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A convenient procedure for
the calibration and check of GNSS systems
by using the relative static positioning method

Evangelia Lambrou, Nikolaos Kanellopoulos

Abstract—Recent development in the area of GNSS-based measurements consists of combination of methodologies and modern
manufactured antennas and receivers, which are able to provide coordinates of sub-centimeter accuracy. In order to succeed this, it is
necessary that the measurement system (base and rover antennas- receivers and their ancillary equipment) to be calibrated and
functioning properly, as the manufacturer defines. Therefore a full methodology that ensures the proper function of GNSS systems is
indispensable. This paper describes a convenient procedure for the calibration and check of GNSS systems, using the relative static
positioning method. Each one of the calibration or the check procedure can be applied individually. The appropriate statistical checks were
carried out in both procedures in order to conclude with reliability about the proper function of the systems being checked. The
methodology succeeds the results by using efficient number and type of observations and simple mathematical models. So it is convenient
to be used by professionals in order to improve and to ensure their products. More over it could be a new supplement of the ISO 17123-8,
which deals only with the real time kinematic method and informs the user only for the precision of the base system which is being checked
and not about the accuracy of the measurements. An external control base of 2km length is used for the data acquisition. The control base
is located at an optimum position in order to minimize the errors due to the elevation variance, the multipath effect and atmospheric
conditions. Also the appropriate series of measurements are carried out in order to take into consideration the change of the satellite
geometry. Consequently the proposed procedure provides an over all illustration about the status of the checked GNSS systems under any
random environmental conditions. This estimation interests every professional in order to ensure the reliability of his products. Moreover it
concludes not only about the precision of GNSS systems under check but also about the accuracy that they provide by the comparison to
the " true” values of the measured parameters.

Index Terms—check, calibration, GNSS system, "Relative Static” positioning, external control base, network adjustment, nominal values,

scale of the system, uncertainty, statistical analysis

1 INTRODUCTION

he relative static is the most accurate GNSS positioning

method and it is used in advanced and demanding appli-

cations such as networks” adjustments and points” coordi-
nates determination providing sub-centimeter accuracy.
[1],[2]. Nowadays GNSS positioning systems are widely used
for both conventional and high accuracy applications, in ge-
odesy [3]. Thus the calibration and check of GNSS systems is
indispensable. Here it is worth to clarify that as GNSS system
is defined together the antenna, the receiver as well as the
software, which is used for the data processing.
The check procedure of a GNSS system is included in the 8th
part of ISO 17123, entitled "Field Work for controlling geodetic
and surveying instruments: GNSS field measurement systems
in real-time kinematic (RTK)". The purpose of ISO 17123-8 is to
define a procedure for the evaluation and determination of the
uncertainty of the base system provided data, using the real
time kinematic positioning method (RTK). During this check
procedure, one system is placed at a fixed point (base-
reference) and the other consecutively at two different points
(rover). The system which remains fixed throughout the check
procedure is the one which is tested [4].
Most countries worldwide adopt and implement the proposed
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provisions by the International Standards Organization (ISO).
Very few exceptions regard countries that adopt the processes
of standards by adding some conditions to their implementa-
tion. As the validity of ISO standards is advisory, countries
can apply them either in this way or in the form of laws to
consider them binding [5].

As the above mentioned methodology is not adequate for all
the needs of the geodesist worldwide, it is useful to make an
overview on the changes and supplements to the ISO provi-
sions, suggested by some countries.

In Europe most of the countries are members of the ISO Or-
ganization, and thus apply the ISO standards by incorporating
them with laws in their constitution. EU Members also com-
pete in the creation of new standards as well as in the renewal
and modernization of existing ones.

[https:/ /www .iso.org/members.html]. In addition, some
countries like France are responsible for the creation and man-
agement of institutions that explain key components of the
Calibration, Control and Traceability Systems of the Interna-
tional Organization of Measures and Weights. However, there
are some researches in Germany, which choose through
measurement procedures to isolate some of the error-input
operators with GNSS systems and analyze them thoroughly.
For example, an absolute antenna graduation of a single sys-
tem can be carried out using a robot [6],[7]. Most of these in-
vestigations are referred to laboratory tests that analyze the
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GNSS receiver as a complex electronic device and by using
suitable electronic circuits which can conclude about the prop-
er operation of receivers [8]. Therefore, in these cases no
measurements are made as regards satellite observations or
the export of coordinates, nor statistical checks are applied. [9].
Therefore these procedures, regarding the GNSS systems as
electronic devices, do not conclude on the check or calibration
of them, but on the proper functioning of their electronic com-
ponents.

In Canada, no changes or annexations to the conditions de-
scribed in ISO 17123-8, is proposed. However, due to the par-
ticular location and the extents of the country, there are guide-
lines that help the engineers make measurements with the best
possible precision and accuracy. These instructions concern
both the stage of preparation and the duration of the meas-
urements. It also identifies the common sources of errors for
all modern satellite positioning methods. [10]

On the other hand, Australia has created guidelines related to
the use of GNSS systems in geodetic applications in order to
adapt to the elements of the international standard ISO 17123-
8. A verification network is used for testing GNSS equipment
for geodetic applications. The aim of these is to encourage all
users to use a coherent approach when testing their equip-
ment so that the results achieved provide a reliable verifica-
tion. Also initial tests are implemented regarding the proper
function, relating to the receiver's electronic circuits. After
that, the verification procedure can be carried out either at an
EDM baseline, where the distances between the pillars are
known by a total station’s measurements, or at a larger control
base where a network adjustment is implemented using sev-
eral pillars placed at different places [11]. The choice about the
positioning method to be used at the check procedures is
made through the decision about the overall length of the con-
trol base. If the procedures are carried out at the EDM Baseline
all the kinematic methods can be applied, as the distances be-
tween the pillars are approximately 1km. However when the
large control base is used, the guidelines propose the use of
the static positioning method. Also these guidelines refer to all
processes, as the choice of time between the different control
phases and the mathematical model used for measurements
processing. [12]

China is one of the fast and largely developing countries. High
technological development has led to enormous data need for
all infrastructures. Most of these data are provided by GNSS
measurements. GNSS systems, because of their large number,
are divided into two categories. The first category includes
small size and low cost systems and the second one includes
commercial systems which are used around the world. There-
fore, several experiments have been developed for check the
operation of all receivers’ types [13]. More specifically, it is
proposed to create a control field at a high building, including
pillars and pedestals where the system under study is placed.
Also fixed reference stations involved in the process. At least
one system, which is part of a continuously operated reference
station network, is needed. A specific number of observations
are carried out, using the relative static positioning method, in
order to conclude about the proper operation of the system.
Therefore, the scope of this paper is to propose a convenient

procedure, which can be implemented by any professional
user, for both the calibration and check of GNSS systems by
using the relative static positioning method. This procedure
can ensure that the used instrumentation meets the standards
of the manufacturer.

The calibration procedure reveals the proper operation of the
GNSS systems, by calculating their systematic and random
errors through direct comparison of measured baselines with
their reference values. The check procedure reveals the suita-
bility of the GNSS systems for a geodetic application by de-
termining the coordinates' uncertainty and by its comparison
to the manufacturer’s nominal accuracy. For both procedures
the appropriate statistical tests are carried out in order to en-
sure the robustness and reliability of the calculations. Each
procedure can be applied independently but also the same
measured data can be used in both procedures via a different
mathematical analysis. The overall procedure provides safe
results about the proper operation of the GNSS systems under
check with an easy process.

2 CALIBRATION MATHEMATICAL MODEL

Under the consideration that the "true” (reference) baseline
length is known and the same baseline is measured by the
under check GNSS systems then the following equation 1 can
be formed.

D,=a-d.+b )

By using this equation the comparison of the measured base-
line [d;] to the reference "true” value [Dj] of the baseline is fea-
sible.

The true lengths of the baselines can be provided by a first
order total station with accuracy less than +Imm. The imple-
mentation of points for the baselines definition should be sta-
ble in order to ensure the unique set up of different instrumen-
tation (total station, prism, GNSS systems).The more conven-
ient is to use pillars with forced setting and centring facilities
in order to eliminate all these errors.

Also in order to eliminate the errors caused by atmospheric
conditions and the satellites” geometry [14], two series of
measurements should be carried out within at least 90 minutes
time interval. For each baseline length the mean value, of the
two series is used for the calculations.

As regards the error factors, the geometrical distribution of the
satellites during the observations is crucial. Thus the DOP
values ought to be less than 3 [15] as well as the elevation
mask about 15°. Moreover the orientation of both antennas
should be identical in order to eliminate the error of the an-
tenna’s face center definition.

If more than two baselines are involved then a least square
adjustment is carried out considering all the observations
equally weighted [16]. The goal is to calculate the values of the
unknown parameters a, b and their standard errors oa, ob.
Parameter (a) represents the "scale” of the system, namely the
grade of the GNSS’s measurements identification with the
reference values and their regularity. Also (b) represents the
systematic error and oy of the adjustment refers to the random
error. [17],[18] In order to obtain reliable results, as there are
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two unknown parameters, a minimum number of four base-
lines, is suggested to be measured.

Since the calculated parameters are statistically significant, the
accuracy ocalibration of the GNSS systems under calibration
results as the total error which is given by equation 2.

— 2 2
G calibration =+ VOo +b (2)

3. CHECK MATHEMATICAL MODEL

The initial data provided by a measured baseline between the

points i and j when GNSS systems are used are the DXj, DYj,

DZ;. Thus the following equations 3 can be formed.
DX;;=X;-X;, DY;;=Y,-Y, and DZ;=Z;-Z, 3)

Each baseline vector produces three equations (DX, DYy, DZj)
and every system’s position creates three unknown parame-
ters (Xi, Yi, Z;).Thus If more than three baseline are measured
a network adjustment [19] may be carried out by using the
linear equations described previously in order to calculate the
best values of the unknown parameters.

For the adjustment, one system’s position is considered fixed.
The provided results are the geocentric coordinates (Xj, Y;, Zj)

for each point and their uncertainties, Sx; Sy, , 32 which are
given by the variance covariance matrix of the adjustment.

For reliable results at least 5 baselines should be measured,
which are formed by 4 different pillars.

In order to make the magnitude and the direction of the re-
sulted errors comprehensive by any user, it is better to express
these uncertainties in a local plan projection system  (E, N,
Up).

Moreover it is underlined that the nominal accuracies og, on
and oy, which are given by the manufacturers for each type of
GNSS system are also expressed in a local plan projection (E,
N, Up). So this transformation is indispensable, in order to
compare the outcome results to the nominal systems accura-
cies.

For the transformation of s, ,s,,s, to the corresponding

Sg Sy S . . .
E,"Ni, " the equation 4 is applied.
~ P
VE,N,Up_R 'Vx,Y,z ‘R @)
Where:
\7X y, - the variance-covariance matrix of the adjustment for

the geocentric coordinates
= RT: the inverse rotation matrix
= R is the rotation matrix of the transformation, which is
formed as described in equation 5. [20]

-sin\ cosh 0
-COSA-Sin@ -Sin@-cosA  cosQ (5)
COSQ-COSA  Ccos@-Sink  sing

= @,\: the mean latitude and longitude of the pillars
which
participate to the adjustment
The s, sN, sup are provided by the diagonal elements of the

variance - covariance matrix Ve Up and the maximum values,

maxsg, maxs, , maxs,,, among them are used for the check.

For a certain confidence level (95%), the zero hypothesis Hy
(the systems work according to the manufacturer's standards)
will apply if equations 7 and 8 are simultaneously valid.

max Sg :J_r\/max sZ+max s, (6)
2
r
max sgy < ey /7(0,9:( ) )
1595 (n
max sg, < 4/ ®)
r

Where:
max Sg , max Sy, max SUp : the maximum among the calcula-

ted uncertainties by the adjustment
Og/ Gy, G, : the nominal uncertainties as are provided by

the manufacturer

r : the freedom degree of the system

4. STATISTICAL TESTS

In order to ensure the reliability of the results the following
statistical tests are applied to both procedures. The first test is
applied by using the a-posteriori standard error op of each ad-
justment, and assumed to be the zero hypothesis Hy (no gross

error), as long as the equation 9 remains valid [21].
~ 2
G_i < Xraa)

(52 r

0

©)

Where:

* a: the confidence level of the overall test

® r: the freedom degree of the adjustment

® op: the standard error of the unit weight

® X?a: the value of the x2 distribution for a certain degree of
freedom and a confidence level.

Moreover the Baarda test should be applied, for each observa-

tion to be sure that no gross errors are involved in the adjust-

ment [22]. The zero hypothesis Hy (no gross error) is true if

equation 10 is valid.

(10)

Where:

¢ a: the confidence level of one-dimensional check

e v; :the residuals of each measurement

* 0, the standard deviation of the residual (Elements of the
diagonal of the residuals matrix)

e z: limit values for the normal distribution

5. EXPERIMENTAL APPLICATION

An application was carried out for both the calibration and
check procedures at an external EDM control base, as de-
scribed in Figure 1, which consists of fixed pillars. Five pillars
are involved, where the distances between them are from
160m to 2000m. It is pointed out that these are the most com-
mon distances of baseline vectors, which are created at the
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majority of geodetic applications and surveys. The pillars are
placed in a straight layout with zero inclination. The first or-
der Leica TM30 Total Station [23] is used to measure the certi-
fied (reference or true values) distances between all the pillars,
with accuracy of #Imm.

The GNSS systems under check are placed successively at the
same concrete positions as the total station by using forced
centering facilities. Thus baselines, which will be measured by
the GNSS systems, can be compared directly to the reference
distances between the pillars, without any reductions or cor-
rections. Ten baselines is the maximum number, which are
formed by the combination of the five pillars by two. Two
GNSS systems Trimble 5800 are used. The nominal horizontal
(op=on=t5mm+0.5ppm) and vertical accuracy
(oup=5mmz*1ppm) for the relative static positioning method
is defined by the manufacturer [24].

2000m

589.989m
499.153m

161.381m

Fig 1. The external control base

Ten baselines were measured namely the B1-(B3-B5-B7-B9),
B3-(B5- B7-B9), B5-(B7-B9) and B7-B9 [25]. The occupation time
for each baseline ranges from 10 to 20 minutes and was decid-
ed after the analysis of the DOP values and the distance be-
tween the pillars. The overall time for the measurements was
approximately 5 hours. Each of the two different measurement
series last about 2 hours as 90 minutes is the time internal be-
tween them. The DOP indexes fluctuate from 2 to 3, so are
accessed as satisfying. The differences of the calculated coor-
dinates between the two measurements series fluctuates hori-
zontally from +2mm to *6mm as vertically from +5mm to
+9mm.

For the calibration procedure ten baseline distances are calcu-
lated by the process of the baselines vectors. A total of 10 ob-
servation equations were formed according to equation 1, and
the matrices referring to the least-square adjustment were car-
ried out. The freedom degree of the adjustment was 8. The
differences between the experimental and the reference values
of distances range from £Imm to +1cm.

The results are checked for their statistical significance. Then
the systematic error (b) and the random error (op) are come out
as well as the adaptation equation 11:

where =8, ¢,=+1mm and Xi(l_a) :X;(o.gsm =1551.

Moreover the Baarda test doesn’t detect any gross error. So
both systems perform measurements without statistical errors
with £3mm accuracy.

For the check procedure also the same ten baselines between
the pillars are used. Thirty observation equations were formed
according to equation (3) where twelve unknown coordinates
(X, Yy, Z;) are calculated as the pillar B1 was considered fixed.
The freedom degree of the adjustment was r =18. The standard
errors of coordinates sg;, sni, of the four unknown pillars fluc-
tuate from #0.9 to *1.5mm as suyp fluctuates from *0.8 to
£1.6mm. The a-posteriori standard deviation of the adjustment
is obtained; 6,= +1.2mm therefore the equation 9 can be

applied, where:

= =14<1.6mm
c r

0

~2 2
G, . Xraa
— S (12)

where =18, 6,=%1mm and X/ (1. = Xt 050 = 28-80.

Also, the Baarda check is applied successfully. Therefore, no
gross errors appear in the observations that may lead to their
rejection. The maximum standard errors max sg, max sy, max-
Sup, are compared to the nominal values set by the manufac-
turer og, On, Oup, for confidence level 95%. Where:

Max s, =%,/max s2+max s% = +2.2mm (13)

2. (18
max sg, <+ Zos18) £y = 12.2mm < £1.26-5mm = £6.3mm (14)
, \/ 18 :

Zg,gs (18)

18

All individual uncertainties for each point satisfy the check
conditions as described in equations 13 to 15. So the systems
under check can perform observations according to the uncer-
tainties specified by the manufacturers.

max sg, <+ up = +1.6mm <+1.26-5mm=+6.3mm  (15)

6. DISCUSSION

Both the calibration and check procedures are indispensable in
order to conclude about the proper operation of GNSS sys-
tems, using the relative static positioning method. A signifi-
cant advantage is that each procedure can be applied individ-
ually.

The use of an external control base helps the application of the
proposed methodology, providing certain advantages such as

y =1.000005- X - 2.2mm (11)  the accurate definition of the end points of each baseline and
where & =411 _ 7 andg —+0.5mm. Thus the identification of these points with the total station ones,
Op=*1.1mM-o,=+4.6-10 Op = V.omm the existence of the reference values of the baselines lengths
— and the open horizon. Moreover much time saving is achieved
Ocatirations T /0 +b" =£3.Imm ~ £3mm due to the control base facilities and the use of the same meas-

The statistical tests are applied successfully as follows urements for both procedures.
2 It is well known that there is a plethora of errors that influence
G—gsmsl.zgl.gmm the GNSS measurements as the antenna’s manufacture, iono-
% f sphere, troposphere, multipaths, the number of visible satel-
lites and their geometry during the measurements, clock er-
rors, observation time etc. All these are quite difficult to be
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accurate defined. Thus the proposed procedure doesn’t deal
with the investigation of all these errors as the main request is
the manufacturer accuracy to be succeeded under mean and
random conditions.

However, in order to ensure the reliability of the methodolo-
gy, the measurements are carried out into two different series
of about two hours duration for each one. The two series are
carried out with a time interval of at least one and a half hour.
Moreover during the measurements special care must be giv-
en to the orientation of the antennas to be identical in order to
eliminate the error of the definition of the antenna’s face cen-
ter. Also the elevation mask should be about 15° in order to
avoid gross errors.

The calibration procedure requires reference values of base-
lines distances as the check procedure does not. However the
implementation of the check procedure at a control base is
preferred in order to eliminate all the factors that insert errors
to the measurements. It is noted that due to the mathematical
model, each baseline vector forms only one equation for the
calibration procedure, while it forms three equations DX, DY,
DZ for the checking procedure. The equation used for the cali-
bration procedure has only two unknowns as for the check
each pillar forms three unknowns and at least three pillars
must be use, where six unknowns should be calculated by
nine equations.

If a systematic error occurs, the check procedure may be suc-
cessfully completed while the calibration procedure emerges
the problem.

In the case that the equation 16 remains valid, that means that
the systems work properly and the results of the two proce-
dures are compatible to each other .This occurs at the present
application.

O calibration (1 6)

r i\/max(sE‘N )2+max(sup)2 = 13.lmm = £2.7m=+3mm

7. CONCLUSIONS

The proposed methodology concludes both, about the preci-
sion of GNSS systems being checked and the accuracy that
they provide by the comparison to the true values.

The calibration procedure provides conclusion about the “ex-
ternal” accuracy of the measurement system. It uses as obser-
vations, measured baselines by the two GNSS systems, which
are compared to the reference "true” values.

The check procedure provides conclusion about the internal
accuracy of the measurement system, namely the provided
coordinates precision. It uses as observation the initial compo-
nents (DX, DY, DZ) of the baseline vector and it provides re-
sults to a local plan projection after the transformation of the
coordinates” uncertainty (sg,sn,sup). This transformation is in-
dispensable in order to compare these uncertainties to the
nominal accuracy set by the manufacturer.

The idea to compare GNSS baselines with accurate measured
distances by a modern total station is not quite new. Also the
mathematical model is a simple one by a well known approx-
imation. Thus the proposed methodology provides to the pro-
fessionals a user - friendly and easy to implemented proce-
dure.

The methodology meets the requirements of any professional
user as it concludes for the proper operation of GNSS systems,
by using efficient number and type of observations and simple
mathematical models. So it is convenient to be used by profes-
sionals in order to improve and ensure their products. Also it
could be a supplement to the ISO 17123-8 as gives more in-
formation about the systematic and random error of the GNSS
systems as well as their compliance to the manufacturer nom-
inal accuracy by using a more accurate positioning method.
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