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Global Positioning System Network Reference
Control Optimization Using Dilution of Precision
Variances in Gidan Kwano Area, Minna, Nigeria
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Abstract: The precision of Global Positioning System (GPS) observables depends on the satellite geometry, represented by the Dilution of
Precision (DOP) values, and range of errors caused by signal strength, ionospheric delay, tropospheric delay, and satellite clock offset from
GPS time, multipath effects, receiver antenna phase shift, etc. One of the ways of assessing the integrity of satellite availability, positional
and navigational accuracy of GPS observation is the use of dilution of precision (DOP) during field observations. This study therefore
attempts to optimize GPS Network Reference Control in Gidan Kwano area of Minna, Nigeria, using pre-observation planning and post-
observation DOP variances, for selecting the optimum reference point within an established survey network, for future observations and
control extension in the study area. Twenty-five (25) GPS stations were observed in rapid-static mode with Leica SR20 DGPS Receivers.
The estimates of the DOPs (GDOP, PDOP, HDOP, VDOP and TDOP) showed that, post-observation DOPs have mean values of 2.0, 1.8,
1.6, 0.9, and 0.9 for GDOP, PDOP, HDOP, VDOP and TDOP, respectively, which agree with the post-observation DOPs within about 80-
90%. This implies that, the PDOP developed in the pre-observation planning is valid for rapid-static or kinematic surveys in the study area
but less valid for a long-duration (30-minutes and above) static survey in the study area. Based on the DOPs variance analysis for each
observed network point, control point GPS14 with PDOP and GDOP of 1.4 and 1.5, respectively was adjudged the optimum point as
Reference for survey network observations and extension in the study area.
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1. INTRODUCTION

PS satellite signals (see Figure 1), like any other naviga-

tion signals, are subject to some form of interference or
signal propagation errors due to several factors, such as iono-
spheric delay, tropospheric delay, and satellite clock offset
from GPS time, multipath effects, receiver antenna phase shift,
etc. These bias factors unfortunately further jeopardize the
integrity, availability and accuracy of the navigational and
positional reliability of the GPS. The integrity is the dependa-
bility of the system to deliver reliable signal for positional and
navigational signal, and to also alert users when GPS should
not be used for navigation due to degraded signals. Availabil-
ity assures users that the basic GPS civil service is accessible
nearly 100% of the time, while Accuracy deals with the
agreement of the measured values with regards to the ex-
pected vectors or geo-positional values and specifications,
which is usually initiated from the estimation of precision of
measurements in single or multiple epochs.

One of the ways of assessing the integrity, satellite availa-
bility, and positional and navigational accuracy is the use of
dilution of precision during field observations. The final posi-
tional accuracy of a point determined by using absolute GPS
solution techniques is directly related to the geometric
strength of the configuration of satellites observed during the
survey session.

P

Fig. 1: GPS Signal Propagation between Satellite and User
Segments [3]

11 GPS Observation Models

The basic observation model for Global Positioning System, for
defining the observed pseudorange of the transmitted and the re-
ceived radio signal is a function of the true, but unknown range
from the receiver’s position to the satellite, the velocity of light, the
receiver and satellite clock errors (biases) and the problematic
propagation delays caused by the atmospheric media through
which the GPS signal travels.

GPS receiver computes its three-dimensional coordinates and its
clock offset from four or more simultaneous biased ranged (pseu-
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dorange) measurements between the receiver’s antenna and those
of the satellites (Langley, 1999). The accuracy of the measured
pseudoranges and the fidelity of the model used to process the
measurement determine, in part, the overall accuracy of the receiv-

where R denotes the observed pseudorange; p is the geometric
range between receiver’s antenna at signal reception time and the
satellite’s antenna at sighal transmission time; dt and dT represents
receiver and satellite clock offsets from GPS time respectively; diom
and dy, are the ionospheric and tropospheric propagation delays; e
accounts for measurement noise as well as effects which cannot be
easily modeled, such as multipath; and ¢ stands for vacuum speed
of light (velocity of propagation). Assuming the receiver accounts
for the satellite clock offset and atmospheric delays, we can simpli-
fy equation (1) into a generalized model expressed as follows

R=p'+c(At)+d ®)

Where p! = true range between the receiver and satellite (un-
known), At = clock biases (receiver and satellite), d = propagation
delays due to atmospheric conditions, and other variables are as
defined earlier. The true range p' is equal to the 3-D coordinate
difference between the satellite and user, and it is expressed as fol-
lows.

p'=[(X" = XT)*+(° -Y7) +(2° -Z2°)] ©)

Where, X°,Y®,Z° =known satellite coordinates from ephemeris
data,and XxY,YY,Zz" =unknown coordinates of user which are to
be determined.

When four Pseudo-ranges are observed, four equations from (2)
and (3) are formed as in equations (4), (5), (6), and (7).

(Rl —CAt—dl)2 = (Xls - X1U)2 "‘(YlS _Y]_U )2 +(le _Zlu )2 (4)

(R, —cAt—d,)? =(X5 = XJ) 2+ (VS =Y )2 +(Z5 -27)* ©)
(Ry—CAt—d,)* = (X5 = X))+ (Y, -V ) +(Z3 -2 )? ©6)
(R, —CAt—d,)? = (X = XY)2+ (Y5 Y2 ) +(Z5 -2Y)? @)

In these equations, the only unknowns are X, Y Z*, and At.
The solution of these equations at each GPS update yields the us-
er’s 3-D position coordinates. Adding more pseudo-range observa-
tions provides redundancy to the solution. For instance, if seven
satellites are simultaneously observed, seven equations are de-
rived, and still only four unknowns result. Equations (4) to (7) are
resolved in the form of (8), (9), (10) and (11), modified after [1].

Ry = (X5 = XY) 2+ (VS —YV)? +(ZF —ZY)? +cAt+d, @®)
Ry =/(X5 = XU)2 4 (Y] —Y2)? +(Z5 -2Y)? +cAt+d, )
Ry = /(X5 = XY)2+ (Y, —YY)? +(Z$ -Z¥)? +cAt+d, (10)
Ry = (X5 = XY) +(YS —Y2)2 +(Z5 -20)% +cat+d, (1)

Where Ri, Rz, Rz and Ry = noiseless Pseudorange, [X; Y; Zi]" =
Cartesian position coordinates of satellite i [x’, ¥/, '], = Cartesian
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er-derived coordinates. The basic pseudorange model is given by
Langley (1999) as:

R=p+c(dT —dt)+d,, +d,,, +€ (1)
position coordinates of observer, At = receiver offset from the satellite
system time and ¢ = speed of light. The WGS-84 geocentric Cartesian
coordinate reference frame (X, Y, Z) used by GPS and local level
coordinate reference frame (X, y', Z), is given in Fig. 2.

Fig. 2: The WGS-84 Geocentric Cartesian Coordinate Reference
Frame (X, Y, Z) used by GPS and Local Level Coordinate Reference
Frame (X', ¥/, Z').

This solution is highly dependent on the accuracy of the known
coordinates of each satellite (ie, X5, Ysand Z), the accuracy with
which the atmospheric delays d can be estimated through model-
ing, and the accuracy of the resolution of the actual time measure-
ment process performed in a GPS receiver (clock synchronization,
signal processing, signal noise, etc.). As with any measurement
process, repeated and long-term observations from a single point
will enhance the overall positional reliability. The observation
equations of the code and carrier phase measurements on the Li
frequencies (i = 1, 2) were expressed by [6], [11] and [10] in Equa-
tions (12) and (13), respectively, as:
P(Li) = p+c(dt-dT)+d,, +d,,, +d

orb trop

+ 0y +E(P(LT), (12)

ion/Li

Equation-12 is a modified or extended version of equation-2.
O(Li)= p+c(dt=dT) +dyy + gy = iy + AN; + 4 (6 (s L) = 6, (6, L)) + oy + €(@(LT))
13

where P(Li) is the measured pseudorange on Li (m); ®(Li) is the
measured carrier phase on Li (m); p is the true geometric range (m);
c is the speed of light (m/s); dt is the satellite clock error (s); 4T is
the receiver clock error (s); dow is the satellite orbit error (m); dup is
the tropospheric delay (m); dioyi is the ionospheric delay on Li(m);
4; is the wavelength on Li(m); N; is the integer phase ambiguity on
Li (cycle); ¢- (to,Li) is the initial phase of the receiver oscillator; ¢s(to,
Li) is the initial phase of the satellite oscillator; d muy/pwsy is the multi-
path effect in the measured pseudorange on Li(m); dmut/oqs is the
multipath effect in the measured carrier phase on Li (m) and e is the
measurement noise (m).

If the initial phase and the integer phase components are
grouped to a single term as most literatures have done, equation-13
can be re-written as [6].
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(Li)= p+c(dt—dT) +d,, +d

orb trop

d

ion/Li

+ AN + o) +(@(LI)),
(14)
Where N; is no longer an integer term.
1.2 Dilution of Precision (DOP)
The Dilution of Precision (DOP) is a measure of the geometrical
strength of the observations model. DOP can also be a measure of
the strength of the satellite-constellation geometry. The more satel-
lites that can be observed and used in the final solution, the better
the solution. In mathematical terms, DOP is a scalar quantity used
in an expression of a ratio of the positioning accuracy. It is the ratio
of the standard deviation of one coordinate to the measurement
accuracy. Therefore, since DOP can be used as a measure of geo-
metrical strength, it can also be used to selectively choose four sat-
ellites in a particular constellation that will provide the best solu-
tion [9], [8], [4].

The DOP values depend on the cofactor matrix 2=(A"" or co-
variance matrix.

Q.= (A o? = Do 15)

This means, DOP values are a function of the diagonal elements
of the covariance matrices of the adjusted parameters for the ob-
served GPS signal.

1.21 Geometric DOP (GDOP)

The main form of DOP used in absolute GPS positioning is the
geometric DOP (GDOP). GDOP is a measure of accuracy in a 3-D
position and time. The final positional accuracy equals the actual
range error multiplied by the GDOP. The GDOP is estimated using
equation-16 [5], [6].

GDOP = /fm(‘p(Q)
GDOP = \/bn +Q, + Q4 +Qyo

(16)

According to Wu et al [10], the accuracy of a system can be gen-
erally decomposed into two components: User Equivalent Range
Error (UERE) and GDOP. UERE is obtained by mapping all of the
system and user errors into a single error in the user measured
range, while GDOP is the satellite geometry dependent quantity
that maps the UERE (an error in observation space) into the user
accuracy (in position space). Therefore, the estimate of the root
mean square value of the three position errors and the clock error,
rms (x, b) may thus be expressed as:

rms (x, b) = ougre. GDOP 17)

The DOP factors used in GPS Positioning are derived from the
diagonal elements of the inverse of the normal matrix of the obser-
vation. The normal matrix is computed as part of standard GPS
Navigation solutions during the post processing of observed data.
The navigation solution is based on the measured C/A-Code
Pseudo ranges and solves for the 3-D receiver coordinates (X, Y, Z)
and the receivers clock offset (dT) using the least squares algo-
rithm. In the least squares solutions, the inverse of the normal ma-
trix is, of course, the variance matrix of the estimated parameters
and therefore takes the form of equation-18 [5], [6].
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2 2
Ox Ow Oxn Owx Ot Ow O Oerr
; 2 (18)
Q. = Ox Oy Uzzv O |_|Ow Ox O-r\ih O ner
Ox Ov O: Grzz Ow Owm O Ghsz
Oxx Ow Oz O1 Oer Ont Orar Oar
where,

TDOP = o, (19)
VDOP =&, 0)
12
HDOP = (aé Jr(y,i)l 1)

12 12
PDOP = (O'é +0} +(7hz)1 = (O'f( +oi +J§)1 (22)

GDOP = (O'é +of +ol +cok )1/2 = (O'f( +o. +0l +coy )1/2
(23)
¢ = velocity of light (= 3.010°m/s-?)

GDOP can also be decomposed into four parts, namely 3-D po-
sition, horizontal position, vertical position, and time: values are
good measures of system availability as they represent the geomet-
ric strength of the solution. DOP values can also be used to repre-
sent system accuracy when it is assumed that all range measure-
ments have the same UERE [12]. The precision of a position meas-
urement output depends upon both the measurement geometry, as
represented by the DOP values, and range errors caused by signal
strength, ionospheric effects, and multipath errors [7], [2].

The Positional DOP (PDOP) is a measure of the accuracy in 3-D
position, while the Horizontal DOP (HDOP) is a measurement of
the accuracy in a 2-D horizontal position, and it roughly indicates
the effects of satellite-range geometry on a resultant position. Verti-
cal DOP (VDOP) is a measurement of the accuracy in the standard
deviation of a vertical height, TDOP is the measurement of the ac-
curacy in the standard deviation of time within which the signals
were transmitted from the GPS and received by the observer’s re-
ceiver. Tablel contains the rating of DOP values.

Tablel: Jon's Interpretation of Dilution of Precision Values [13]

DOP Value Rating

1 Ideal

2-3 Excellent
4-6 Good

7-8 Moderate
9-20 Fair
21-50 Poor

The final positional accuracy of a point determined by using abso-
lute GPS solution techniques is directly related to the geometric
strength of the configuration of satellites observed during the sur-
vey session. Therefore, this study attempts to optimize GPS net-
work reference control in Gidan Kwano area of Minna, Nigeria
using dilution of precision (DOP) matrices, with the goal of select-
ing the suitable reference control within the network.

1.3 Objectives of Study

The objectives of this study are to:
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i.  Carry out GPS pre-observation and post-observation
DOPs (GDOP, PDOP, HDOP, VDOP and TDOP) compu-
tation and analyses over Gidan Kwano area of Minna and
25 ground control network respectively for a 12-hour rap-
id-static survey campaign on the 9 of November, 2010;
ii. =~ Compare the pre-observation planning with post-
observation DOPs and satellite visibility;
iii.  Select the optimum control point in the observed network
as a reference for future network observations and exten-
sion in the area using the DOP variance analysis.

14 Study Test Site

Gidan Kwano, the main campus site of Federal University of
Technology (FUT), Minna, Niger State, Nigeria, is located approx-
imately on latitude 945° N to 9.6°N and longitude 6.33°E and
6.35%E. The Gidan Kwano campus of the university covers a land
mass area of about 10,650ha, located along Minna-Kateregi-Bida
Road (see Figure 3). The network of 25 control stations and GPS14
selected as reference control for Gidan Kwano, Minna is given in
Fig. 4.

Fig. 3: Part of FUT Main Campus, Gidan Kwano, Minna,
Nigeria [14]

o e
Mtg‘gmm- Gatan wn";_?a i Ngena

Fig. 4: The Network of 25 Control Stations and GPS14
selected as Reference Control for Gidan Kwano Area,
Minna.
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2.0 MATERIALS AND METHODS
21 Equipment and Materials Used

Leica SR20 Single Frequency Differential GPS with its receiver’s
components and accessories were used. The accessories include: 1
Nos. Tripod stand, 2 Nos. Antennas, 1 Tripod pole, 2 Nos. of Radio
receiver, Connection cables, 1 No. 2m tape, 2 Nos. Bracket, Penti-
um-M HP Laptop (500GBHDD/4GB RAM), Leica GeoOffice
(LGO) 5.0 and Trimble Total Control (TTC) Software. The GPS
ground control reference network optimization and selection algo-
rithm for the study area is given in Fig. 5.

Reference Control
Network optimization
& selection in GK, Minna

]

Dilution of Precision
(DOP) Analysis

v

A 4 A\ 4

S

Pre-Observation
Planning

1 v

Post-Processing of

Network Observation (Rap-
id-Static Survey)

y v Observation Data
Skﬁlggt DOPs  [GDOP,
e ” PDOP, HDOP, !
svevr,"?i“"“ VDOP, TDOP]
ndow Analyses Variance-Covariance
Analyses .
Matrix

1 Q. =(A"A)*o? = Do

\ 4

Poten- i

tial/Probable 4] Post-Observation DOPs
(GDOP, PDOP, HDOP,

Network Geomet-
ric Streneth VDOP & TDOP) Compu-
tation and Analyses

A

Network Reference
Point with Least DOPs
<GDOP~minimum>

Fig. 5: GPS Ground Control Reference Network Optimization
and Selection Algorithm for Gidan Kwano Area of Minna, Nigeria

22 GPS Observation Planning
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Project planning is a critical component of achieving successful
and accurate GPS Surveys. Part of the planning is the use of the
GNSS Software to visualise and analyse the satellite visibility, ob-
servation windows with DOP, and satellite cut-off elevation angles
on the day of observation. The plans conducted for 9th November
2010 include sky visibility and observation windows for the study
area.

2.2.1 Sky Visibility

As a minimum, it is recommended that visibility be clear in all
directions from an altitude or cut-off angle of 15° from the horizon.
The latitude, longitude and average ground elevation of the site
were used as inputs for sky visibility planning. The sky plot and the
satellite visibility plot over Minna, for the day of observation, are
given in Figures 6 and 7, respectively. The satellite visibility plan
was prepared using inputs such as latitude (9° 36'N), longitude (6°
33'E), mean elevation of 386m above mean sea level and satellite
elevation cut-off angle of 15°.

Sky Plot

EEEmRO0O
3 Y

Fig.6: Sky Plot of the Visible Satellites

Visibility

S

Fig. 7: Satellite Visibility Plot _

2.2.2  Observation Windows

This consists of determining which satellites will be visible over
Minna during a proposed observation period of 6:00hrs and
18:00hrs on the 9% November 2010. The required inputs for the
observation windows were the station’s latitude and longitude (lat.
09 36'N, long 06° 33’E), date and time for the observation. In addi-
tion, a relatively current satellite almanac was used to generate this
multi-station analysis. A multi-station analysis is carried out as the
first step to determine the availability of the GPS satellites during
observation sessions. This allows for checking simultaneous obser-
vation of the same satellite, the satellite elevation and the Dilution of
Precision (DOP). Low Geometry Dilution of Precision (GDOP) indicates
strong satellite geometry with a higher possibility of accuracy. The satel-
lite elevation plot is given in Fig. 8.
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Fig. 8: Satellite Elevation Plot

23 Field Data Collection

The Reference receiver was set up on L40; the rover was moved
to network area in Gidan Kwano, Minna where the observation
was made in rapid-static mode. The observation was carried out in
a minimum interval of 15 minutes per station for a total of twenty-
five (25) stations. However, about 5-7 minutes were spent in taking
the roving antenna between two stations and mounting it up on
pre-leveled tripod. Aside this, in Leica SR20 the baseline length to
which the observation is to be covered was set by the observer, (i.e
0-5km, 5-15km or above 15km as available in the instrument). The
minimum number of satellite required for a two dimensional posi-
tion to be defined was also set by the observer, and mask angle.
The observation spanned between 8:00hrs and 17:00hrs on the 9t
November 2010. The number of satellites tracked at control stations
during the observation campaign is given in Fig. 9.

—— Mo, of Satellite

No. of Satellite Tracked

GPs14
GP515
GP516

L40
GPSO1
GPS02
GP303
GPs04
GPS05
GPSOG
GPSO7
GP308
GPS09
GPS10
GPS11
GP512
GPS13
GPS17
GPS18
GP319
GPS20
GP521
GPS22
GPs23
GP324
GPS25

Control ID

Fig. 9: Number of satellites tracked at control stations during Ob-
servations

24 Data Processing

The Leica Geo Office 5.0 was launched; a new project was creat-
ed, using Data Exchange Manager from tools menu and a setting of
selecting instrument brand (GPS 500 which has the same default
setting with SR20) and the communication port. The raw data was
then downloaded into a folder in the Computer. The raw data was
then imported for processing, where the base station coordinates
was corrected with the original values and selected as reference
and others as rovers. The data was processed and the results were
copied to the spreadsheet. The spread sheet data was then import-
ed as batch in Franson Coordinate Transformation software where
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the data was converted to UTM Minna coordinate system.

RESULTS AND DISCUSSION

Results
The DOP factors in GPS positioning solution are derived from
the diagonal elements of the inverse of the normal matrix of the
observation (the trace of covariance matrix). Therefore, the estimate
of the square root of the trace of the covariance matrix is equal to
the pseudorange measurement and modeling error standard devi-
ation (o) multiplied by a scaling factor equal to the root of the trace
of matrix Q (from equations 16, 18, 24 and appendix I). Equation-24
shows two covariance matrices for GPS01 and GPS02, while Ap-
pendix-I contain the tabulated covariance matrix elements of the
remaining 23 observed controls in the study area.

3.0
31

144E-06 -9.2E-07 -49E-07 0.004202 0.004086 0.004119
Quepsar = 453E-06 -2.3E-06 | Qyepsr = 0.034344 0010233
9.87E - 06 0.019811

(24)
The pre-observation DOPs values (and the available satellites) of
the study area during the observation window are given in Figures
10and 11.

Fig. 10: Pre-observation DOPs [GDOP, PDOP, HDOP, VDOP and
TDOP] values and available satellites

GDOP

PDOP

HDOP

VDOP

TDOP

DOP Value
L8]
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BRG]
o D . M S0 8 o o

12:50
13:50
14:20
14:50
15:20
15:50
16:20
16:50
17:20
17:50

Local Mean Time

Fig 11: Combined Pre-observation DOPs values
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The post-observation DOPs values (and the available satellites) of
the study area during the observation window are given in Figures
12 and 13.
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Fig. 12: Post-observation DOPs [GDOP, PDOP, HDOP, VDOP and
TDOP] values and available satellites

3.5 ——HDOP

—— VDOP
3
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DOP Value

L40
GP301

Fig. 13: Combined Post-Observation DOPs values

The mean values of the DOPs from pre-observation planning and
post-observation computations are shown in Table 2 and Fig. 14.

Table 2: Mean Values of the DOPs from Pre and Post-observations

DOPs Pre- Post- % of
Observation Observation | Agreement
(Mean Value) | (Mean Value)

GDOP 25 2.0 80

PDOP 22 1.8 82

HDOP 1.0 0.9 90

VDOP 20 1.6 80

TDOP 12 0.9 75
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10 ——Observed Avg Value

—#—Planned_Avp.Value

DOP Value
F=

GDOP TDOP PDOP HDOP vDOorP No.of Sat

Types of DOP

Fig 14: Comparison of the Mean DOPs from Pre- and Post Obser-
vations

32 Discussion

Figures 10 - 13 show the DOP values computed for the sky
view GPS constellation viewed from Minna (lafitude 9° 36'N, longi-
tude 6° 33', mean elevation of 386m above mean sea level, satellite eleva-
tion cut-off angle of 15°). The time span was 6:00hrs to 18:00hrs of 9
November 2010. The HDOP values are less than those of VDOP,
which is evidence that the horizontal position errors are less than
the vertical errors.

The mean visible satellite from the sky plot shows an average of
ten (10) GPS satellites at all times within the span of 6:00hrs to
18:00hrs of 9" November 2010.

From Table 2, the estimates of the DOPs from post-observation
DQOPs agree with the post-observation DOPs within an average of
about 81%. This implies that, the PDOP developed in the pre-
observation planning is valid for rapid-static or kinematic surveys
in the study area but less valid for a long-duration (30-minutes and
above) static survey in the study area. Based on the DOPs variance
analysis for each observed network point, control point GPS14 (x=
220034.560m, y=1054606.580, h =236.178m, UTM Zone 32) with
PDOP and GDOP of 14 and 1.5, respectively was adjudged the
optimum point as reference for survey network observations and
extension in the study area. A total of eleven (11) satellites were
tracked by the antenna at control point GPS14, which was the se-
cond highest elevated point after GPS12 in the network.

The elements of matrix Q are a function of the receiver-satellite
geometry only, but the scaling factor is typically non-unity; which
by implication swells the pseudorange error and dilutes the preci-
sion of the position determination. This scaling factor is the GDOP.
However, because specific components such as position (3-D), hor-
izontal coordinate (2-D), vertical coordinate (1-D) and time (1-D)
are involved, their respective dilution of precisions were computed
and represented by Figures 12. A careful examination of the values
of GDOP, PDOP and HDOP as shown in Figures 10 and 12 show
that, high values can be associated with satellites in a constellation
of poor geometry. The higher the PDOP/GDOP values, the poorer
the solution for that instant in time, and this is critical in determin-
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ing the acceptability of real-time positioning and navigation solu-
tions.

4.0 CONCLUSIONS AND RECOMMENDATIONS

The final positional accuracy of a point determined by using abso-
lute GPS solution techniques is directly related to the geometric
strength of the configuration of satellites observed during the sur-
vey session. This study has shown that DOPs computed from pre-
observation planning and post-GPS observations are valid alterna-
tives for rapid-static or kinematic observation procedures. Conse-
quently, the DOP analysis for each stations occupied in a control
network can be used for optimizing and selecting GPS Reference
Network Control in Gidan Kwano area of Minna. The
GDOP/PDOP developed in the pre-observation planning is valid
for rapid-static or kinematic surveys in the study area but is less
valid for a long-duration static survey.

It is recommended that for every reasonable GPS Survey Cam-
paigns, a relatively current satellite almanac should be used to gen-
erate the Multi-station Analysis, as the first step to determine the
availability of the GPS satellites during observation sessions. This
allows for checking simultaneous observation of the same satellite,
the satellite elevation and the Dilution of Precision (DOP).

It should be noted that, low Geometry Dilution of Precision
(GDOP) indicates strong satellite geometry with a higher possibil-
ity of accuracy, therefore, effort should be made to use appropriate
satellite elevation cut-off angle (e.g. 15°) and ensure adequate time
in station occupation during the rapid-static or long static field pro-
cedures in order for higher numbers of satellites to be tracked by
the receivers.
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Control | Q11 Q12 Q13 Q22 Q23 Q33
GPS01 | 1.44E-06 | -9.2E07 | 4.9E07 | 4.53E-06 | -2.3E-06 | 9.87E-06
GPS02 | 0.004202 | 0.004086 | 0.004119 | 0.034344 | 0.010233 | 0.019811
GPS03 | 0.004292 | 0.003381 | 0.004354 | 0.033056 | 0.008483 | 0.021808
GPS15 | 0.003681 | 2.89E-05 | 0.002441 | 0.031604 | -0.00034 | 0.021663
GPS14 | 0.00249 | -0.00094 | 0.000497 | 0.025458 | -0.00637 | 0.01464
GPS05 | 0.00377 | -0.0014 | 0.000146 | 0.036834 | -0.00656 | 0.023254
GPS12 | 0.003968 | -0.00135 | -0.00089 | 0.034446 | -0.01109 | 0.019724
GPS11 | 0.004069 | -0.00092 | -0.00152 | 0.034309 | -0.0118 | 0.018548
GPS10 | 0.004595 | 4.98E-05 | -0.00244 | 0.029549 | -0.00831 | 0.01497
GPS09 | 0.004735 | 0.001405 | 0.005943 | 0.009603 | 0.000474 | 0.040173
GPS08 | 0.004404 | 0.001083 | 0.006846 | 0.007157 | 0.002208 | 0.052231
GPS07 | 0.005591 | 0.003554 | -0.00307 | 0.025701 | -0.00604 | 0.011052
GPS06 | 0.008337 | 0.010047 | -0.00333 | 0.050702 | -0.0063 | 0.010659
GPS13 | 0.004136 | -0.00166 | -0.00423 | 0.009465 | 0.003823 | 0.073483
GPS22 | 0.004753 | 0.003788 | 0.000119 | 0.02524 | -0.00126 | 0.012831
GPS25 | 0.00534 | -0.00193 | 0.001488 | 0.010795 | -0.00117 | 0.062483
GPS21 | 0.00512 | 0.002933 | -0.00018 | 0.025956 | -0.00107 | 0.021387
GPS20 | 0.004553 | 0.002071 | 0.000145 | 0.022519 | -0.00026 | 0.024018
GPS19 | 0.004367 | 0.000692 | 0.000799 | 0.020816 | -0.00047 | 0.032813
GPS18 | 0.004247 | -0.00025 | 0.000664 | 0.022229 | -0.0009 | 0.050989
GPsS17 | 0.008545 | -0.00183 | 0.003083 | 0.012765 | -0.01134 | 0.043394
GPS16 | 0.014053 | -0.00438 | 0.013159 | 0.012893 | -0.01713 | 0.065895
GPS24 | 0.016599 | -0.00659 | 0.025517 | 0.01414 | -0.02291 | 0.101131
GPS23 | 0.006342 | -0.00015 | 0.00128 | 0.007275 | -0.00634 | 0.041218
GPS04 | 0.005338 | -6.5E-05 | 0.000383 | 0.0069 | -0.00683 | 0.047855
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