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Abstract: The main objective of this paper is to investigate the performance of the Network
Real-time Kinematic (NRTK) technique in hydrographic surveying and check whether it
meets the International Hydrography Organization (IHO) minimum bathymetry standards
for the safety of navigation hydrographic surveys. To this end, the KAU-Hydrography
2 vessel was used to conduct a hydrographic survey session at Sharm Obhur. NRTK
corrections were streamed in real time from the KSA-CORS NTRIP server and GNSS data
were collected at the same time at the base station using a Trimble SPS855 GNSS receiver.
Multibeam records were collected using a Teledyne RESON SeaBat T50-P multibeam
echosounder in addition to Valeport’s sound velocity profiler records and Applanix POSMV
data. Applanix POSPac MMS 8.3 software was used to process the GNSS data of the base
station along with the POSMV data to obtain the Smoothed Best Estimate of Trajectory
(SBET) file, which is used as a reference solution. The NRTK solution is then compared
with the reference solution. It is shown that the Total Horizontal Uncertainty (THU) and the
Total Vertical Uncertainty (TVU) of the NRTK solution are 6.38 cm and 3.10 cm, respectively.
Statistical analysis of the differences between the seabed surface generated using the
NRTK solution and the seabed surface generated using the Post-Processed Kinematic (PPK)
technique showed an average of —0.19 cm and a standard deviation of 2.4 cm. From
these results, we can conclude that the KSA-CORS NRTK solution successfully meets IHO
minimum bathymetry standards for the safety of navigation hydrographic surveys at a
95% confidence level for all orders of hydrographic surveys.

Keywords: hydrographic surveying; bathymetry; NRTK; IHO

1. Introduction

Typically, real-time kinematic (RTK) GNSS positioning has been used for high-accuracy
positioning applications. The high accuracy of this method comes from the fact that both
base and rover GNSS receivers are close enough to share a high degree of similarity of
errors and biases. The shorter the receiver’s separation, the closer the errors and biases are.
As aresult, most GNSS errors and biases are removed by differencing, leading to centimeter-
level positioning accuracy and fixing of carrier phase ambiguity parameters [1]. However,
the accuracy of the RTK positioning method is limited by the base-rover separation, which
is about 15 km [2]. Beyond this distance, the errors at both base and rover GNSS receivers
(mainly ionospheric and tropospheric delays) are less correlated, i.e., they would not cancel
out sufficiently through differencing. As a result, it will be difficult to fix the carrier phase
ambiguity, causing the positioning accuracy to deteriorate [3,4].

To overcome the base-rover distance limitation, the multi-base positioning technique
was investigated by several researchers. Such a technique is well-known as network RTK
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(NRTK). Vollath et al. [5] introduced multi-base RTK positioning using a virtual reference
station (VRS) that is close to the rover position. As a result, errors at both base and rover
receivers are effectively canceled out by differencing. Their results showed reliability
and accuracy improvement in addition to better ambiguity resolution compared with the
classical RTK method. The bilinear interpolation technique was used to interpolate the
errors at the rover location using a permanent network of base stations [6]. He showed
promising results for using multi-base stations, especially for ambiguity fixing rates over
the traditional RTK method. Landau et al. [7] investigated the performance of VRS and
Flaechen Korrektur Parameter (FKP) methods. They showed that the FKP method has some
limitations in ionospheric residual interpolation at the rover position since the rover does
not send its own location to the control center; in addition, the validity of corrections in this
method depends on the base-rover distance. However, these disadvantages did not exist
in the VRS technique, since the rover continuously updates and sends its position to the
control center. It is possible to obtain precise mobile mapping for a 40 km trajectory using
NRTK [8]. Aponte et al. [9] examined the United Kingdom CORS for NRTK applications.
They showed that the results of all static tests using NRTK observations generated from the
UK-CORS are more accurate and precise than the conventional short- and long-baseline
RTK solutions. Dardanelli et al. [10] examined the VRS, FKP, and nearest station NRTK
techniques for static positioning. They showed that the VRS NRTK technique is superior to
the other two methods, achieving centimeter and decimeter accuracies in horizontal and
vertical coordinates components, respectively. Centimeter and 5-7 cm accuracy levels can
be achieved in horizontal and vertical coordinates components using VRS generated from
the Malaysia NRTK, respectively [11]. Cina et al. [3] investigated VRS NRTK using regional
(inter-station distance of about 40-50 km) and national (inter-station distance of about
80-100 km) GNSS networks. They showed that 1.5 cm and 1.8 cm can be achieved for 2D
and 3D coordinates’ standard deviation using VRS NRTK from the regional network com-
pared with 3.1 cm and 4.1 cm 2D and 3D coordinates’ standard deviation using VRS NRTK
from the national network. Andrzej et al. [12] tested whether integration of differential
GPS and inertial navigation systems (DGPS/INS) meets the accuracy requirements of IHO
different survey orders. They found that the RTK system meets the accuracy requirements
of all IHO survey orders, and they proved that the DGPS system does not meet the accuracy
requirements of the exclusive order.

Multistate reliability theory was applied to improve NRTK'’s results by identifying
the NRTK’s system critical components to make the system more robust [13]. Ouassou
and Jensen [14] introduced NRTK data integrity to improve the rover position in the field
by means of NRTK data screening using multivariate statistical analysis. El-Diasty [15]
showed that sub-decimeter kinematic positioning accuracy can be achieved using NRTK
from Saudi Arabia CORS. Zhang et al. [16] improved the initialization speed for long-range
NRTK using network processing mode rather than baseline mode to fix the network carrier-
phase ambiguities. They showed that the estimated float ambiguity is more consistent and
accurate, which improved the initialization speed by 18%. Gokdasg and Ozliidemir [17]
developed an experimental variance model to account for the NRTK baseline length effect
on the position accuracy. They used VRS and FKP methods at different baseline lengths.
They found that there is no significant correlation with positional accuracy for baselines up
to 40 km. However, they developed a variance model as they found a linear correlation of
69.2% with precision. They found that better results can be obtained using the variance
model than the linear model. de Andrade Neto et al. [18] investigated the effect of satellite-
based correction service on the vertical component accuracy to obtaining sensor position
during multibeam bathymetric survey. They estimated the depth surface using both the
MarineStar correction service and the post-processed kinematic (PPK) technique. They
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concluded that the PPK-based depth surface met the hydrographic standards, while the
MarineStar products did not. Santana et al. [19] compared the data obtained from a
tide gauge with PPP and PPK methods. They showed that PPK was able to fulfill the
requirements for the IHO-exclusive order in 100% of six periods of survey when the vessel
was moored, using the Tide Gauge as a reference. For the PPP, this value was 50% having
the PPK as a reference for 12 periods, with the vessel moored or sailing.

Precise point positioning (PPP), on the other hand, offers a distinct advantage over
differential methods. However, PPP requires mitigation of all error sources that are usually
canceled out in differential methods. The main challenge of PPP, however, is the conver-
gence time. The PPP solution requires more than 20 min convergence time if dual-frequency
data are used [20]. Extensive research is underway to reduce the PPP solution conver-
gence time using triple-frequency combination, multi-system integration, supplementary
corrections, and more complicated algorithms. Elsobeiey and El-Rabbany [21] showed
that the convergence time can be reduced by about 10% using triple-frequency measure-
ments (L1, L2 and L5). Modeling observable-specific phase bias (phase OSBs) has a great
effect on PPP ambiguity resolution (PPP-AR) and hence improves the convergence time.
Geng et al. [22] developed an approach to estimate the phase OSBs of all dual-frequency
combinations (L1/L2 and L1/L5 for GPS and E1/E5a, E1/E5b, E1/E5, and E1/E6 for
Galileo). They showed that 95% ambiguity fixing rates can be achieved for both wide-
lane and narrow-lane ambiguities and 30-60% position precision improvement in the east
component in all tested dual-frequency PPP combinations. PPP-AR and convergence time
reduction can be achieved using the undifferenced decoupled clock model [23]. Elsobeiey
and El-Rabbany [24] developed a between-satellite single-difference (BSSD) model and
used decoupled clock correction to account for code and phase satellite clock errors. They
showed that PPP convergence time can be reduced by up to 50% and solution precision
can be improved by more than 60% compared with the traditional PPP model.

PPP solution and convergence time can be improved using multi-GNSS constellations.
Hou and Zhou [25] showed that a dual-system combination based on Galileo, combined
with GPS and the BeiDou navigation satellite system (BDS-3), can improve the RMS and
convergence time by 50% compared with the single system. Moreover, dual-systems based
on BDS-3 combined with GPS and Galileo can improve the RMS and convergence time by
50% and 60%, respectively, compared with the single system. Zheng et al. [26] showed that
GPS has the best performance at low latitudes compared with GLONASS, which is better
at high latitudes. However, PPP processing with combined GPS/GLONASS observations
reduces the convergence time and improves the accuracy of the tropospheric estimates
compared with a single system. Availability of the international GNSS service (IGS) real-
time service (RTS), which provides real-time augmentation information, including real-time
satellite orbit and clock corrections, showed great potential for real-time PPP with better
accuracy and less convergence time [27-29].

The GNSS performance, however, is severely affected by signal interference, especially
in areas with limited access to satellite signals such as forests, tunnels, or urban areas.
Therefore, it is essential to integrate GNSS with other systems such as an inertial navigation
system (INS), ultra-wide band (UWB), and laser imaging, detection, and ranging (LiDAR).
Specht [30] tested the navigation parameters (position and orientation) of the GNSS/INS
system for unmanned surface vehicles (USVs). He showed that the USV path localiza-
tion using the GNSS/INS system working in the RTK mode meets the IHO positioning
requirements for inland hydrographic surveys even when loss of RTK corrections occurs
for an extended period. Huang et al. [31] introduced tightly integrated multi-GNSS PPP
with UWB technology. They showed that multi-GNSS/UWB integration can significantly
improve positioning performance in terms of positioning accuracy and convergence time.
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Li et al. [32] proposed a tightly coupled PPP/ INS/vision/LiDAR integration method
to achieve high-precision, continuous, and reliable navigation in urban environments.
They showed that PPP/INS/vision/LiDAR integration can maintain sub-meter level po-
sitioning in both GNSS half-open-sky and difficult environments, with improvements of
50.7%, 58.6%, and 54.3% and 46.2%, 55.0%, and 58.8% relative to PPP/INS/vision and
PPP/INS/LiDAR, respectively. Moreover, they showed that both visual and LiDAR infor-
mation can significantly improve velocity and attitude estimation performance, especially
for the heading. Table 1 summarizes the main strengths and limitations of PPP, RTK, NRTK,
and integrated systems.

Table 1. Main strengths and limitations of PPP, RTK, NRTK, and integrated systems.

Technique Strengths Limitations
Long convergence time
Only single receiver is utilized Not applicable fpr real-time applica.tions
Lowest operational cost except by applying external corrections
PPP Does not require regional network (may b? free of charge s.ud.l as I.GS_R.TS
or control center corrections or by subscription like Trimble
RTX). However, this requires
internet connection.
Requires a robust communication link
Provides real-time solution Technical problems, or being outside of
At least one base station is required the cellular (or Internet) coverage over
RTK rather than a network of study area, may cause loss of
reference station communication/signal
No need for control center Base—rover separation distance is
considered a limitation (within 15 km)
User needs internet connection
Provides real-time solution Requires extensive infrasFructure like
Extended coverage up to 70 km network of reference station and
from the nearest base station contrc?l ce'ntel.r .
NRTK Considered cheap if CORS is The dlstnbut-lon and density of the
already established and available to network stations, C.ellular network .
use free of charge Covera'ge,.a'nd en'V1r0nmental dynamics
have significant impacts on the
obtainable precision
Specific care should be considered such as
Provides real-time solution measurement synchronization, level-arm
Provides a more accurate and ComPensatlon, and GNSS measurement
reliable position 1(1111a11ty control - .
The impact of interference and time . athrm dynamics influence the choice of
. delays can be significantly reduced inert ial SENSOrs as well as
GNSS/INS integrated by inteeration brocess navigation algorithms
System ymnes P When adding a new sensor the integration

The tight coupling scheme
improves the quality of
navigation solutions

Can be used to add other sensors
such as Vision or LiDAR

filter is expanded to include new
measurement observables and new states
(if necessary) without modifying
previously developed filter components
Adding a new sensor may influence the
choice of the inertial measurement unit

This paper investigates the performance of NRTK in hydrographic surveying. Analy-

sis of the NRTK positioning technique is compared with the traditional RTK positioning
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technique. Moreover, NRTK positioning results are investigated as to whether they meet
the minimum standards of the International Hydrography Organization (IHO) for hydro-
graphic surveys.

2. NRTK System Description

The NRTK system consists of three main parts. The first part consists of the network
of continuous operational reference stations (CORSs), with accurately known positions
and well-prepared to transmit their data in real time to the control center. The second
part is the control center that collects and analyses data from all stations in real time,
performing ambiguity resolution for all satellites of each station, as well as computing
ionospheric and tropospheric delays and clock biases. The third part represents the products
that are available for users from the control center using specific protocols and formats.
Generally, the correction data and metadata are generated in “Radio Technical Commission
for Maritime Service” (RTCM) and “Compact Measurement Record” (CMR) formats [17].
Unlike RTK, in which corrections are transmitted to the rover by means of radio modem:s,
NRTK users usually access correction data streams via the Internet using the “Networked
Transport of RTCM via an Internet Protocol” (NTRIP) caster [33]. The raw measurements
for each station can be stored for post-processing purposes as well.

2.1. NRTK Corrections Generation

The mathematical model of code and carrier-phase measurements recorded at one
of the permanent stations (B) at a specific time (f) from satellite (i) can be written as
follows [24,34]:

Ph(E) = py(t) +c(dta(t) —db'(t) ) + Th(t) + I (£) + Ep (1 M

@y (t) = p(t) + c(dtp(t) = dE'(1)) + Th(t) — Th(t) + AN} + Ej(t) @

where Pé, iB are the pseudo range and carrier-phase (scaled to distance (m)) measurements
at station B from satellite i, respectively; dtp, dt! are the receiver and satellite clock errors,
respectively; A is the carrier-phase wavelength; N is the carrier-phase ambiguity parameter;
c is the speed of light in vacuum (m/sec); p is the true geometric distance between satellite
antenna phase center and receiver antenna phase center at reception time (m); I, T are the
slant ionospheric and tropospheric delays, respectively; and E is the ephemerids error.
Since the accurate coordinates of all CORS are known, the geometric
distance can be computed using the known satellite coordinates
phL(t) = \/(XB — Xi(t))2 + (Yp — Yi()f))2 + (Zp — Zi(t))z. In addition, from the network
processing, all carrier-phase ambiguities and clock biases are solved and considered known.

All known terms can be moved to the left side of Equations (1) and (2), leading to the
so-called pseudorange and carrier-phase differential corrections, respectively, as follows:

PRCy(t) = Tj(t) + I (t) + Ej(t) ®)

CPCy(t) = T(t) — (1) + Ej(t) 4)

where PRCE, CPCE are the pseudorange and carrier-phase corrections at reference station
(B) for specific satellite (i), respectively. It is very essential for the control center to make
a separation of the ionospheric and tropospheric errors. In general, error sources can be
classified into two components, dispersive and non-dispersive. The dispersive component
represents the ionospheric delay and the non-dispersive component represents both tro-
pospheric delay and orbital error. If the IGS-precise ephemerides are used to account for
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GNSS satellite orbits, the non-dispersive component will include the tropospheric delay
only. Once ionospheric and tropospheric delays are determined at all CORS networks,
a model of change of such errors can be developed to interpolate at the rover location.
The rover receiver, on the other hand, must estimate its own clock error and carrier-phase
ambiguities. Based on the NRTK correction forms and the role and computational load
of both the control center and the rover receiver, NRTK positioning techniques can be
classified into three main types: Virtual Reference Station (VRS), Multi-Reference Station
(MRS), and Master Auxiliary Concept (MAC).

2.1.1. Virtual Reference Station (VRS)

In this approach, the rover receiver must send its own location to the control center.
Hence, the control center searches the CORS network for at least three stations close to the
rover and generates the differential corrections. Then, the control center interpolates and
generates a set of corrections at a virtual location, typically at the rover location. In this
case, communication between the rover and the control center must be bi-directional so
that the rover is able to send its own location continuously to the control center. Once the
rover receiver gets the real-time corrections, it starts with fixing ambiguities and hence the
computing position.

2.1.2. Multi Reference Station (MRS)

In the MRS method, a local correction model is generated at each reference station of
the CORS network. The corrections generated at the closest reference station are broad-
casted as a local model in the form of a polynomial function. The polynomial coefficients
are referred to as “area parameters”, and they are transmitted in both their dispersive
(ionospheric bias) and non-dispersive (ephemerids and tropospheric bias) components via
the FKP format. Unlike the RTCM, the FKP format is not standard. A decoder software is
required at the rover receiver to decrypt the received model and compute the dispersive
and non-dispersive correction components.

2.1.3. Master Auxiliary Concept (MAC or MAX)

In this technique, the control center processes GNSS data received from all CORS
networks and reduces carrier-phase measurements to a common ambiguity level [35]. A
sub-network is then selected to generate the rover corrections. In the case of two-way
communications, the sub-network may be predefined or automatically selected by the
control center from the network based on the rover location. In the case of broadcast
communications, however, such a set of reference stations can be pre-defined by the control
center based on the corresponding ambiguity-fixing success rate for each station. The
master auxiliary correction differences are generated using the carrier-phase measurements
of the selected reference stations corrected by the estimated ambiguities in addition to
the common part of the receiver clock and known quantities such as geometric range and
satellite clock [36].

To decrease the correction data size, full correction and coordinate information is only
supplied for the master station. Correction and coordinate discrepancies are communicated
to all other auxiliary stations. Splitting the corrections into dispersive and nondispersive
components decreases the required transmission bandwidth since tropospheric and orbital
errors are known to vary slowly over time; therefore, the data rate does not need to be as
fast as for the dispersive correction [37]. The master station is used for data transmission
and has no special role in correction computations. Hence, if data from the master station
become invalid or unavailable for whatever reason, one of the auxiliary stations can simply
take the function of the master station [38].
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The user, on the other hand, can use three different types of products based on
the sub-network selection criterion. The first is the pre-defined sub-network, where the
subnetworks are pre-defined by the control center based on the rover position. The second
is the auto MAX service, in which the sub-network is automatically created based on the
rover position. The third is the individual master auxiliary (iMAX), which is similar to
the VRS method, where the control center estimates the corrections at the rover position
and the rover directly applies such corrections to its own data. Once the rover receives
data and corrections from the master station (in the case of the first two products), it can
compute the effect of the ionosphere, troposphere, and orbit at its location. Using the
ionosphere-free linear combination, the combined influence of the troposphere and orbit
can be estimated for each satellite and reference station and then interpolated for the rover’s
position. Similarly, using the geometry-free linear combination, the ionosphere’s impact
may be computed for each satellite and reference station and then interpolated for the
rover’s position. Rover then applies the computed corrections and solves carrier-phase
ambiguities and its own position [36]. Figure 1 shows different NRTK techniques and
Table 2 summarizes the main differences between such techniques.

CORS Network Data
Acquisition

Estimate Position
GNSS Network Processing
Reduce Carrier-Phase to
Ambiguity Level

Estimate Corrections at
the Rover Position

Bias Area Model
Estimation

Interpolate the Bias Area
MRS Model at the Rover —
Position

Differential Correction Apply Differential

Computations —VRSMAX— Corrections >
( Control Center )C Rover Receiver )
Figure 1. Different NRTK techniques.
Table 2. Summary of NRTK positioning techniques.
VRS MRS MAC
Communication type Two-way One-way or two-way Two-way
RTCM 3.x

Type of protocols RTCM 2.x messages type RTCI\SI?IZPQ 5 RTCM 3.x

18 & 19 or 20 & 21

Control center computational load Very high low low

Rover computational load Very low Very high Very high
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2.2. KSA-CORS Network

KSA-CORS includes more than 200 continuously operating GNSS reference stations,
Figure 2. The network is established and maintained by the General Authority for Survey
and Geospatial Information (GASGI) [39]. The KSA-CORS network’s goal is to offer a de-
pendable and accurate GNSS positioning service across the Kingdom. Furthermore, it aims
to build, disseminate, and maintain the Saudi Arabia National Spatial Reference System
(SANSRS), which is known as KSA-GRF17. KSA-GRF17 is defined in such a way that it
coincides with the International Terrestrial Reference Frame 2014 (ITRF14) at epoch 2017.0
and co-moves with the stable part of the Arabian tectonic plate [40,41]. KSA-CORS pro-
vides subscribed users with different types of real-time positioning services such as NRTK
positioning service, differential GNSS (DGNSS) positioning service, and single-station
RTK positioning service. In addition to real-time positioning service, subscribed users can
download raw GNSS data and VRS GNSS data at known locations for post-processing.

35°

4 KSA CORS Station

30°

25°

20°

15°

10°

30° 35° 40° 45° 50° 55° 60°
Figure 2. KSA-CORS network.

3. Field Test and Methodology

To examine the performance of NRTK in hydrographic surveying, a hydrographic
surveying test was carried out at Sharm Obhur, where the Faculty of Maritime Studies (FMS)
is located, using the KAU-Hydrography 2 vessel on 30 April 2022. KAU-Hydrography 2
is a hydrographic vessel owned by the marine vessels center, King Abdulaziz University,
Figure 3. It is equipped with a Teledyne RESON SeaBat T50-P multibeam echosounder and
dual-frequency Trimble BD982 GNSS receivers. Valeport’s sound velocity profiler (SVP)
was used to measure velocity, temperature, and pressure through water layers. Applanix
POS MV was used to blend GNSS data with angular rate and acceleration data from LN-200
state-of-the art IMU and heading from the GNSS Azimuth Measurement System (GAMS)
to obtain a robust and accurate position and orientation solution.

NRTK corrections were streamed in real time from the KSA-CORS NTRIP server to
obtain the NRTK real-time solution. A Trimble SPS855 GNSS receiver was used to establish
the base station on the rooftop of the FMS main building to simultaneously collect GNSS
data. The observations from the GNSS base station and primary GNSS rover receiver were
integrated with INS navigation data in a tightly coupled scheme using the Klaman filter
using the Applanix POSPac MMS IN-Fusion Single Base processing option to generate the
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smoothed best estimate of trajectory (SBET) file, Figure 4. Such generated SBET was used
as the reference solution, which the NRTK solution was compared with. Figure 5 shows
the field test trajectory and the location of the base station. The distance between the base
station and the vessel was maintained within 1.0 km during the survey session to have the
best reference solution.

U HYDROGRAPHY 2
JEDDAH

Figure 3. KAU-Hydrography 2 vessel.

GNSS Data From

. GNSS Data From Base
Vessel Primary

Receiver Station
<4—Float—>
Ambiguity Resolution Kalman Filter
Fixed—>»

Estimated Error State
Errors  Correction

v

Error Controller

A
Navigator
Correction

IMU Inertial Data Inertial Navigator

GNSS/INS Solution

Figure 4. Tightly coupled GNSS/INS integration.
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Figure 5. Field test trajectory.
NRTK corrections are streamed in real time from the KSA-CORS NTRIP server to
obtain the NRTK real-time solution. A Trimble SPS855 GNSS receiver was used to establish

the base station.

4. Results and Discussion

The vessel trajectory generated in real time using the KSA-CORS NRTK solution is
compared with the reference post-processed kinematic (PPK) solution. Figure 6 shows
easting, northing, up, and 3-D NRTK errors. Figure 7, on the other hand, shows the
two-dimensional (2D) and one-dimensional (up) NRTK errors.

0.10
0.05 4
E
8
;E 0.00
M
=
&~
Z
-0.05 +
Easting Error
Northing Error
~—— Up Error
—— 3D Error
_010 T T T T T T
0 20 40 60 80 100 120 140

Time (minutes)

Figure 6. NRTK positioning errors.
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NRTK Error (m)

—— NRTK 2D-Error
——— NRTK UP-Error
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0 20 40 60 80 100 120 140

Time (minutes)
Figure 7. NRTK 2-D and up positioning errors.
To determine whether NRTK satisfies the IHO minimum standards of hydrographic

surveys, both the total horizontal uncertainty (THU) and the total vertical uncertainty
(TVU) were computed at a 95% confidence level, as follows [42]:

Yisg [(NNRTK - NPPK)l2 + (Enrrx — EPPK)ﬂ

THUZD, = 2.44 - (5)
Y7 (Unrrk — CIPPK)?
TVULE, = 196\ == . : (6)

where THUZE, represents the total 2D horizontal uncertainty of northing and easting
position error at a 95% confidence level; Nyrrk, Enrri, and Ungrk are the northing, east-
ing, and up coordinates of the NRTK solution, respectively; Nppx, Eppx, and Uppk are the
northing, easting, and up coordinates of the PPK solution (the reference solution);  is the
total number of epochs; and TVULE), represents the total 1D vertical uncertainty of the up
component at a 95% confidence level.

The IHO minimum bathymetry standards for the safety of navigation hydrographic
surveys at a 95% confidence level, on the other hand, can be computed as follows [43]:

THU = const. 4+ % of depth (7)

TVU = +£1/a? + (b x d)? (8)

where a represents the portion of the uncertainty that does not vary with depth; b is a
coefficient that represents the portion of the uncertainty that varies with depth; and d is the
depth. The depth values used in Tables 3 and 4 are 40 m for exclusive and special survey
orders and 100 m for other survey orders.

Our results showed that THUZE, and TVULE, are 6.38 cm and 3.10 cm, respectively.
Comparing the estimated values with the IHO minimum bathymetry standards for the
safety of navigation hydrographic surveys at a 95% confidence level (Tables 3 and 4) shows
that the NRTK solution successfully meets the minimum standards of IHO requirements of
hydrographic surveys. To further investigate the impact of the NRTK positioning technique
on the generated seabed surface, Caris HIPS and SIPS 11.00 software was used to process
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the multibeam data and generate two gridded surfaces at a resolution of 0.50 m. Figure 8
shows the reference surface, which represents the bathymetry of the survey area estimated
using the PPK technique. The main difference between NRTK and PPK surfaces is the
source of the navigation data used in Caris HIPS and SIPS processing. Caris HIPS and SIPS
software is used to compare the NRTK-based and PPK-based surfaces. Figure 9 shows the
differences between the NRTK surface and the reference (PPK) surface.

Table 3. International Hydrography Organization (IHO) minimum standards for hydrographic
surveys (THU) [43].

Survey Order Exclusive Special 1a 1b 2
Constant [m] 1 2 5 5 20
Variable
[% of depth] 0 0 5 5 10
THU (m) 1 2 10 10 30

Table 4. IHO minimum standards for hydrographic surveys (TVU) [43].

Survey Order Exclusive Special 1a 1b 2
Constant (a) [m] 0.15 0.25 0.50 0.50 1.00
Variable (b)
[% of depth] 0.75 0.75 1.30 1.30 2.30
TVU (m) 0.34 0.39 1.39 1.39 2.51

35.0

40.0
45.0

Figure 8. Bathymetry of the survey area.

Figure 9 shows that the differences between the bathymetry obtained using the NRTK
technique and the bathymetry derived from the PPK exist at the outer beams close to the
channel edges. Based on the navigation data source, any change in the horizontal position
will produce large changes in the depth, especially at steep edges of the navigation channel.
The number of points at which maximum and minimum differences occur are very few.
However, it is clear from Figure 9 that most of the surface differences lie within 2 mm.
Table 5 summarizes the statistical analysis of the PPK-NRTK bathymetry difference.
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Figure 9. Differences between PPK and NRTK bathymetry.
Table 5. Statistical analysis of bathymetry differences.
PPK-NRTK
Minimum (m) —2.85
Maximum (m) 1.01
Mean (cm) -0.19
Standard Deviation (cm) 2.40
Total Count 1,866,378

Statistical analysis of the PPK-NRTK bathymetry differences, Table 5, shows that the
mean difference is —0.19 cm, and the corresponding standard deviation is 2.4 cm, which
means using real-time corrections from KSA-CORS can achieve comparable results with the
PPK technique without the need of reference station in the survey area. Therefore, having
a national network of CORS in the country will have a great economic impact on project
development, including hydrographic surveying.

5. Conclusions

This paper evaluated the performance of the NRTK technique compared with the
traditional RTK technique in hydrographic surveys and then investigated if the NRTK
technique meets the minimum standards of IHO for hydrographic surveys. A hydrographic
survey session was conducted at Sharm Obhur in front of the Faculty of Maritime Studies,
King Abdulaziz University using the KAU-Hydrography 2 vessel. NRTK corrections were
streamed in real time from the KSA-CORS NTRIP server, and base station GNSS data
were collected at the same time using a Trimble SPS855 GNSS receiver. Multibeam records
were collected using a Teledyne RESON SeaBat T50-P multibeam echosounder in addition
to Valeport’s sound velocity profiler records and Applanix POSMV data. It is shown
that the TH Ugg% and TVU%5D% of the NRTK solution are 6.38 cm and 3.10 cm, respectively.
Statistical analysis of the differences between the seabed surface generated using the NRTK
solution and the seabed surface generated using the PPK technique showed an average of
—0.19 cm and a standard deviation of 2.4 cm. From these results, we can conclude that the
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KSA-CORS NRTK solution successfully meets IHO minimum bathymetry standards for
the safety of navigation hydrographic surveys at a 95% confidence level for all orders of
hydrographic surveys.

In future research, there are plans to use the local CORS in Jeddah city to obtain
the same NRTK corrections. This network is smaller than the KSA-CORS, and server
performance will then be investigated by simultaneously receiving correction from different
locations in the city with different setups. Another point that should be further investigated
is how far users can receive valid corrections in the open sea away from the network.
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