figure 6. Trajectory of the user coordinates
with initial guess as [300m, 300m, 300m] with initial guess as [-300m, -300m, -300m]

b) The solver solution converged in two iterations witge solution itself was supplied as the initiaégs.

¢) The PL positions were assumed and the ranges betwee PLs calculated manually. When the
calculated ranges were supplied to the modelsitited in the assumed PL positions, as shown ineTatior
some trial runs.

Pseudolite No | Assumed positions of the pseudolitér) | Positions with inverted calculation (m)
1 120 80 40 120.32 78.08 40.59
2 200 100 50 200.03 99.79 50.06
3 150 100 30 149.78 99.75 30.21
4 100 150 20 99.98 150.11 19.96

Table 1. Deviation of the pseudolite positions from assumetd calculated

These tests established the robustness of the ¢todbe next section, the results of feasibility wafrious
configurations of the ground stations are presented

B. Comparison of feasibility of various configurations
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he

he

Configuration Initial Feasibility Remarks
guess
dependence
Circle configuration at constant height YES Notsibée
Circle configuration with an inclination of 30YES Not feasible
degree about X-axis
Circle configuration with an inclination of 30YES Not Feasible
degree about X and Y-axis
Hexagon configuration at constant height NA Nosfbke No solution obtained
Hexagon configuration with an inclination of 30vES Not feasible
degree about X-axis
Hexagon configuration with an inclination of 3INO Feasible PL should not be at t
degree about X and Y-axis centre of configuration
Triangular configuration at constant height NA Nedsible No solution
obtained
Triangular configuration with an inclination of 30NO Feasible PL should not be at the
degree about X-axis centre of configuration
Triangular configuration with an inclination of 30NO Feasible PL should not be at t
degree about X and Y-axis centre of configuration

Table 2. Comparison of the various configurationef ground stations

C. Testing the algorithm for random arrangement of Graund Stations
Compared to symmetric configuration, much betteults have been observed with the random configuratf

the ground stations. For the random configuratibrground stations, the solution was found to be mletely
independent of initial guesses. Further, the sobeamverged even if the range between the PL andralind
stations were equal. Therefore, it was observedrdmaom arrangement of ground stations is a metteiboption.
Table 3 shows the positions of ground stationsRirsl

X(m) Y(m) Z(m)
Ground station positions 200 (x)100 19000(+)1000 300()100
Pseudolite positions 5000(%)500 18500(+)1000 156100

Table 3. Location of the ground stations and pseudolite posons

The next section presents the result of effearadr in determination of range between PL and gdostation

D. Sensitivity analysis

on the determination of PL coordinates and userdinates.

Sensitivity analysis was carried out for the randamangement of ground stations. Details of the esame

discussed in the section that follows.

a. The effect of uniform range error in the calculaion of the PL position
It is important to determine the effect of PL pumsis, when there is an error in the measured rdrigere 10
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shows the effect ofPercentage uniform error’in the range between PL and ground stations ofiRBecentage
error in the positions”of the PL for X, Y, Z coordinates. Both positivedanegative errors in the range of the PL
were considered. It was observed that as the umifaror in range increases, the error in the positf the PL was
also increases in a linear fashion, both in pasiind negative direction. The error in Y coordingb®th due to
positive and negative error) was seen to be inggmt. This is because the PL and ground statisaese not
allowed a large variation in the Y coordinate.
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Figure 10. Percentage error in pseudolite co-ordinates v/s peentage error in the range ofpseudolite
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b. The effect of uniform range error in the calculaion of the user position

From Figure 10 it can be concluded that a nonlinekation exists between thiange erroranduser position
error. Due to bi-level calculation the error in the Pasfiions magnify the errors in the user position.

% error in user coordinates

Figure 11. Percentage error in the user coordinates v/s percéage error in the range of pseudolite
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c. Effect of random error in the range on PL and usr coordinates

Next, the effect of random error on user coordipatas examined. The random pseudo range can bel&isd

as shown in Egn. (33).

RPR = AR + Rand [-1, 1]*PE
Figure 12 shows percentage error in PL coordinaiés the variation of the percentage random errothie

range.

From Figure 12 it is clear that as we increaserdraom error, the error in the PL co-ordinates éases
linearly. A comparison with Figures 4 and 6 shohat tthe error in PL coordinates due to random egarearly

double of the error in coordinates due to unifornoie
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Figure 12. Percentage error in pseudolite co-ordinates v/s peentage of random error in range
d. Effect of random error in the range on user coadinates
Figure 13 shows percentage error in user coordinati the variation of the percentage of randororein the
range.
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Figure 13. Percentage Change in User coordinatesviPercentage random error inrange

From Figure 13 it is clear that as the random emaange is increased the error in Z coordinates mcreases
and they are more in magnitude when three or twe &k moving. In case of the Y coordinate, howghererror
reaches a peak and then tends to decrease. Fulnderrors in X coordinate are the least in adlesa A comparison
with Fig 4.7 shows that the error in user coordisatue to random error is nearly double of therémrgoordinates
due to uniform error.

E. Effect of PL monitoring time and movement on the acuracy of user position

The two parameters which can affect the accuratheofystem considerably are the PL monitoring tme the
movement of the PL. The monitoring time is defiredthe minimum time required for monitoring the Hbere
must be a tradeoff between these two parametescléar that when the monitoring time is lardes aiccuracy is
poor. i.e., the accuracy is inversely proporticieamonitoring time. The accuracy also reduceséf ittovement in
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the SPF is large. The coordinates deviate fromr theginal position due to the random movementhe PL
positions, which can be obtained from Eqn. (34).
Random displacement of SPF = (V*T*Rand [-1, 1]) (34)
The range between the SPF and fixed receiver Wwdhge because of the random movement in the SRF. Th
true range TR can be obtained from Eqn. (35) as
TR = Range between the SPF and fixed transmit{et*+*Rand [-1, 1]) (35)
Figure 14 shows the variation of user coordinatiéh the variation of monitoring time for fixed mowvent of
SPF. It is clear that as the monitoring time insie@ for the given movement of SPF, the accuraggléeare
decreasing.

20 1

- 18 ﬁ
E 16
2 14 "
- - A X
T 10 Y
o
© 87 A Z
i=
- 6
g 4
w
5
O,

10 20 30 40 50 60 70 80 90 100

Monitoring time (ms)

Figure 14. Error in the coordinates for a fixed movement in S v/s monitoring time

The movement in the SPF is an independent paranveiéch cannot be changed and it completely depends
the dynamics of the SPF and the ambient atmospbeniditions. There are no exact models readilylalvks which
can model the dynamics of the SPF. The quantitclvban be easily varied is the monitoring timelef PL. The
hardware puts the constraints on the monitoringtifigure 15-17 show the variation of error in useordinates
with the variation of PL movement from 0.1m/seclto/sec. The graphs are plotted for various momitptime
values.
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Figure 15. Error in User coordinate X for variousmonitoring times v/s SPF velocity
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Figure 16. Error in User coordinate Y for variousmonitoring times v/s SPF velocity
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Figure 17. Error in User coordinate Z for various monitoring times v/s SPF velocity

From Fig 15-17, it is clear that as the movemerthefSPF increases, the error in the coordinateigier for a
given monitoring time. In these Figures, the lisbdt up wards (error level increases) as we irsge¢he monitoring
time. So the accuracy is inversely proportionahtmnitoring time and the movement of the SPF. Tliégeres help
us in carrying out a tradeoff analysis between ri@nitoring time and the movement of SPF. It is 3lsva
challenge for the designers to select these dgsigameters for a given level of accuracy.

The next section lists the conclusions of the staly provides pointers for the future work to beied out.

V. Conclusions and future work

A. Conclusions

In this study, the modeling and simulation of psemi navigation system using PLs mounted on four
stratospheric airships and six ground stationsgaieith a control station has been carried out. Blgiem helps in
determining the position of a moving aerial vehisi¢hout depending on GPS signals.
The key conclusions from this study can be sumradrés follows;

i. The ground stations should not be kept in a symimetonfiguration. Such configuration results in
infeasible solutions, especially when the PL rarggesequal from the ground stations.

ii. In the present study, the errors in PL Y coordirthte to the error in the range between the PL aodngl
station coordinate are very less. This is only beeaboth PL and ground stations were not allowédalge
variation in the Y coordinate, and not a genehdr

ii. There is a bi-level calculation in determinationuskr position. Hence, the errors in determinatibRL
position magnify the error in user position.
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iv. The error in coordinates due to random error iglpadouble of the error in coordinates due to umifo
error in the ranges. Hence it can be concluded tteatdetermination of user position is more effdchgy
random errors (such as tropospheric & atmosphas@ompared to uniform error (such as clock bias).

v. It is essential to restrict and accurately estintagee movement of SPFs, since the errors due taethes
movements are large.

vi. The reduction in monitoring time substantially reds the errors, but will require more advanced
hardware.

B. Future work

In the present work, the effect of size of the dareahich the SPFs operate has not been consid€hedsize of
the area of operation affects the GDOP (Geometiiatibn of Precision). The motion of the PLs can tnere
accurately predicted by inserting a six degreeeddom dynamics model, and then the results withbee accurate
and useful. We can model the various errors coordipg to PLs by the practical experiments, by Wwhie can
improve the accuracy of the model. The effect e6lof PLs on the user accuracy can also be inatstlg
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