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GNSS positioning is nowadays applied for surveying and other geomatic applications. Although dual-
frequency GNSS receivers are widely used, low-cost single-frequency receivers have been relegated to
navigation applications. However, their advantages make them optimum candidates for positioning
applications in many scientific areas. To know the precision limits of these measuring systems, the eval-
uation of the uncertainty of measurement results obtained by them is required. For that, it is recom-
mended to apply standard operating procedures (SOP). The International Organization for
Standardization (ISO) published the standard ISO 17123-8 aimed at specifying field procedures to be
adopted when determining and evaluating the precision of GNSS field measuring systems in real-time
kinematic (RTK). Using this standard, we evaluate the positioning performance of two GNSS receivers,
the geodetic dual-frequency Leica GS10 with AS10 antenna using a network RTK solution, and the
low-cost single-frequency u-blox NEO-MS8P using a single-base RTK solution. Considering the different
sources of uncertainty and their influence quantities, the combined uncertainty budget for the dual-
frequency receiver gives combined standard uncertainties on the horizontal position at the order of
+2.5 mm and close to #4.5 mm for the vertical coordinate. In the case of the low-cost receiver, the com-
bined standard uncertainties are close to +5.5 mm for the horizontal position and £11 mm for heights.
The results indicate that just as the geodetic receiver satisfies the horizontal and vertical sub-
centimetric precision limits established for high precision applications, the low-cost receiver can achieve
a competitive positioning performance to survey-grade receivers in real-time positioning for short
baselines.
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1. Introduction

Global Navigation Satellite Systems (GNSS) are nowadays
widely applied in surveying and other geomatic applications, espe-
cially using RTK positioning. This technique is usually performed
using high precision GNSS receivers in order to achieve high preci-
sion and accurate results although, in recent times, there is a grow-
ing interest in the use of low-cost receivers. Thus, in 2008, [1]
carried out some field tests to evaluate the GPS-RTK performance
with low-cost single-frequency antenna and receivers concluding
that it is feasible to apply consumer-grade antenna and receiver
to GPS-RTK and that there is a small difference between the
consumer-grade and the geodetic-grade receivers. However, to
improve the performance, they recommended the use of a
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geodetic-grade antenna. Recent studies show that low-cost
single-frequency RTK receivers can achieve competitive ambiguity
resolution and positioning performance to survey-grade high-cost
dual-frequency receivers: making use of low-cost single-frequency
dual GNSS system (SF-DS) receivers and patch antennas [2], com-
bining low-cost receivers with survey-grade antennas [3] or even
in RTK positioning with a smartphone implementation of a
single-frequency receiver for different ionospheric disturbance
periods [4]. The performance of the Network Real Time Kinematic
(NTRK) approach using a low-cost RTK board for Arduino environ-
ment, a smartphone with open source application for Android and
the availability of data correction from a CORS service is analyzed
in [5]. Other studies on single-frequency RTK using low-cost GNSS
receivers can be found in [6,7].

It is known that the main limitation of traditional RTK position-
ing based on a single reference station is caused by distance-
dependent errors (orbital errors and ionospheric and tropospheric
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refraction), being limited to a few kilometers [8]. Nevertheless,
these errors can be modeled using GNSS observations from several
reference stations around the rover position, extending the single-
base RTK positioning to a multiple reference station solution or
Network-based Real-Time Kinematic (NRTK). Different approaches
coexist to generate the NRTK corrections, including MAX and i-
MAX- Individualized MAX-solutions based on the MAC approach,
Pseudo-reference Station (PRS), FKP (Flachen Korrektur Parameter)
and VRS (Virtual Reference Station). For a detailed description
about these techniques, reader is refereed to [9]. The most widely
used are Master Auxiliary Concept (MAC) [10] and Virtual Refer-
ence Station (VRS) [11]. In the MAC approach, network corrections
are calculated considering a main reference station or master (it is
the nearest reference station to the rover location) and several aux-
iliary reference stations. This approach was designed to transmit
network corrections in standard format under Networked Trans-
port of RTCM via Internet Protocol (NTRIP) in a compact form
[12], providing ambiguity-level observation data as correction dif-
ferences of dispersive (ionospheric delay) and non-dispersive data
(tropospheric delay and orbit errors) for each satellite-receiver
pair. The main task of the network processing software considering
the MAC approach is to reduce the ambiguities for the phase
ranges from all reference stations in the network or sub-network
to a common level. For ambiguity resolution, the software uses
the known LAMBDA method [13]. The VRS approach also requires
several reference stations connected to a network server. The rover
sends a navigation solution of its current position to the network
control center which accepts this position as the location of a vir-
tual reference station, calculates the corrections relating to the
VRS, and transmits them to the rover. As [ 14] shows, although from
the user perspective both VRS and MAC approaches are supported
by the main GNSS instruments and deliver positioning results at
the same accuracy-level, the MAC approach appears to be superior,
since it supplies raw correction data related to real reference sta-
tions, rather than modeled data related to virtual reference sta-
tions. Today, it is generally recognized that a RTK network or
active network, comprised of permanent Continuously Operating
Reference Stations (CORS), is an indispensable complement to
GNSS positioning systems, allowing the determination of 3D posi-
tions in real-time with high precision and accuracy, and providing
the fundamental infrastructure required to meet the needs of
many surveying and mapping professionals, and navigation users.

All measuring processes are influenced by random and system-
atic errors. The evaluation of the precision and accuracy of a mea-
suring system, including GNSS surveying, in order to achieve
results that meet the quality specifications of a given project is a
critical task. Several studies have been carried out to evaluate the
precision and accuracy using NRTK solutions in Great Britain
[15], Australia [16], Ireland [17], Taiwan [18], Spain [19], or Turkey
[20], to name a few. Although the application of SOP for evaluating
the uncertainty of measurement results of surveying instruments
is not new, the complexity of the measuring GNSS systems compli-
cated the introduction of testing methods for this kind of instru-
ments. For that, the standard ISO 17123-8 for GNSS field
measurement systems in RTK was introduced in 2007 and updated
in 2015 [21,22]. [23] already revealed that some measuring ambi-
guities remain when applying this test procedure. Nowadays this is
especially true when NRTK positioning is considered. Applications
based on this official ISO standard considering NRTK solution are
scarce. [24] evaluated the positioning performance of a low-cost
high-sensitivity carrier phase-based navigation receiver based on
the ISO standard for RTK geodetic receivers demonstrating its suit-
ability for different accuracy levels of RTK positioning applications.
In light of the developments with low-cost receivers, [25] evalu-
ated two low-cost high sensitivity receivers in control surveying
specifications using static GNSS positioning. The evaluation was

carried out within a framework of published standards and guide-
lines. More recently, [26] proposed a methodology that combines
both check and calibration procedures of a single GNSS receiver
using the VRS method constituting a supplement to the standard
ISO 17123-8.

In this study, the standard ISO 17123-8 is applied in order to
evaluate the RTK performance of two GNSS receivers, the geodetic
dual-frequency Leica GS10 with AS10 antenna considering
network-based RTK solution, and the low-cost single-frequency
u-blox NEO-M8P using a single-base station RTK solution. This
manuscript is organized in five sections. In addition to this intro-
duction, in Section 2, a brief description of the ISO standard is
given. In Section 3 (data acquisition), the GNSS receivers as well
as the field test procedures used are described. Section 4 shows
the results and their statistical analysis, presenting the conclusions
in Section 5.

2. 1SO 17123-8 field procedures

The standard ISO 17123-8 [21] specifies field procedures to be
adopted when determining and evaluating the precision (repeata-
bility) of GNSS field measurement systems (from any constellation)
in relative kinematic (GNSS RTK). Many times a number of effects
are not perfectly accounted by the double-difference phase obser-
vations mathematical model. These effects enter as systematic fac-
tors in the observation noise, which is however modelled as pure
random noise [27]. Therefore, since the adjustment GNSS (phase)
observation model may be not completely correct. The covariance
of GNSS baselines is often underestimated with respect their preci-
sion [28]. This is the reason why the repeatability is commonly
used as a measure of the precision of the estimated coordinates
by GNSS. The last edition includes the network RTK application
and the calculation of an uncertainty budget [22]. Two different
field procedures, namely simplified test procedure and full test
procedure, are described. These tests are intended to be field veri-
fications of the suitability of a particular instrument for a specific
application, and/or to satisfy the requirements of other standards.
The full test procedure is designed for determining the experimen-
tal standard deviation for a single position and height measure-
ment and it is adopted to determine the best achievable measure
of precision of the equipment in use. Further, this full test proce-
dure may be used to determine the measure of the precision of
the equipment under given conditions, the measure of the preci-
sion of the equipment used in different periods of time or under
different conditions (multiple samples), and the measure of the
capability of comparison between different precision of equipment
achievable under similar conditions. In this work, we selected the
full test procedure applied to the two mentioned receivers under
two different scenarios: case (a) for the dual-frequency receiver
using network MAC corrections and case (b) for the low-cost
single-frequency receiver using a single-base (reference) RTK solu-
tion (Fig. 1).

The procedure requires the measurement of two samples of
thirty data each one (fifteen from R1 and fifteen from R2). A sample
is composed of three series of measurements, each one separately
by at least 90 min. Thus, multiple series of measurements tend to
reflect influences such as variations in the ionospheric and tropo-
spheric conditions and changes in satellite configuration. A series
of measurements consists of five sets. Each set of measurements
comprises successive measurement at two rover points R1 and
R2. The time lag between successive sets is recommended to be
approximately 5 min. In such a way, the span of a series of mea-
surements is about 25 min, making the measurements to cover
the variation cycle of a typical multipath influence which is esti-
mated about 20 min.
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Fig. 1. Network configuration and differential RTK corrections applied in cases (a) and (b). Details of reference stations (MRS and N-PRS) are shown in Fig. 3.

For each set of points in a series, the horizontal distance (D) and
height difference (Ah) between them is computed and compared
to nominal values determined by methods with precision better
than 3 mm other than RTK (see Section 3.C). Applying a least
squares adjustment on overall measurements in all series, the esti-
mates of X, y, and h for each rover point, their residuals for all mea-
surements in the three series, and the experimental standard
deviations of a single measurement of X, y, and h (uiso_gnss rTi-
xy = Sxy and Uiso_gnss rTk-h = S, Tespectively) are calculated. In addi-
tion, the full test procedure allows us to perform statistical hypoth-
esis tests to know if the calculated experimental standard
deviations sy, and sy, of a single position (x, y) and h are smaller
than or equal to the corresponding value o,y and oy, stated by
the manufacturer or another predetermined value. Similarly, it
can be tested if two experimental standard deviations of a single
position (X,y) (Sxya) and Sxy)) or h (spa) and syg)) as determined
from two different samples of measurements A and B belong to
the same population.

3. Data acquisition
3.1. GNSS receivers

Different GNSS receivers were used in cases (a) and (b). The
GNSS equipment used in case (a) is composed of a dual-
frequency Leica GS10 receiver (equipment number 3660839), a tri-
ple frequency (GPS/GLONASS/Galileo) Leica AS10 antenna, and a
radio field controller CS10 (Leica Geosystems AG. Heerbrugg,
Switzerland) (Fig. 2a). The receiver is equipped with the Siemens
MC75 GSM/GPRS module and was configured to receive NRTK cor-
rections (MAC approach) from the Andalusian positioning network
(RAP) (see Section 3.B) in RTCM format [29] via Internet Protocol
(NTRIP). The RTK configuration and setting were 1-second observa-
tion rate, maximum PDOP = 6 and measurements number = 1, hor-
izontal coordinate quality (CQ2D) < 30 mm and vertical coordinate
quality (CQ1D) <50 mm. The independence between ambiguity
resolutions was guaranteed disconnecting to the RAP NTRIP caster
between each two consecutive NRTK measurements. The standard
deviations indicated by the manufacturer specifications consider-
ing the NRTK solution are oy =+(8 mm + 0.5 ppm) for horizontal
components and oy, = +(15 mm + 0.5 ppm) for vertical component.
In the case of single-base RTK positioning, the standard deviations
are Oy, =%(8 mm+ 1 ppm) and o, =%(15mm+ 1 ppm) [30]. The

height of the antenna was measured using the height hook with
integrated tape measurement supplied with the instrument.

The GNSS receiver for the case (b) considers the low-cost single-
frequency u-blox NEO-M8P GNSS RTK module (type number C94-
M8P-3-11) (u-blox AG. Thalwil, Switzerland) (Fig. 2b and 2c). u-
blox M8P modules use GPS L1 C/A, GLONASS L10F, and BeiDou
B1 observables. It is important to use a patch antenna with
10 cm diameter metallic ground plane in order to mitigate the
multipath effect [31]. The base station module sends corrections
using RTCM protocol to the rover module via a radio communica-
tion link enabling the rover to output its position relative to the
base station down to centimeter-level precision. The manufacturer
specifies the circular probable error (CEP) for RTK positioning as
(25 mm + 1 ppm) (ppm limited to baselines up to 10 km). The
convergence time is less than 60 s but it depends on atmospheric
conditions, baseline length, GNSS antenna, multipath conditions,
and satellite visibility and geometry [32]. The height of the antenna
was reliably determined using together two accessories, the Leica
GHMO007 instrument height meter and GHT196 spacing bracket.

3.2. Configuration of the field test networks

According to the ISO standard procedure, the field tests include
the base station and the two rover points previously mentioned.
The separation D of rover points (Fig. 3a) shall be a minimum of
2 m and shall not exceed 20 m. In this work, the rover points R1
and R2 are located at the terrace of the Science and Technology
building on the Campus of the University of Jaén (Spain) and are
materialized by leveling benchmarks (Fig. 3b) belonging to a verti-
cal control network deployed in the campus. We selected these
points as they have a sky view free from obstacles. The horizontal
distance (D) and height difference (Ah) between the rover points
shall be determined by methods with precision better than 3 mm
other than RTK. In our case we used a total station for the elec-
tronic distance measurement of D and high precision leveling for
Ah (see Section 3.3). These values are considered as nominal values
and are used in the first step of the full test procedure to ensure
that RTK measurements are free from any gross error. This study
considers two different RTK solutions, network-based in case (a)
and single-base station in case (b). The reference stations and
therefore the field tests are different in both cases.

In case (a), the network-based solution considers as reference
frame the Andalusian Positioning Network [33]. This active GNSS
network is a local geodetic infrastructure managed by the Institute
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Fig. 2. Different instruments used in data acquisition: (a) Leica GS10 receiver and AS10 antenna on a surveying tripod, (b) u-Blox NEO-M8P GNSS antenna on a surveying
tripod centered over the leveling benchmark and (c) Details of the NEO-M8P GNSS module and patch antenna.

Fig. 3. (a) Rover points R1 and R2 on the terrace of the Science and Technology building on the Campus of the University of Jaén (Spain) and the separation between them (D).
(b) Detail of the benchmark for R1 and R2. (c) Location of reference stations (UJAE and UJAC) and the two rover points R1 and R2. (Background: orthoimage PNOA - Spanish
National Plan of Aerial Orthophotgraphy). (d) Permanent reference station UJAE belonging to RAP active network on the terrace of the Hall of Residence Domingo Savio
(Campus of the University of Jaén). (e) Non-permanent reference station UJAC on the terrace of the Hall of Residence Domingo Savio with u-Blox NEO-M8P GNSS module. (f)
Leica AS10 antenna on reference station UJAC.
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of Statistics and Cartography of Andalusia (IECA) for precise posi-
tioning applications in the Andalusian Community (South of Spain)
[34]. The RAP network provides both NRTK corrections and GNSS
data for accurate positioning through 22 permanent reference sta-
tions strategically distributed over the region of Andalusia with a
maximum inter-stations distance of 70 km. The RAP permanent
reference station UJAE (master reference station MRS considered
in the network solutions, Fig. 1) is located at the campus on the ter-
race of the Hall of Residence Domingo Savio, at a distance of 335 m
from R1 (Fig. 3¢ and 3d). On the other hand, for the case (b), the
field test includes the non-permanent single-base (reference) sta-
tion UJAC (Fig. 1), located at the same building than UJAE at a dis-
tance of 305 m from R1 (Fig. 3c and 3e). In the single-base RTK
solution, the rover calculates its position relative to the location
of this reference station UJAC. To get an optimal positioning accu-
racy, the accuracy of the reference station position must be guaran-
teed. For that, we previously carried out 3 h of static GNSS
measurements at UJAC using the dual-frequency Leica GS10 recei-
ver and AS10 antenna (Fig. 3f) with subsequent relative post-
processing to obtain its coordinates in the same reference system
and frame than the RAP network (ETRS89-ETRF2005).

For each network configuration, two independent samples A
and B of thirty measurements each one were measured. The mea-
surements were performed in 2018, on 31 January and 2 February
(DOYs 031 and 033) for samples A and B in the case (a), and on 21
February and 7 March (DOYs 052 and 066) for samples A and B
respectively in the case (b). All the collected data were referred
to the ETRS89 - UTM projection (Zone 30) (x,y) considering the
ellipsoidal height (h).

3.3. Determination of nominal values

The horizontal distance (D) between the two rover points was
determined using a Leica TCA2003 total station (Fig. 4a). First,
we checked that the difference between two independent horizon-
tal distances R1-R2 and R2-R1 or closure error, equals to 0.1 mm,
was acceptable using a 3¢ tolerance (Eq. (1)).

Tap = £30pV2 (1)
where
- —i\/(' 2 2
D= sinV - gs,)” + (Sq - cosV - av) 2)
o 2
Os, =+ (\E}ZM) + 0% + 02 (3)

For each measurement, double face observations were per-
formed on vertical angles (V) and slope distances (Sq4). In Egs. (2)
and (3), the following source of uncertainty were considered:
Oepm = (1 mm + 1 ppm) for spatial distances, Gy-Giso.y =+1.5
for vertical angles, and instrument and reflector miscentering
using optical plummet o;=0c,=20.001 m. Then, we computed
the arithmetic mean of both independent horizontal distances
R1-R2 and R2-R1 (D), resulting as 16.1024 m. This distance is
reduced to the UTM plane and then used as nominal distance for
the identification of gross error. Propagating uncertainties, the

standard uncertainty for D resulted as op/v2 = +0.0011m. It is
important to underline that the two slope distances measured
using the classical double face approach may be correlated with
each other, given the almost immediate sequence of observations
and therefore very similar atmospheric conditions. Nevertheless,
the numerical difference in Eq. (3) between considering or not
the slope distances as independent variables is negligible and the
obtained standard uncertainty is largely lower than the required
precision of 3 mm.

On the other hand, the height difference (Ah) between the two
rover points was measured by high precision leveling using a Leica
DNAOS3 digital level and two bar code invar rods (Fig. 4b). Median
mode was used and several observations were carried out for each
measurement to the rod. The survey field procedure was applied
according to the well-known rules of precise leveling [35]: (a)
checking and adjusting level and rods before each survey, calculat-
ing the collimation error (digital level automatically corrects all the
measurements); (b) correcting for the Earth’s curvature; (c) start-
ing and finishing each leveling run always with the same rod in
order to avoid zero-point differences between rods; (d) double
run between consecutive benchmarks; (e) lines of sight (between
rods) less than 50 m. Balancing backsight and foresight distances
in order to the total difference throughout the line is less than
10 cm. Equal number of setup for forward and backward runs; (f)
double readings for backsight and foresight measurements keeping
the time interval between readings as short as possible. The level-
ing method used was backsight-foresight-foresight-backsight
(BFFB); (g) to prevent atmospheric refraction errors, the line of
sight must not be below the first 50 cm of rod; and (h) avoiding
windy conditions and excessive temperature changes during the
measurements. We checked the discrepancy between the forward
and backward height differences or misclosure error equals to
0.03 mm, establishing a 3o tolerance for its acceptance. This toler-
ance (Eq. (4)), equals to £0.23 mm, was computed based on the c.
1so-.ev standard uncertainty for the leveling equipment and the
length of the leveled run (forward and backward distances) in
km (K). According to [36], the experimental standard deviation

Fig. 4. Measuring the nominal values, horizontal distance (D) and height difference (Ah), between rover points R1 and R2 by using (a) Leica TCA2003 total station and (b) high

precision leveling with a Leica DNAO3 digital level and invar rods.
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(o1so-tev) of a 1-km double-run leveling for Leica DNAO3 digital
level with invar rods is 0.3 mm.

T= i3UISO—LEV\/§\/K (4)

Then, for the height difference Ah, we evaluated the mean of
both forward and backward leveling runs Ah = —-0.0153 m and its
standard uncertainty G, =+0.0004 m (Eq. (5)), K being the length
of the forward or backward run, in km.

Oan = £0150-15vVK (5)

4. Results

In total, 120 3D positions (x, y, and h) were measured corre-
sponding to two samples (A and B) and two solutions (NRTK and
single-base RTK). For each sample, fifteen positions (series S1, S2,
and S3) were measured at each rover point. In Fig. 5, horizontal
and vertical residuals from the network-based (top) and single-
base (bottom) samples at rover points R1 and R2 are shown. The
coordinates obtained by different series are very close to each
other and there are no significant differences among the final val-
ues computed from different samples. As can be seen, considering
the NRTK solution (dual-frequency receiver) at both rover points,
the residuals are less than 5 mm in the north and east components
and slightly higher in the vertical component. If single-base solu-
tion is considered (low-cost single-frequency receiver), the residu-
als double the values for the north and east components obtained
with the NRTK solution and triple them for the vertical component.
It should be noted that for high accuracy applications, the antenna
calibration and its phase center variations (PCV) are needed. Avail-
able PCVs from International GNSS Service include corrections for
geodetic antennas; however, antenna calibration is not available
for low-cost antenna. [37] presents an approach to estimate the
antenna phase centre offset (PCO) and variations (PCV) for an u-
blox single-frequency patch antenna, based on relative calibration
to a geodetic type antenna on a short baseline, considering two
measurement sessions. The results clearly prove the impact of
the phase center error on positioning accuracy, especially impor-
tant in the vertical component. Therefore, it is important to under-
line that the unmodelled antenna correction could include a bias in
the altimetric precision.

Initially, the calculation of the horizontal distance and height
difference between the two rover points from the positions
obtained in real-time is required. These measurements are com-
pared directly with the nominal values in order to detect any mea-
surement with gross error. No gross errors were detected in the
two samples considered in cases (a) and (b). For each sample,
and applying the least squares adjustment on overall measure-
ments in all series, we estimated the average value of X, y, and h
over the series, the summation of the squared residuals, the
degrees of freedom for X, y, and h (they are identical for the three
components), the experimental standard deviation for each com-
ponent, and the standard deviation of a single measurement of x,
y (sxy) and h (sp). Note that the ISO standard overestimates sy as
it is computed as the mean square positional uncertainty. The
probability represented by this circular precision index is in the
range from 63% to 77%. Due to the variation in probability, this
index is not recommended for using as a precision index because
the probability represented varies when sy and s, are not equal.
The preferred circular precision index, consistent with indexes
used in the linear distribution, is the circular standard uncertainty,
computed as the average of sy and sy [38]. The probability of the
circular standard uncertainty is 39%, corresponding to the proba-
bility of the standard uncertainty ellipse. Therefore, the ellipse is
commonly replaced by this circular form which is easier to use.

Herewith, in this study, the circular standard uncertainty is used
as the standard uncertainty of a single position (Ujiso.gnss RrTK-
xy = Sxy). In addition, sy, is defined as the standard uncertainty of a
single height (Ujso-gnss rtk-h = Sn)- All these values are showed in
Table 1. The standard uncertainty in a single position and in a sin-
gle height for case (a) shows high similarity in both samples A and
B (Sxy(a) = *1.6 mm and syy(py = #1.8 mm, and sy(a) = +3.3 mm and sy,
@ =4.1mm). The same trend is observed in case (b) (s
w=%*33mm and syyp)=+*3.5mm, and spa)=29.7mm and sy
®=*9.3 mm). As expected, vertical standard uncertainties have
larger values compared to the horizontal ones, but they are still
satisfactory in both cases. The values of the standard uncertainties
on the horizontal positions sy, considering the single-base RTK
solution double the values for the NRTK solution and triple them
again for the height components sy,

Regarding the statistical hypothesis tests described in the ISO
standard for the full test procedure (Section 2), the following four
null hypotheses can be tested:

Ho) The calculated experimental standard deviation sy, of a
single position (x, y) is smaller or equal to a corresponding value
stated by the manufacturer o, or another predetermined value.

Ho,) The calculated experimental standard deviation sy, of a sin-
gle height h is smaller or equal to a corresponding value stated by
the manufacturer oy, or another predetermined value.

Hos) Two experimental standard deviations Syy(a) and syy) of a
single position (x, y) determined from two different samples of
measurement belong to the same population, assuming that both
samples have the same number of degrees of freedom.

Ho,) Two experimental standard deviations spay and sy of a
single height h, determined from two different samples of mea-
surement, belong to the same population, assuming that both sam-
ples have the same number of degrees of freedom.

The experimental standard deviations Syya) and Syys) (O Sp(a)
and sp(g)) may be obtained from two samples of measurement by
the same equipment or from two samples of measurement by dif-
ferent equipment. In this study, the first option has been applied.

For null hypotheses Ho; and Ho,, the calculated experimental
standard deviations sy, and sy, are compared to predetermined val-
ues Oyy and oy, using the xz distribution [22,39] at the 95% confi-
dence level with 56 and 28 degrees of freedom respectively. For
case (a), the predetermined standard deviations as derived from
the manufacturer specifications are cyy=+8 mm and c,=#%15-
mm, and Gy, = o, =+21 mm for case (b). For the low-cost single-
frequency receiver, the manufacturer indicates only CEP in the pro-
duct specifications [32] as term associated with GPS uncertainty.
The CEP probability is 50%, hence the following conversion factor
is used to determine the circular standard deviation
o = +CEP/1,1774 for the normal circular distribution [38]. Although
CEP is an index for the horizontal uncertainty only, and typically
the vertical uncertainty is 2 to 3 times worse than the horizontal
one, this index will be considered for the vertical component as
well as no other uncertainty index is specified by the manufacturer
for this component. Regarding null hypotheses Hos and Hoy,, the
standard deviations Syya) and Sxys) (and snay and syg)) for both
samples are tested using the F distribution at the 95% confidence
level [22,40], verifying that the data measured in different days
belong to the same population. As shown in Table 2, all four null
hypotheses are accepted.

4.1. Combined standard uncertainty evaluation

The sources of uncertainty and their influence quantities are
summarized in Table 3 for the NRTK solution (case a) and in Table 4
for the single-base RTK solution (case b). It should be noted that
the uncertainty related to the sensitivity of the tubular/circular
level can be neglectable using a tripod or pillar [41,42]. Related
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Fig. 5. Horizontal (northing and easting components) and vertical (h) residuals from NRTK (top) and single-base RTK (bottom) samples at rover points R1 and R2.
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Table 1
Statistical results for the different samples in cases (a) and (b).
Statistical value Case (a) Case (b)
Sample A Sample B Sample A Sample B
Mean value over the series of x; (m) 431501.6082 431501.6075 431501.6067 431501.6087
Mean value over the series of y; (m) 4182534.1433 4182534.1433 4182534.1476 4182534.1588
Mean value over the series of h; (m) 502.8191 502.8151 502.8203 502.8052
Mean value over the series of X, (m) 431511.6400 431511.6401 431511.6473 431511.6285
Mean value over the series of y, (m) 4182546.7240 4182546.7252 4182546.7245 4182546.7258
Mean value over the series of h, (m) 502.8017 502.8008 502.7905 502.7919
Summation of the squared residual for x (mm) 41 82 332 302
Summation of the squared residual for y (mm) 107 108 276 404
Summation of the squared residual for h (mm) 313 475 2624 2448
Degrees of freedom for X, Y, and h 28 28 28 28
Experimental standard deviation in X (mm) +1.2 +1.7 +3.4 +3.3
Experimental standard deviation in y (mm) +2.0 2.0 3.1 +3.8
Experimental standard deviation in h (mm) +3.3 +4.1 9.7 +9.3
Standard uncertainty of a single position (mm) +1.6 +1.8 3.3 +3.5
Standard uncertainty of a single height (mm) +3.3 +4.1 9.7 9.3
Table 2
Full test procedure results (95% confidence level) for samples A and B in cases (a) and (b) (A: Null hypothesis accepted) (Units are mm).
Test Null hypothesis Alternative hypothesis Case (a) Case (b)
H, H, Sample A Sample B Sample A Sample B
1 Sxy < Oxy Sxy > Oxy 1.6<9.2 A 1.8<9.2 A 3.3<242 A 3.5<24.2 A
2 Sh < Op Sp > Op 33<18.2 A 4.1<18.2 A 9.7 < 25.6 A 9.3<256 A
3 Sxy(A) = Sxy(B) Sxy(A) 7 Sxy(B) 0.59<0.79 < 1.70 A 0.59 < 0.89 <1.70 A
4 Sh(A) = Sh(B) Sh(A) 7 Sh(B) 0.47 <0.65<2.13 A 047 <1.09<2.13 A
Table 3
Combined standard uncertainty evaluation for the dual-frequency GNSS receiver Leica GS10 with AS10 antenna considering the NRTK solution.
Sources of uncertainty Symbol Evaluation Distribution Standard Standard
uncertainty uncertainty
Sample A Sample B
I. Result of measurement
Standard uncertainty of xy-coordinates UISO-GNSS-xy Type A Normal +1.6 mm +1.8 mm
Standard uncertainty of h-coordinate U[S0-GNSS-h Type A Normal +3.3 mm +4.1 mm
II. Relevant sources of the GNSS receiver
Sensitivity of the tubular level Upub Type B Specified by the manufacturer 0 0
Display round-off error Udisp Type B Rectangular +0.3 mm +0.3 mm
IIL. Error pattern from the setting up of the instrument
Centering Uc Type B Normal +1 mm +1 mm
Antenna height Upa Type B Normal +1 mm +1 mm
Stability of a tripod height Ups Type B Rectangular Neglectable Neglectable
Antenna phase center offset parameter dx Udx Type B Normal +1 mm +1 mm
Antenna phase center offset parameter dy Ugy Type B Normal +1 mm +1 mm
Antenna phase center offset parameter dh Udn Type B Normal +2 mm +2 mm
Multipath Not considered
Clock in the GNSS receiver or satellite Not considered
Orbit of the satellite Not considered
Ionospheric delay Not considered
Tropospheric delay Not considered
IV. Mathematical modeling
Transformation Ugr Type A Normal Neglectable Neglectable
Geoid undulation Ugy Type B Rectangular Neglectable Neglectable
Combined uncertainty on the horizontal coordinates (mm) Uxy 2.4 2.5
Combined uncertainty on the vertical coordinate (mm) Up *4.0 4.7
Expanded uncertainty on the horizontal coordinates (mm) Uyy =2 Uyy 48 5.0
Expanded uncertainty on the vertical coordinate (mm) Up=2uy 8.0 194

to the error pattern for the setting up of the instrument, the uncer-
tainty considered due to centering (u.) and antenna height (up,)
are different for both kinds of receivers. A tribrach with an optical
plummet is used for setting up the instrument over the bench-
marks allowing high accuracy in instrument centering. The consid-
ered standard uncertainty due to centering is set to 1 mm for the
dual-frequency receiver. In previous work, we could verify that this

value can be reliable [43]. For the low-cost single-frequency recei-
ver, the patch antenna is placed at the middle of a metallic ground
plane (Fig. 2c) and thus, the standard uncertainty is set to +3 mm.
In relation to the antenna height, for the dual-frequency receiver,
the height of the antenna above the benchmark consists of three
components: the vertical phase center variations, the vertical
offset, and the vertical height reading. Pre-configured standard
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Table 4
Combined standard uncertainty evaluation for the low-cost single-frequency GNSS receiver u-blox NEO-M8P considering the single-base RTK solution.

Sources of uncertainty Symbol Evaluation Distribution Standard Standard
uncertainty uncertainty
Sample A Sample B

L. Result of measurement

Standard uncertainty of xy-coordinates Uiso-GNss-xy  Type A Normal +3.3 mm +3.5 mm

Standard uncertainty of h-coordinate Uiso-gNss-h Type A Normal +9.7 mm +9.3 mm

II. Relevant sources of the GNSS receiver

Sensitivity of the tubular level Upub Type B Specified by the manufacturer the manufacturer 0 0

Display round-off error Ugisp Type B Rectangular +0.3 mm +0.3 mm

III. Error pattern from the setting up of the instrument

Centering Uc Type B Normal +3 mm +3 mm

Antenna height Uha Type B Normal +3 mm +3 mm

Stability of a tripod height Ups Type B Rectangular Neglectable Neglectable

Antenna phase center offset parameter dx Udx Type B Normal +2 mm +2 mm

Antenna phase center offset parameter dy Ugy Type B Normal +2 mm +2 mm

Antenna phase center offset parameter dh Udh Type B Normal +4 mm +4 mm

Multipath Not considered

Clock in the GNSS receiver or satellite Not considered

Orbit of the satellite Not considered

Ionospheric delay Not considered

Tropospheric delay Not considered

IV. Mathematical modeling

Transformation U Type A Normal Neglectable Neglectable

Geoid undulation UdH Type B Rectangular Neglectable Neglectable

Combined uncertainty on the horizontal coordinates (mm) uyy 5.3 +54

Combined uncertainty on the vertical coordinate (mm) up +10.9 +10.6

Expanded uncertainty on the horizontal coordinates (mm) Uy, =2 u,, +10.6 +10.8

Expanded uncertainty on the vertical coordinate (mm) Un=2uy +21.8 +21.2

settings in the instrument have been used, thus the receiver auto-
matically considers the vertical phase center variations. As Leica
standard antenna and accessories have been used, the vertical off-
set is known and is automatically taken into account. Finally, the
vertical height reading is the height difference between the bottom
end of the height hook and the benchmark. The standard uncer-
tainty considered due to antenna height is set to 1 mm. In the case
of the single-frequency receiver, the uncertainty of antenna height
is set to 3 mm.

The combined standard and expanded uncertainties (probabil-
ity of 95%) on the horizontal positions and heights, as determined
according to Eqgs. (6)—(9) respectively, are shown in Tables 3 and 4.

_ 2 2 2 2 2 2 2
Uxy = £/ U5y gnss_xy T+ [Natan(Upe)]” + 2ug;, + uZ + ug, +ug, +ug

(6)
up = i\/ulzsochssfh + Uy + UR, + U + UG, + ugy (7)
Uy = 2Uyy (8)
Uh = 2Uh (9)

where h, is the antenna height, u,p, is the sensitivity of the tubu-
lar/circular level, ugsp is the standard uncertainty of the minimum

display digit (0, 5/\/§), U is the centering standard uncertainty,

Ugx and ugy are the standard uncertainties antenna phase center off-
set parameters dx and dy, u is the standard uncertainty in the
transformation (mathematical modeling), uys is the standard uncer-
tainty in the stability of the tripod height [44], ugy, is the standard
uncertainty antenna phase center offset parameter dh, and uqy is
the standard uncertainty in the geoid undulation. Although antenna
calibration is not available for low-cost antenna and taking into
account their low-profile structure, we consider that the values of
the standard uncertainties antenna phase center offset parameters
dx and dy and the standard uncertainty antenna phase center offset

parameter dh considered for the low-cost single frequency receiver
could double the values generally considered for the dual-frequency
GNSS receiver (Table 4).

For the dual-frequency receiver, the combined standard uncer-
tainties on the horizontal position uyy are in the order of £2.5 mm
and +4-5 mm for the vertical components uy,. Slightly larger for the
low-cost single-frequency receiver, the standard uncertainties for a
single position uyy are close to +5.5 mm, and +11 mm for height up,.
The results confirm that high precise positioning in real-time is
guaranteed with Leica GS10 survey-grade dual-frequency receiver
and demonstrate that precise positioning in real-time at centime-
ter level is also possible with the low-cost single-frequency u-
blox NEO-M8P. However, it is important to keep in mind that the
good results obtained by the low-cost receiver compared to the
dual-frequency receiver used in this study may be due to the base-
line length, at the order of 330 m. Further tests and analysis are
required with longer baselines.

5. Conclusions

Dual-frequency GNSS receivers are widely used for many geo-
matic applications. However, low-cost single-frequency receivers
have been relegated to navigation applications. Nevertheless, their
main advantages (small size, ease of use, low-cost, and high preci-
sion positioning even in real-time) make them optimum candi-
dates for positioning applications in many scientific areas
including surveying, precision agriculture, and environmental or
cadastral applications, among others. Because of this, this work
evaluates the real-time positioning performance of a low-cost
single-frequency receiver (u-blox NEO-M8P) using a single-base
station solution and contrasts it with a geodetic dual-frequency
one (Leica GS10 receiver with AS10 antenna) considering
network-based solution. For that, the ISO standard 17123-8 for
GNSS field measurement systems in RTK has been applied. As we
expected, the tests results indicate that the geodetic receiver satis-
fies the horizontal and the vertical sub-centimetric precision limits
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established for high precision applications, including network den-
sification, topographic control, photogrammetric control points,
even the evaluation of NRTK solutions. In addition, this study also
demonstrates how a low-cost antenna combined with the single-
frequency u-blox NEO-MS8P receiver can be used to achieve
centimeter-level precision in real-time, making it a low-cost choice
for many surveying applications.

Considering the different sources of uncertainty and their influ-
ence quantities, the combined uncertainty budget for the dual-
frequency receiver gives combined standard uncertainties on the
horizontal position in the order of +2.5 mm and close to +4.5 mm
for the vertical coordinate. In the case of the low-cost single-
frequency receiver, the combined standard uncertainties are close
to +5.5 mm for the horizontal position and +11 mm for heights.
Although these values are slightly larger than for the dual-
frequency receiver, as expected, the standard uncertainties are all
below 1cm. For both receivers, the horizontal uncertainty is
approximately two times better than the vertical one. The excel-
lent results achieved for the dual-frequency receiver should not
hide that they may be affected by the NRTK correction (VRS,
MAC...) used, the location of the rover points and their positions
respect to the reference stations, the number of available satellites,
their type (GPS, GLONASS, Galileo or a combination of them) and
configuration (DOP), and the atmospheric conditions. Further tests
are required in order to define correlation issues, especially in rela-
tion to the type of NRTK solution considered (VRS vs. MAC) or the
distance to the nearest reference station.

As a final conclusion, it has been demonstrated that the low-
cost GNSS receiver can achieve competitive positioning perfor-
mance to survey-grade dual-frequency receivers in real-time posi-
tioning. This was shown empirically for short baselines (around
350 m) and specific instruments and conditions. However, subse-
quent analyses should be carried out for longer baselines.
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