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Abstract: Satellite-based positioning, which started being developed in the mid-1960s for
military purposes, is now used in almost every area. For the studies single and/or double
frequency receivers are used. The cost of a receiver and antenna couple that have capable of
high coordinate accuracies ranges from $3000 to $15000. With the production of Original
EquipmentManufacturer (OEM) receivers, the cost of satellite-based location determination
decreases to approximately one in 10 for the civilian user compared to the operations
performed with geodetic receivers and antennas. However, although these receivers collect
data in multi-Global Navigation Satellite System (GNSS) and frequencies, the accuracy of
the coordinate values estimated is not as high as geodetic receivers and antennas. Therefore,
it is necessary to carry out an accuracy study to obtain information about which studies
can be used in. In this study, measurements were made at the UZEL point located on the
roof of the Yıldız Technical University Geomatics Engineering Department by using the
ZED-F9P-02B OEM multi GNSS receiver and ANN-MB L1/L2 multi-band GNSS patch
antenna. The performance of the test results has been examined by comparing the results
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from CSRS(Canadian Spatial Reference System)-PPP with the coordinates of the UZEL
point. As a result of the comparison, the difference between the coordinate determined with
collected 3.5 hr data and the coordinates of the UZEL point has been determined as – 1.4 cm,
2.8 cm, and 9.3 cm in the East, North, and Height directions, respectively.

Keywords: low-cost, GNSS, PPP, OEM receiver

1. Introduction

Satellite-based positioning systems, which started to be developed for military purposes
in the mid-1960s, have been started to serve at full capacity in the early 1990s. In addition
to its military use, it is used extensively in the field of agriculture, aviation, environment,
marine, public safety and disaster relief, rail, recreation, roads and highways, space,
surveying and mapping and timing (PNT, 2021). It has become indispensable for many
users, from navigation to scientific studies. For these studies, single and/or double fre-
quency receivers that have capable of from 1 to 100 Hz sampling rate have been used.
The costs of receivers and antennas used to determine high-accuracy coordinates vary
between $3000 and $15000. With the developing technology, the OEM (Original Equip-
ment Manufacturer) receiver boards can collect multi-GNSS and multiband signals with
prices starting from approximately $250.
There are many different studies in the literature to evaluate the performance of

low-cost GNSS receivers In one of them the Odolinski and Teunissen (2016) carried
out the RTK performance of low-cost GNSSs. As a result of the analyzes performed
using geodetic and lowcost GNSS receivers at different locations, different satellite
configurations (GPS – GPS and BeiDou), different signal types (L1 – L1 and L2) and
various cutting angles. Based on the geodetic receivers, the experiment using low-cost
receivers for the single frequency (L1-B1)-dual system (GPS+BeiDou) demonstrates
that it has the ability to achieve equivalent ambiguity resolution performance to that
of a dual frequency (L1+L2)-single system (GPS or BeiDou). Nie et al. (2020) carried
out to test the performance of the data collected kinematically with a low cost GNSS
receiver for 24 minutes with real-time PPP method, the position accuracy of the single
frequency receiver was estimated 0.319 m, 0.185 m and 0.421 m in the east, north and up
components, respectively and the dual frequency position accuracy that were analyzed
different strategies has been obtained as 0.273 m, 0.160 m and 0.117 m, respectively. In
another study, RTK (Real Time Kinematic) coordinate accuracies of 4 different receivers
results (ZED-F9Pmodule, Eclipse P326 OEMmodule, A325 smart antenna, and SPS855
modular receiver) have been examined in agriculture (Van Nguyen et al., 2021) and as
a result of 24-hour RTK measurements, the horizontal position accuracy of low-cost
positioning devices has been determined as 1 cmat short base length and 2 cmat long base
length in open sky environment. The accuracies obtained as a result of the study performed
byHill et al. (2019) agreewith these results. The standard deviations determined as a result
of the study conducted by Janos and Kuras (2021) to test the performance of low-cost
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GNSS receivers in different field conditions with the RTK method were determined as
1 cm in the X direction, 0.6 cm in the Y direction, and 1.7 cm in the height component for
open-air conditions. For urban areas standard deviation has been calculated at 11.0 cm,
14.7 cm and 39.2 cm in X, Y and H directions, respectively. It is understood from
the standard deviation values that the ANN-MB-00 antenna is adversely affected by the
signals reflected from the trees and buildings around it. The performance of displacement
determination of low-cost single frequencyGNSS receiverswas tested (Biagi et al., 2016).
In this study two different tests were carried out with base and rover using u-blox receivers
with 65 m and 130 m base lengths. As a result of the test, the standard deviation of the
differences was calculated as 5 mm horizontally and vertically for the short base, and 5
mm horizontally and 13 mm vertically for the long base. The residuals of the low-cost
receiver used in the study (Cina and Piras, 2015) conducted by testing the performance of
the landslide observation was calculated as 3 mm, 6 mm and 17 mm in the east-north and
height directions, respectively. To test the performance of coastal sea level change, a buoy
has been designed using low cost GNSS by (Knight et al., 2020) and the sea level change
measurement RMSE has been estimated as 1.4 cm based on tide gauge data. In another
study, in which the use of low-cost GNSS receivers in structural health monitoring was
investigated, it was mentioned that the position accuracy is 2 cm and concluded that these
receivers provide complementary positioning information (Casciati et al., 2016). Cahyadi
et al. (2021), as a result of their study using static, real-time kinematic and Precise Point
Positioning (PPP) methods, it has been concluded that GNSS Tersus BX316 and Comnav
K706 OEM receiver board can achieve the same accuracies as Stonex S800 GNSS
geodetic receivers. In Wielgocka et al. (2021), 2.5 hours of data were recorded using the
U-Blox ZED-F9P OEM receiver, and it was reported that a few centimeters accuracy was
obtained by the PPP method, for 1 hour static data the horizontal and vertical accuracy
has been obtained 20 mm and 15 mm respectively by trelative positioning method and
for 1 hour static data the horizontal and vertical RMSE has been estimated 62 mm and
56 mm recpectively by absolute positioning.
Themain purpose of this research is to determine the position accuracy of the low-cost

GNSS receiver and antenna for precise point positioning applications. Our motivation
is to evaluate the PPP performance by using the short term observations obtained by
using low cost reveiver and antenna set. Here, U-Blox ZED F9P GNSS OEM low-cost
receiver board has been used. GNSS data has been collected on UZEL reference point by
1-second interval for about 3.5 hours long with ANN-MB L1/L2 multi-band GNSS patch
antenna. GNSS data were processed by CSRS-PPP online service and the differences in
coordinates have been examined for in all directions.

2. Materials nd methods

The ZED-F9P-02B high precision low cost GNSS receivers have capable of collecting
multiple navigation systems (GPS, GLONASS, Galileo and BeiDou). In addition, QZSS
and SBAS satellites can be received simultaneously. Table 1 shows the signals supported
by the ZED-F9P-02B receiver.
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Table 1. Supported GNSS and signals on ZED-F9P-02B

GPS GLONASS Galileo BeiDou

L1C/A
(1575.420 MHz)

L1OF
(1602 MHz

+𝑘 × 562.5 kHz,
𝑘 = −7, . . . , 5, 6)

E1-B/C
(1575.420 MHz)

B1I
(1561.098 MHz)

L2C
(1227.600 MHz)

L2OF
(1246 MHz

+𝑘 × 437.5 kHz,
𝑘 = −7, . . . , 5, 6)

E5b
(1207.140 MHz)

B2I
(1207.140 MHz)

U-blox ZED-F9P-02B high precision low cost GNSS receiver is suitable for real-time
kinematic, network RTK, real-time PPP, and post-processing kinematic/static applica-
tions. It can be controlled by U-center or RTKLIB (Takasu and Yasuda, 2009) software
using a computer or mobile phone/tablet. Real-time kinematic/PPP or network RTK data
and raw GNSS data can be recorded in both software with UBX, NMEA and RTCM pro-
tocols. Raw GNSS data should be converted to RINEX format by RTKLIB 2.4.3_b34b
software.
The test surveys have been conducted on a pillar named as UZEL reference station

(Fig. 1), which is located on the roof of the Geomatics Engineering department at Yıldız
Technical University in Istanbul. The known coordinates of this reference point that are
given in Table 2 are in the ITRF96 datum and 2005.0 epoch. The coordinates have been
estimated as a result of the evaluation of the data collected with a geodetic antenna
and receivers with academic software. Raw GNSS data has been collected via U-center
software. The U-blox ZED-F9P-02B OEM GNSS receiver and the ANN-MB-00 patch
antenna were used in test surveys (Fig. 1). RTKCONVmodule of RTKLIB 2.4.3 software
has been used to convert raw data to RINEX format.

Fig. 1. YLDZ GNSS Station
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Table 2. Cartesian coordinates and velocities of UZEL reference point (ITRF96, 2005.0)

𝑋

(m)
𝑌

(m)
𝑍

(m)
𝑉𝑥

(m/yr)
𝑉𝑦

(m/yr)
𝑉𝑧

(m/yr)
UZEL 4219312.6915 2328109.7823 4164454.0083 –0.0179 0.0151 0.0083

The ratio of the signal strength to the GPS observations noise floor is called the
Signal to Noise Ratio (SNR). It is used as a comparison of signal strengths between
satellites and channels as a measure of receiver tracking power (Bilich et al., 2007).
SNR values are computed in the dB scale for a specific receiver processing bandwidth.
A more appropriate way is to store SNR values in units of dB-Hz. SNR value should
be more than 42 dB-Hz in open-sky conditions. It is also known that the SNR value
generally decreases at least 5–10 dB-Hz due to the loss of signal power caused by
reflection, namely the multipath effect (Uaratnawong et al., 2020). The main source of
error in GNSS positioning occurring at the cm level is the multipath effect caused by
specular or diffuse reflections around their stations. Detection and reduction of carrier
phase multipath errors could be affected by the actual power of the transmitted signal,
atmospheric effects, field loss, antenna gain pattern, etc. may be based on the affected
SNR values (Rost and Wanninger, 2009).
To get an idea about the quality of the collected RINEX data, values such as SNR

were compared with the YLDZ station data that has a geodetic receiver and choke ring
antenna located near the test point. RTKLIB software was used to get SNR and other
values and to visualize them. After the quality assessment, the collected 3.5 hours of
GNSS data were divided into 1 hour and 2 hours sessions.
The PPP method can achieve centimeter positioning precision using a geodetic re-

ceiver with static or kinematic data. The ionospheric error is eliminated using dual fre-
quency data that is used to generate ionosphere-free (IF) linear combinations (Kouba and
Héroux, 2001). The PPP uses un-differenced, dual-frequency, pseudorange and carrier-
phase observations with precise satellite orbit and clock products (Teunissen and Mon-
tenbruck, 2017). The following equations are the IF combinations of dual-frequency
GNSS pseudo-range (𝑃) and carrier phase observations (𝜙) (Kouba and Héroux, 2001;
Koub, 2009).

𝐿𝑃 = 𝜌 + 𝑐(𝑑𝑡 − 𝑑𝑇) + 𝑇𝑟 + 𝜀𝑃 , (1)

𝐿𝜙 = 𝜌 + 𝑐(𝑑𝑡 − 𝑑𝑇) + 𝑁𝜆 + 𝜀𝜙 , (2)

where 𝐿𝑃 and 𝐿𝜙 are the IF combination of L1 and L2 pseudranges and carrier phases,
respectively, 𝑑𝑡 and 𝑑𝑇 are the clock offset of the receiver and satellite fromGPS time, 𝑐 is
the speed of light in the vacuummedium,𝑇𝑟 is the delay due to the atmosphere (primarily
troposphere), 𝜆 is the carrier wavelength, 𝑁 is the non-integer ambiguity of the carrier
phase IF combination, 𝜀𝑃 and 𝜀𝜙 are the noise components, including multipath, 𝜌 is the
geometrical range between satellites (𝑋𝑠, 𝑌𝑠, 𝑍𝑠) and stations (𝑥, 𝑦, 𝑧),

𝜌 =

√︃
(𝑋𝑠 − 𝑥)2 + (𝑌𝑠 − 𝑦)2 + (𝑍𝑠 − 𝑧)2 . (3)
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If the tropospheric path delay (𝑇𝑟 ) expressed as a function of the zenith path delay
(zpd) with mapping function (𝑀), related the tropospheric delay to the elevation angle of
the satellite, while removing the known satellite clocks (𝑑𝑇), the following mathematical
model can be expressed as the following equations:

𝑓𝑃 = 𝜌 + 𝑐𝑑𝑡 + 𝑀 · 𝑧𝑝𝑑 + 𝜀𝑃 − 𝐿𝑃 = 0 , (4)
𝑓𝜙 = 𝜌 + 𝑐𝑑𝑡 + 𝑀 · 𝑧𝑝𝑑 + 𝑁𝜆 + 𝜀𝜙 − 𝐿𝜙 = 0 . (5)

As a result, the unknown parameters are receiver position coordinates (𝑥, 𝑦, 𝑧), re-
ceiver clock (𝑑𝑡), zenith path delay (𝑧𝑝𝑑) and carrier-phase ambiguities (𝑁). After that the
adjustment procedure (Kouba and Héroux, 2001) was applied to the model. To increase
the accuracy of point coordinates, some corrections such as satellite antenna offsets and
variations, relativistic effects, carrier phase wind-up, ocean tide loading, and solid earth
tide should be applied.
There are several software programs to calculate coordinates using the PPP method.

Some of them are GIPSY (Zumberge et al., 1997) and BERNESE (Dach et al., 2015).
which are academic software that requires installations and web-based PPP services.
Among the web-based PPP services the CSRS-PPP provide good accuracy than the
others (El-Mowafy, 2011; Bulbul et al., 2021). Therefore all data have been sent to
CSRS-PPP online web service.
Since the coordinate systems must be the same for the results to be compared, the

UZEL coordinates have been converted to the datum and epoch of the results from the
CSRS. Therefore UZEL reference point coordinates have been converted to ITRF2014
andmeasurement epoch (2021.7). Then, the differences between the processed and known
coordinates have been determined in East, North and Height directions.

3. Results and discussions

The quality of GNSS data collected by the U-blox ZED F9P OEM GNSS receiver and
ANN-MB-00 antenna was given in Figure 2. Here, SNR and multipath values, satellite
elevation, DOP values (Fig. 2c) and satellite visibility (Fig. 2d) were graphed with UTC.
When viewed in Figure 2a and Figure 2b, it is seen that the multipath values are different
from zero. It is also seen that SNR values sometimes decreased as low as 20 dB-Hz.
YLDZ reference station is located 5 meters away from the UZEL test point. Magellan

Proflex800 GNSS receiver and AERAT_120 SPKE geodetic choke ring antenna are used
for the YLDZ reference station. SNR and multipath values of the YLDZ station have
been given in Figure 3. It is seen that the average of the multipath values is zero and the
average of the SNR values is 42 dB-Hz. As a result of this comparison, it could be said
that there was a multipath effect on GNSS data collected on the U-blox ZED F9P OEM
GNSS receiver and ANN-MB-00 antenna as seen in Figure 2 and Figure 3 created by
RTKLIB 2.3.4_b34b.
After the quality control assessment, the result values from the CSRS-PPP service

have been obtained. In Table 3, the coordinates obtained as a result of each hourly
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Fig. 2 (a), (b), (c)
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Fig. 2. SNR, multipath and elevation angle of: a) L1 frequency, b) L2 frequency, c) DOP values, and
d) satellite visibility of GNSS data by RTKPLOT application

Fig. 3. a) SNR, multipath values of L1 frequency for YLDZ station and
b) view of UZEL and YLDZ stations
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measurement session and the difference of these coordinate components from the known
UZEL coordinates are given. In Table 4, the coordinates estimated from the first 2 hours
and the all measurement session and their difference from the reference value are given.

Table 3. Processing results of 1 hour session data

Session Duration East
(m)

North
(m)

Height
(m)

de
(cm)

dn
(cm)

dh
(cm)

0–1 hr 1 hr 406541.5296 4543749.3336 126.8373 –11.9 4.7 8.9

1–2 hr 1 hr 406541.3662 4543749.3739 126.8523 4.5 0.6 7.4

2–3 hr 1 hr 406541.4363 4543749.3816 126.7743 –2.5 –0.1 15.2

Table 4. Processing results of 2 and 3.5 hour sessions data

Session Duration East
(m)

North
(m)

Height
(m)

de
(cm)

dn
(cm)

dh
(cm)

0–2 hr 2 hr 406541.5296 4543749.3458 126.8373 –11.9 4.7 8.9

0–3.5 hr 3.5 hr 406541.4246 4543749.3520 126.8523 4.5 0.6 7.4

The maximum coordinate differences determined in 0–1 hour session are 11.9 cm
for the east direction, 4.7 cm for the north direction and 15.2 cm for the height direction.
For the height component, the maximum difference value determined in in the 2–3 hours
session as 15.2 mm. The average of the absolute value differences of the 1-hour ses-
sion results are 6.3 cm, 1.8 cm and 10.5 cm for East, North and Height components,
respectively and the horizontal position accuracy has been calculated as 6.6 cm. When
the session time is doubled, the differences of the coordinates from the reference value
decreased in the east and height components, but increased in the north direction. For
the 2 hour data, the horizontal position accuracy is 4.0 cm. According to these values,
approximately 40% improvement in the horizontal position accuracy and 35% improve-
ment in the height have been observed. The horizontal position accuracy obtained as
a result of the data with a measurement time of 3.5 hours has been calculated as 3.1 cm.
This value is approximately 55% better than the horizontal position accuracy obtained
as a result of 1-hour measurements, and approximately 20% better than two-hour mea-
surement. In the height component, there is a 10% improvement compared to the 1-hour
sessions but a decrease of approximately 30% compared to the 2-hour session result.
As can be seen from the results, the horizontal position improved as the data duration
increased. However, there is no significant improvement for the height component. The
Figure 4 shows that the mean of the absolute differences from the known coordinates.
As the session duration increases, the mean of the absolute difference values in the east
direction decrease significantly, but there is no such decrease in the north and height
components.
The standard deviations (𝜎) in all directions have been calculated using Eq. (6). The

𝐸𝑅, 𝑁𝑅 and 𝐻𝑅 are coordinates of the UZEL station; 𝐸PPP, 𝑁PPP and 𝐻PPP are the PPP
solution coordinates and 𝑛 is the number of sessions. The standard deviation (SD) of
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Fig. 4. Coordinate differences in all directions

1-hour data has been calculated 7.5 cm, 2.7 cm and 11.0 cm for East, North and Height
respectively.

𝜎𝐸 (𝑖) =

√︄∑ (
𝐸𝑅 − 𝐸PPP(𝑖)

)2
𝑛

;

𝜎𝑁 (𝑖) =

√︄∑ (
𝑁𝑅 − 𝑁PPP(𝑖)

)2
𝑛

;

𝜎𝐻 (𝑖) =

√︄∑ (
𝐻𝑅 − 𝐻PPP(𝑖)

)2
𝑛

.

(6)

Wielgocka et al. (2021) compared the absolute positioning results of 1 hour staticmea-
surements with the actual coordinates and calculated the differences as ±5 cm, ±17 cm,
and ±10 cm in the 𝑁 , 𝐸 , 𝑈 directions, respectively. A few cm difference was observed
between the coordinate values obtained as a result of 2.5 hours and more. These results
are in agreement with the results of this study.

4. Conclusions

U-blox ZED F9P GNSS receiver and ANN-MB-00 antenna set have been used for de-
termining the GNSS-PPP performance of low-cost GNSS receivers using short-term
observation. To do this, the UZEL point located on the YTU campus and whose coordi-
nates were determined by geodetic receivers and antennas has been used. To process the
data collected for 3.5 hours, the ubx file must be converted to RINEX format. RTKLIB
software has been used for this conversion process. For now, this software is the only
option for converting multi-frequency .ubx files.
The collected GNSS data have been processed using CSRS-PPP online service and

the differences between the processed and known coordinates have been determined.
The maximum coordinate difference is the – 11.9 cm and 4.7 cm in the east and north
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directions respectively in the 0–1 hour session and 15.2 cm in the height direction in
the 2–3 hours session. The mean coordinate difference of 1 hour sessions data has been
calculated at – 3.3 cm, 1.7 cm and 10.5 cm and the standard deviation has been calculated
at 7.5 cm, 2.7 cm and 11.0 cm in east, north and up directions respectively. The 0–2 hours
session and 0–3.5 hours session coordinate differences have been calculated – 1.9 cm,
3.5 cm, 6.8 cm and – 1.4 cm, 2.8 cm, 9.3 cm respectively. The average height differences
for all observations have been determined as approximately 8 cm. Horizontal position
accuracy is 3.1 cm and height accuracy is 9.3 cm for the 3.5 hours session. If there is
no base station with a known coordinate to be used as a fixed point in a study, then
a station that has 3.1 cm in the horizontal and 9.3 cm in the vertical accuracy can be
established by using low-cost GNSS. It can be used as a base station if it meets the
desired accuracy.
It can be seen in Figure 4 that, east coordinate differences decrease when the obser-

vation period increase. However, this result is not observed for north and height direction
differences. The low accuracy of the coordinate values obtained from geodetic GNSS
receivers and antennas in the height direction is also observed in the results obtained in
this study. In other words, the differences determined in the height direction have been
turned out to be greater than the differences obtained in the horizontal position.
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