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Executive Summary 

In 2021, FrontierSI was awarded funding from the Australian Government to undertake the 5G Precise Positioning Testbed 

(Australian Government, 2021). This was the first collaborative project to demonstrate the direct benefits of 5G delivered 

precise positioning to Australian businesses. Positioning data is critical to businesses worldwide, improving productivity, 

increasing safety, and propelling innovation. While highly accurate positioning technologies are already available, solutions are 

often expensive, complex, or tied to specific regions and niche markets. As such, most positioning users, i.e. those using 

location based services on a smartphone, rely on standalone Global Navigation Satellite Systems (GNSS) solutions that are 

accurate to 3-5 metres at best.  

5G is a step change in capabilities for the precise positioning of mobile devices, enabled by the latest standards developed by 

the 3rd Generation Partnership Project (3GPP) consortium. These 3GPP standards have defined open, interoperable, and 

scalable representations of GNSS correction data that can be transmitted over the 5G network. This has unlocked the potential 

for 3ï5 centimetre real-time positioning accuracies in mass-market applications. 

There are currently similar production systems using 4G in Japan (SoftBank, 2021; Docomo, 2021), Germany (Deutsche 

Telekom IoT GmbH, 2022), United States (Verizon, 2021) and other countries. However, this project represents the first time 

that cellular-based GNSS correction services have been delivered in Australia. The 5G Precise Positioning Testbed aimed to 

demonstrate the economic benefits of the technology through a series of distinct demonstrator projects across various industry 

sectors. 

The design of the system was undertaken in collaboration with infrastructure partners Ericsson, GMV and Optus. The system 

architecture is described as two distinct subsystems, the 5G infrastructure, and the receiving equipment. The  5G infrastructure 

subsystem is responsible for generating and distributing the GNSS correction products using Continuously Operating Reference 

Station (CORS) network infrastructure, GNSS processing servers, location servers and the 5G network distribution 

infrastructure. The receiving equipment subsystem observes GNSS signals, processes a precise position with the 3GPP 

corrections and provides an interface for the demonstrators to easily connect to. The receiving equipment consists of a 

Raspberry Pi single-board computer, GNSS receiver, GNSS antenna and 5G modem. 

Following the design and development of the infrastructure  software and hardware solutions, a series of tests were conducted 

to evaluate the performance and reliability of the system prior to conducting demonstrations  in the field . Three types of tests 

were undertaken, component tests, system tests and end user tests. The component tests tested various components of the 

system in isolation and primarily took the form of house -based bench testing. The system tests were undertaken to ensure 

that the infrastru cture integrated with the receiving equipment worked as expected. Two methods of transmitting GNSS 

correction data were tested, namely Observation Space Representation (OSR) and State Space Representation (SSR), both are 

described in detail in the report along with the pros and cons of each approach. 

The end-user tests consisted of five Demonstrator projects, each investigating a different industrial use case, namely: 

1. Precision Crop Spraying 

2. Vineyard Management 

3. Drone Delivery 

4. Drones in Agriculture 

5. Augmented Reality 

The results of the trials demonstrated that 5G positioning accuracy is typically 10x better than the unassisted GNSS solutions 

available in some applications and the stability of this was deemed adequate for the applications tested.  Both OSR and SSR 

corrections were found suitable for integration into the 5G infrastructure , without significant impact on positioning performance.  

The trials demonstrated that the 5G-based positioning corrections can be integrated into a variety of end -user devices using 

standard interfaces such as Bluetooth, Wi-Fi and ethernet and without specialist knowledge.  In some cases integration was 

achieved without alterations to applications or devices, in others, some software integration changes were required to make 

the utilisation of the precise position information effective.  

The positioning performance was found to be comparable with high -end commercial systems such as conventional RTK-based 

solutions. 
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List of Definitions 

Accuracy The degree of conformance of a measured position to the actual position. It is commonly quantified 

using the root mean square (RMS) of measured error over a specified period of time. 

Accuracy levels have been defined as follows: 

¶ Centimetre-level: 0-10 cm 

¶ Decimetre-level: 10-30 cm 

¶ Sub-metre level: 30cm-1 m 

¶ Metre-level: 1-10 m 

Precision Refers to the spread of repeatedly measured positions around their mean. It is commonly quantified 

using the standard deviation. 

Testbed A testbed is a platform for conducting rigorous, transparent, and replicable testing of new technologies.  

 

Purpose and Scope of this Document 

This document describes the design, development and testing of precise-positioning solutions produced under the 5G Precise 

Positioning Testbed Project, also called the 5GTB Project, in support of end-user demonstration trials conducted by the project 

during 2022. 

Part 1 of the document describes the overall system architecture, the approach to system development, and testing of the 

system leading up to the demonstration trials. Part 2 documents the 5GTB demonstrator trials that were carried out as part of 

the testbed. 
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1. Introduction 

1.1. Project Background 

In 2021, FrontierSI was awarded funding from the Australian Government to undertake  the 5G Precise Positioning Testbed 

(Australian Government, 2021). I t is the first collaborative testbed to demonstrate the direct benefits of 5G delivered precise 

positioning to Australian businesses. Positioning data is critical to businesses worldwide, improving productivity, increasing 

safety, and propelling innovation. While highly accurate positioning technologies are already available, solutions are often 

expensive, complex, or tied to specific regions and niche markets. As such, most positioning users, i.e. those using location 

based services on a smartphone, rely on standalone global navigation satellite systems (GNSS) solutions that are accurate to 

3-5 metres at best.  

5G is a step change in capabilities for the precise positioning of mobile devices, enabled by the latest standards developed by 

the 3rd Generation Partnership Project (3GPP) consortium. These 3GPP standards have defined open, interoperable, and 

scalable representations of GNSS assistance data that can be transmitted over the 5G network. This has unlocked the potential 

for 3-5 centimetre real-time positioning accuracies. 

There are currently similar production systems using 4G in Japan (SoftBank, 2021; Docomo, 2021), Germany (Deutsche 

Telekom IoT GmbH, 2022), United States (Verizon, 2021) and other countries. However, this project was the first time such 

GNSS correction services were delivered in Australia. 

The 5G Precise Positioning Testbed (5GTB) aimed to demonstrate the economic benefits of the technology through a series of 

separate demonstrator projects across various industry sectors. This report details the projectôs end-to-end system design, 

methodologies, results, system testing and demonstrator projects. 

1.2. Project Aims and Objectives 

Precise positioning of consumer devices to within 10 centimetres is now possible through 5G communication technology. 

However, users are generally unable to access this capability due to infrastructure and device interoperability barriers. New 

features included in 5G feature releases by 3GPP deliver this accuracy to 5G connected devices together with improved 

bandwidth and speed, unlocking commercial and consumer opportunities, and helping to realise economic benefits to Australian 

industries. The 5GTB aimed to demonstrate and measure economic benefits of five business applications using 3GPP precise 

positioning in the agriculture and consumer sectors. These demonstrations were enabled by the Optus 5G network and 

supported by global telecommunications and positioning leaders Ericsson and GMV. 

This testbed is a real-world demonstration of the se 5G precise positioning capabilities. The primary outcome was the operational 

precise positioning service delivered over the Optus 5G network. Achieving a functional and reliable 5G positioning system 

compliant with 3GPP standards required extensive research and development by FrontierSI, Ericsson, and GMV, as the group 

implemented a phased approach to concurrently developing a high-accuracy OSR and SSR solutions. 

This operational service was used across a series of demonstrator projects in collaboration with industry partners  to 

demonstrate and measure the real-world benefits of 5G. 
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1.3. Testbed Demonstrator Projects 

Five separate industry demonstrator projects were conducted within the testbed. An outline of these is provided in Table 1. 

Table 1. Testbed project summary 

Name  Partner  Problem  Project description  

Precision 

Crop 

Spraying  

Kondinin 

Group 

Automated farm robotics have the potential to 

revolutionise productivity and consistency. 

However, deploying these technologies often 

requires significant investment in on-farm 

infrastructure and precise positioning 

equipment to function effectively.  

This project deployed 5G precise positioning 

in an automated farm system where 

precision positioning is critical for success. 

This was demonstrated in a broadacre use 

case, requiring centimetre -level accuracy 

for precision weed spraying. 

Vineyard 

Management  

Platfarm  Soil variability can have significant impact on 

produce in the vineyard. Herbicides and 

mulching need to be used to make sure the 

soil will be of similar type, and most of the 

time the spreading is done manually by tying 

tapes across different rows. High precision 

GNSS can help immensely, but the equipment 

and subscription services are expensive and 

often serve as barrier to adoption.  

This project deployed 5G precise positioning 

to vineyard machinery operators utilising 

mobile phones or tablets to track vineyard 

work activities. This demonstrated the 

potential for 5G to deliver precise 

positioning for mass-market applications in 

mobile devices, avoiding some of the costs 

and complexity normally associated with 

high precision GNSS. 

Drone 

Delivery  

Position 

Partners 

Drones are swiftly demonstrating their ability 

to form part of the delivery ecosystem, with 

real world pilots already successfully 

completing package deliveries to people in 

Canberra and Logan in Australia. However, as 

the airspace becomes more crowded, ensuring 

unpiloted drones can fly without impediments 

from either static or dynamic objects will 

become critical. 

This project deployed 5G precise positioning 

to track a delivery of critical supplies, as 

they are flown to a target destination  in a 

time critical scenario. The project simulated 

a real-world delivery request for critical 

medical supplies in a congested airspace 

and test the role that precise positioning 

plays as part of the drone safety and 

reliability systems. 

Drones in 

Agriculture  

Position 

Partners 

Agriculture producers often treat individual 

paddocks on a uniform basis regardless of 

variations in soil type, topography, and 

historic yields, and as such apply fertilisers 

uniformly across a whole paddock. Variable 

rate application of fertilisers produces a more 

consistent harvest, reduces costs, and reduces 

nutrient loss. The tools are becoming available 

to provide insights into the health and relative 

needs of paddocks at the individual plant 

level, however still producers require a way of 

capturing information about their environment 

quickly to make use of it . 

This project piloted the use of 5G precise 

positioning on a drone to stream real time 

information from a paddock back to a 

producer, allowing them to make real time 

fertiliser deployment decisions. This 

deployment aimed to utilise the edge 

computing capabilities. 

Augmented 

Reality in 

Construction  

Position 

Partners 

 

The current uses of augmented reality are 

limited to situations where location errors can 

be tolerated. As such, current consumer grade 

devices are not suitable for critical precise 

uses of augmented reality, e.g. visualising 

underground powerlines for excavations. 

This project used 5G precise positioning in 

an augmented reality capable device, and 

streamed high-definition features of 

interest, such as underground utilities and 

above ground building models. 
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1.4. Project Demonstration Partners 

The demonstrator projects were supported by several Australian companies that provided industry expertise, technical 

capability and managed the integration with leading international technology providers. These are provided in Table 2. 

Table 2. Demonstrator partners summary. 

Partner  Description  

Kondinin Group  

(Australia)  

Kondinin Group prides itself as a trusted partner to the Australian agricultural community and 

provides ñIndependent Information for Agricultureò. Kondinin Group research, published 

through Farming Ahead, offers the only independent and comprehensive assessment of farm 

machinery, equipment, technology, and rural services available to Australian farmers. 

(Kondinin Group, 2022) 

HARDI Australia  

(Australia)  

HARDI AUSTRALIA PTY LTD is a subsidiary of HARDI INTERNATIONAL, a world leader in 

sprayer technology. HARDI Australia employs more than 100 engineering, testing, 

distribution, and support staff. HARDI development centres share local innovations with the 

world and to streamline the delivery of global improvements at home. (Hardi Australia, 2022) 

Platfarm  

(Australia)  

Platfarm makes it simple and cost effective for growers to manage their land with precision, 

helping to maximise yields while optimising inputs, minimising wastage, and increasing 

environmental sustainability. Platfarmôs app-based technology runs on mobile phones, tablet, 

or on custom devices. The solution is cost effective, familiar, and reliable. (Platfarm, 2022) 

Position Partners  

(Australia)  

Position Partners distributes Topcon machine control and positioning systems throughout 

Australia and Southeast Asia. Complementary solutions include fleet management systems, 

high precision machine guidance, 3D laser scanners, remotely piloted aircraft, deformation 

monitoring, weighing and proximity detection systems. (Position Partners, 2022) 

Astra UTM  

(UAE)  

Astra UTM is an advanced Unmanned Traffic Management system that caters to Authorities, 

ANSPs, Solution Developers and Drone operators. Astra UTM has facilitated safe and 

controlled VLOS and BVLOS drone operations in the lower-level airspace by spearheading the 

implementation of Networked Remote ID to track and monitor drones in the U -Space. (ASTRA 

UTM, 2022) 

Skylink UTM  

(Australia)  

Skylink UTM is the Australian partner for Astra UTM, a world leading UTM software provider 

for national and enterprise customers across the world. Skylink UTM provides industry 

experience in the integration of custom UAV and UTM solutions. (Skylink UTM, 2022) 

Quantum -Systems  

(Germany)  

Quantum-Systems GmbH, specializes in the in-house development, design, and production of 

electrical vertical take-off and land (eVTOL) fixed-wing systems in one innovative and 

patented automatic transition aircraft. Quantum -Systems transform decision making 

processes for users in agricultural, mining, construction, and defence industries. (Quantum-

Systems, 2022) 

MetaSpatial Solutions  

(Australia)  

Metaspatial Solutions Pty Ltd provides 20 years of industry experience in survey, spatial and 

geospatial product development, data science, systems design, sensor fusion, consulting, 

integration, implementation, and disruptive technologies. Their solutions have been globally 

adapted by professionals and large enterprise organizations. (MetaSpatial Solutions, 2022) 

vGIS  

(Canada)  

vGIS is an innovative high-accuracy augmented reality visualisation platform for geographic 

information system (GIS) data. The vGIS product portfolio includes a visual GIS platform and 

an array of custom mixed reality applications. The vGIS platform transforms spatial data 

(BIM, GIS and 3D scans) into descriptive AR visuals to power mobile productivity tools. (vGIS, 

2022) 
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1.5. Project Technology Partners 

The end-to-end system design for this project was co-produced under collaborative work between FrontierSI and the project 

technology partners (Table 3). 

Table 3. Project Technology Partners 

Partner  Role/Contribution  

FrontierSI  End-to-end system design, integration and testing. Design and development of the receiving 

equipment component. 

Optus  Access to the Optus 4G and 5G Network during the Testbed in support of the development and 

subsequent field trials. 

Ericsson  Support for the development of Testbed infrastructure component and subsequent field trials.  

Geoscience 

Australia  

Provision of GNSS data streams as part of the Testbed infrastructure.  

Position 

Partners  

Provision of GNSS data streams as part of the Testbed infrastructure.  

GMV Provision for the positioning engine in the infrastructure component in collaboration with Ericsson and 

FrontierSI.  
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2. 5G Testbed System Design 
The high-level system architecture has three main components as shown in Figure 1 below. 

¶ The 5G infrastructure 

¶ The receiving equipment 

¶ The demonstrator projects 

 

Figure 1. The 5G Precise Positioning projectôs high-level system architecture. 

As shown in Figure 1, the 5G Precise Positioning projectôs high-level system architecture is composed of two distinct subsystems 

that are then integrated with each demonstrator project . The infrastructure subsystem is made up of four components: 

1. Continuously operating reference stations (CORS) network infrastructure (Geoscience Australia /  Position Partners) 

2. GNSS corrections server (GMV) 

3. Location server (Ericsson) 

4. 5G network distribution infrastructure (Optus)  

The receiving equipment subsystem is composed of three components, which have been integrated and assembled by 

FrontierSI: 

1. 5G modem 

2. Raspberry Pi 

3. GNSS receiver and antenna 

Data flows through the system as illustrated in  Figure 1. From the left, the CORS network infrastructure collects raw GNSS 

observations which are streamed to a GNSS correction server. The GNSS correction server combines observations from multiple 

CORS and generates the GNSS corrections products. GNSS corrections in RTCM format are processed and encoded in to the 

3GPP LPP protocol. The 3GPP GNSS corrections are transmitted to the Ericsson location server and then through the Optus 5G 

network distribution infrastructure to the receiving equipment, producing a precise position using a GNSS receiver and antenna. 

These systems are discussed in more detail in the following sections. 
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2.1. Infrastructure Architecture 

Positioning through Assisted-GNSS (A-GNSS) and the Long-Term Evolution (LTE) Positioning Protocol (LPP) have been 

supported in LTE networks since 3GPP Release 9 in 2009 (Wirola, 2011). While the 3GPP consortium continued enhancing LTE 

positioning capabilities, the 2018 Release 15 presented a significant leap forward with the introduction of 5G New Radio (NR) 

positioning and GNSS-RTK support (3GPP, 2021). Figure 2 shows the positioning technologies supported in the 3GPP LPP 

standardisation (Dwivedi, 2020). The various acronyms in the figure are defined under the List of Acronyms on page 6 of this 

report. 

 

Figure 2. Positioning methods supported in 3GPP LPP standardisation. 

With A-GNSS, the location server sends supporting data to enhance time-to-fix, accuracy, integrity, and other GNSS 

performance parameters. The introduction of High-Accuracy GNSS (HA-GNSS) support in LPP allows enhancements capable of 

achieving centimetre-level positioning with GNSS-RTK (OSR) and GNSS PPP-RTK (SSR) techniques. Release 16 further 

expanded the capabilities of the assistance data include a complete set of SSR representations with the ability to address high -

mobility use cases. Release 17 continued the enhancement of GNSS positioning with additional support for measures of 

integrity, allowing users to better assess the correctness their estimated position, and providing information about addition al 

error sources relevant to GNSS corrections. Integrity remains a critical element in exploring the use of 5G Positioning for safety 

critical applications in the future.  

The distribution infrastructure required to support HA -GNSS is compatible with both 4G and 5G infrastructure. With this work, 

3GPP aims to provide scalable, open, and interoperable distribution of HA-GNSS assistance data over cellular networks to mass-

market devices. In this project, infrastructure architecture has been designed to deliver HA -GNSS to end-users over the Optus 

5G network using the 3GPP LPP. 

2.1.1. CORS Network Infrastructure 

The CORS infrastructure is a network of GNSS reference stations that stream satellite observations data over internet protocol . 

The project streamed correction data from two service providers, AUSCORS (Geoscience Australia) and AllDayRTK (Position 

Partners). CORS network operators maintain GNSS infrastructure to determine the fixed-point coordinates in the millimetre to 

centimetre level. Figure 3 shows the CORS distribution of the AllDayRTK network for the project area  surrounding Melbourne, 

Victoria. 
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Figure 3. AllDayRTK Coverage Map (Position Partners, 2022). 

2.1.2. GNSS Corrections 

When using standalone GNSS, users can estimate their position with a n error of several metres. The position estimation is 

subject to different error sources that can be divided into  the following categories (Wübbena et. al., 2005): 

¶ Satellite segment with orbit errors in the predicted satellite orbits, satellite clock errors and bias between different 

signals from the same satellite. 

¶ Atmospheric segment with signal delays in the ionosphere and the troposphere. 

¶ Local environment with multipath and diffraction effects, as well as different kinds of radio interference including 

intentional disturbances such as jamming and spoofing. 

GNSS correction services generated from CORS networks can be classified into two methods, Observation Space Representation 

(OSR) and State-Space Representation (SSR). In the OSR method, also known as Real-Time Kinematic (RTK), corrections are 

calculated by eliminating errors as a lump sum from the nearest station. This method achieves centimetre -level accuracy and 

an instantaneous position fix; however, its solution is baseline dependent and data throughput is high.  

In the SSR method, there are three different approaches known as Precise Point Positioning (PPP), PPP with Integer Ambiguity 

Resolution (PPP-IAR) and PPP-RTK. In all cases, errors in the system are treated individually. The resulting solution is valid for 

global or regional areas and can be broadcast with low throughput, however, current implementations can only achieve 

decimetre-level accuracy and an initialisation time of several minutes is required. Table 4 shows the main differences between 

GNSS correction methods. 

The traditional way to transmit GNSS corrections is via messages defined by Radio Technical Commission for Maritime Services 

(RTCM) Special Committee (SC) 104, which also has defined an end-to-end signalling protocol Networked Transport of RTCM 

via Internet Protocol (NTRIP). RTCM SC 104 V3.3 (RTCM, 2016) have to date published messages for OSR, as well as some 

SSR messages, such as orbit and clock corrections. It also allows the possibility of private messages with a proprietary encoding 

of the information.  

Table 4. Characteristics of OSR and SSR solutions, adapted from (Septentrio, 2022). 

1.  Method  
OSR SSR 

RTK PPP PPP-IAR  PPP-RTK 

Accuracy  3 cm 20 cm 10 cm 10 cm 

Initialisation time  1 sec 90 min 20 min 2 min 

Solution Coverage  Local Global Global Regional 

Bandwidth requirements  High Low Low Medium 

CORS density  20 km 1000 km 1000 km 100 km 
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The project selected several test areas around Melbourne to run the various 5G Testbed projects. GNSS observation data from 

20 CORS sites surrounding the test areas were streamed into the GMV processing server. The data from the selected CORS 

was used to generate three types of GNSS corrections: 

1. OSR corrections from single-base CORS 

2. OSR corrections from virtual reference station (VRS) 

3. SSR corrections  

2.1.2.1. OSR Corrections from CORS 

This method is traditionally known as single-base RTK, where GNSS corrections are generated directly by the CORS and 

broadcast to the user. This approach is relatively simple, but can only be applied within a local area and is susceptible to errors 

or failures affecting the individual site. CORS streams from two  service providers, AUSCORS and AllDayRTK were used as inputs 

into the GMV GNSS processing server. The full RTCM 3.2 MSM7 message structure output by the  service providers was 

processed and simplified to include only the messages in Table 5. The GMV output was converted to 3GPP LPP as described in 

Section 2.1.4. 

Table 5. RTCM Messages included in GMV OSR corrections. 

RTCM Message Description  RTCM 
Code  

CORS 
Output  

GMV 
Output  

Stationary RTK Reference Station Antenna Reference Point (ARP) with Antenna Height 1006 Y Y 

System Parameters 1013 Y 
 

GPS Ephemerides 1019 Y 
 

GLONASS Ephemerides 1020 Y 
 

Receiver and Antenna Descriptors 1033 Y 
 

BDS Satellite Ephemeris Data 1042 Y 
 

QZSS Ephemerides 1044 Y 
 

Galileo I/NAV Satellite Ephemeris Data 1046 Y 
 

GPS MSM7 Full Pseudoranges, PhaseRanges, PhaseRangeRate and CNR (highres) 1077 Y Y 

GLONASS MSM7 Full Pseudoranges, PhaseRanges, PhaseRangeRate and CNR (highres)  1087 Y 
 

GALILEO MSM7 Full Pseudoranges, PhaseRanges, PhaseRangeRate and CNR (highres) 1097 Y Y 

QZSS MSM7 Full Pseudoranges, PhaseRanges, PhaseRangeRate and CNR (highres) 1117 Y 
 

BEIDOU MSM7 Full Pseudoranges, PhaseRanges, PhaseRangeRate and CNR (highres) 1127 Y 
 

GLONASS L1 and L2 Code-Phase Biases 1230 Y 
 

2.1.2.2. OSR Corrections from GMV VRS 

In addition to the 20 CORS stations, GMV calculated a VRS in the location of each 5G tower for the project . The OSR corrections 

from the VRS are generated by interpolating the residuals in an area formed by several surrounding CORS. This approach 

improves accuracy and extends the applicability of the corrections to longer distances. The VRS output was translated from 

RTCM to 3GPP LPP standard and streamed directly to the Ericsson Location server as described in Section 2.1.4. Figure 4 shows 

a VRS solution calculated for the 5G Tower in one of the test sites in Hoppers Crossing. 
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Figure 4. VRS calculated in Hoppers Crossing 5G tower. 

2.1.2.3. SSR Corrections from GMV 

GMV have used the GMV Sharp processing engine to generate three types of SSR corrections ï PPP, PPP-IAR and PPP-RTK. All 

techniques treat the individual GNSS error sources, but differ in including phase biases and ionospheric correction messages. 

Traditional PPP provides corrections to orbits, clocks, and code biases. PPP-IAR includes additional phase biases which improve 

accuracy and reduce convergence time from 60 minutes to 20 minutes. PPP-RTK includes ionospheric corrections generated 

from surrounding CORS network. These additional corrections allow for the convergence time to be reduced from ~ 20 minutes 

to ~2  minutes, however, it increases the bandwidth requirements of the transmission. Table 6 shows a comparison of message 

types included in the SSR techniques. 

Table 6. RTCM Messages included in GMV SSR corrections. 

RTCM Message Description  RTCM Code  PPP PPP-I AR PPP-RTK 

GPS Combined Orbit and Clock Correction 1060 Y Y Y 

GAL Combined Orbit and Clock Correction 1243 Y Y Y 

GPS ephemeris 1019 Y Y Y 

GAL ephemeris 1046 Y Y Y 

GPS code biases 1059 Y Y Y 

GAL code biases 1242 Y Y Y 

GPS phase biases 1265  Y Y 

GAL phase biases 1267  Y Y 

GPS ionospheric corrections (GMV proprietary) 3002   Y 

GAL ionospheric corrections (GMV proprietary) 3003   Y 

All messages, except ionospheric corrections required for PPP-RTK are supported in the current RTCM v3.2 format. There are 

different message formats proposed for dealing with the ionospheric messages. For this project, we used the GMV proprietary 

message in two approaches. In the first approach, ionospheric corrections were transmitted directly to the end user in GMV 

format and decoded at the user end by a GMV client. In the second approach, the SSR corrections were converted from RTCM 

and GMV format to 3GPP LPP standard on the GNSS correction server and sent to the Ericsson Location server. Figure 5 

illustrates these two approaches. 
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Figure 5. SSR correction formats transmitted to end-user. 

The GMV Sharp processing server plays a role in both approaches. A high-level architecture diagram of GMV Sharp processing 

engine is shown in Figure 6. The server takes GNSS observation and navigation data from the International GNSS Service (IGS) 

and AUSCORS casters. The Ephemeris server module takes the GNSS navigation, and the Pre-Processing and Validation (PPV) 

module takes GNSS observations from input casters. Each module decides which messages will be used to compute the solution 

(Calvo, 2022). The Ephemeris server checks the consistency of the navigation messages and the PPV module checks the 

correctness of the GNSS observations. The Orbit Determination and Time Synchronisation (ODTS) Server takes in this data 

and computes a first solution (or bits, clocks, inter-frequency bias, ambiguity).  The Clock Server modules takes the first solution 

to compute more precise clocks for the satellites, the Phase Bias module takes the orbits and clocks to compute phase biases 

and the Ionosphere Server module takes the orbits, clocks, and phase biases to compute the ionospheric slants (Calvo, 2022). 

The Quality of Service (QoS) takes GNSS navigation, orbits, clocks, ionospheric slant, and phase biases to compute the GNSS 

correction, these are uploaded to a caster. 

 

 
Figure 6. The GMV Sharp processing serverôs high-level architecture (Calvo, 2022). 

2.1.3. 3GPP LPP Location Server 

Despite the protocol name, 3GPP LPP supports both 4G and 5G Core networks. The initial LPP assistance data implemented in 

Release 9 distributed GNSS navigation messages over cellular networks to reduce the time-to-first-fix (TTFF) in end-user 

devices. Following Release 15, GNSS assistance data also supports the procedures, information representation, architecture, 

and distribution of GNSS-RTK corrections. 
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For OSR corrections, the location server obtains GNSS correction data over a grid of non-physical reference stations with an 

inter-grid point distance of 5-10 km. In addition, the location server maintains a cell database with information about the 

terrestrial cell locations in the service area, as illustrated by Figure 7. The cell radius (some hundreds of meters) is typically 

much smaller than the grid size, which means that the knowledge of the device serving cell is of sufficient granularity for 

selecting an appropriate correction data grid point for a specific device at any point in time. Hence, the computational effo rt 

to generate GNSS corrections scales with number of grid points and thereby the size of the service area, not by the number of 

active devices. The location server provides GNSS assistance data based on the serving cell ID in the 5G Optus network. The 

project used true cell IDs associated with VRS solution parameters and dummy cell IDs associated with SSR parameters. 

 

Figure 7. Terrestrial cell grid and GNSS correction data over a grid of non-physical reference stations (Gunnarsson, 2022). 

The projectôs LPP positioning architecture used a 5G Core network to transmit GNSS assistance data from the correction server 

to the user device as illustrated in Figure 8. The location server platform includes a Location Management Function (LMF), a 

SUPL Location Platform (SLP) and gateways towards different sources of assistance data like GNSS-RTK corrections providers. 

A radio base station (gNB) is managed by an Access control and Mobility Function (AMF) in the 5G Core network. The assistance 

data is provided from the LMF via System Information Blocks (SIBs) broadcast by the base station, meaning that all 

authenticated User Equipment (UE) devices in the cell can retrieve the same broadcast information. 

 
Figure 8. 3GPP 5G architecture supporting positioning (3GPP, 2022). 
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corrections 
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2.1.4. 3GPP LPP Message 

The contents of each LPP message are specified using the Abstract Syntax Notation One (ASN.1) standard interface description 

language. ASN.1 data structures are defined in modules following the message syntax and types below: 

¶ Request Capabilities 

¶ Provide Capabilities 

¶ Request Assistance Data 

¶ Provide Assistance Data 

¶ Request Location Information 

¶ Provide Location Information 

¶ Abort 

¶ Error 

The unicast user plane signalling is based on Open Mobile Alliance (OMA) Secure User Plane Location (SUPL), which establishes 

a bi-directional container to enable location server and device to engage in an LPP session. 3GPP LPP defines an LPP session 

during which transactions of messages between a device and a location server can be exchanged. There can be several 

transactions in parallel, each identified by a transaction ID. Provisioning of periodic GNSS-RTK assistance data is based on a 

combination of tra nsactions as illustrated by Figure 9. 

 

Figure 9. Periodic Assistance Data Transactions via 3GPP LPP (Gunnarsson & Chaudhry, 2022). 
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The basic device operation for the GNSS-RTK session in the target LPP/SUPL client follows the data transactions shown in 

Figure 9 in the sequence below: 

¶ T1.1 - A GNSS-RTK session in control transaction T1 is initiated by a RequestAssistanceData message from a device, 

indicating its capabilities, what type of assistance data that is requested, and additional information such as the ID of 

the serving cell (real or dummy) . 

¶ T1.2 - The location server confirms the request, ends the control transaction, and starts a new transaction with non-

periodic information to t he device. 

¶ T2.3 - A data transaction T2 is initiated with t he first periodic assistance data sent to the client . 

¶ T2.4 - Periodic assistance data is sent continuously. 

¶ T3.1 - When the device becomes associated to a new cell, the device starts a new control transaction T3 to inform 

about the cell change. 

¶ T3.2 - The location server acknowledges the request and ends the control transaction. 

¶ T2.4 - In case the change of cell has impacted which grid point the device is associated to, then the network will alter 

the periodic data in transaction T2 to come from a new grid point.  

¶ T2.5 - The service can be aborted by the device. 

¶ T2.6 - The service can be aborted by the location server.  

¶ T2.7 - The LPP/SUPL session in transaction T2 ends. 

The GNSS assistance data necessary for OSR and SSR techniques is supported in 3GPP LPP as different ASN.1 element 

structures. Table 7 shows the 3GPP LPP OSR messages and Table 8 shows the 3GPP LPP SSR messages generated by the GMV 

server and broadcast over the 5G distribution network. 

Table 7. 3GPP LPP OSR message structure 

Table 8. 3GPP LPP SSR message structure 

3GPP LPP Message Description  ASN.1 Element  

SSR Orbit Corrections GNSS-SSR-OrbitCorrections-r15 

SSR Clock Corrections GNSS-SSR-ClockCorrections-r15 

SSR Code Biases GNSS-SSR-CodeBias-r15 

SSR Phase Biases GNSS-SSR-PhaseBias-r16 

SSR assistance data quality information GNSS-SSR-URA-r16 

Ionospheric delay correction in Slant Total Electron Content (STEC) GNSS-SSR-STEC-Correction-r16 

Tropospheric delay correction and STEC correction residuals GNSS-SSR-GriddedCorrection-r16 

Grid of correction points GNSS-SSR-CorrectionPoints-r16 

2.1.5. Optus 5G Network Distribution 

The distribution system is provided by Ericsson and Optus and consists of a telecommunication network for connectivity and a 

location server for GNSS assistance data distribution. Figure 10 below shows the Optus network coverage around Greater 

Melbourne area. 

3GPP LPP Message Description  ASN.1 Element  

GNSS carrier phase pseudo-range observations GNSS-RTK-Observations-r15 

Coordinates of the antenna reference point (ARP) and antenna description of 
the reference station or CORS 

GNSS-RTK-ReferenceStationInfo-r15 
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Figure 10. Optus network coverage surrounding Melbourne (Optus, 2022). 

2.2. Receiving Equipment Architecture 

The receiving equipment component of the project include d a unit of hardware that was designed to receive GNSS signals, 

receive and decode LPP assistance data over the 5G network,  as well as a positioning engine that processed positioning 

solutions and output them into each demonstrator projectôs hardware or software system. The ideal receiving equipment design 

for the project would have been a positioning engine that can decode the LPP data and calculate a corrected position without 

any intermediate step. However, there are currently no commercially available positioning engines that are c ompatible with 

the LPP standards in hardware or software. As such, a system design that included an LPP-RTCM and LPP-Proprietary 

conversion step was required.  

Figure 11 illustrates receiving equipment implementations of a positioning engine with three compatibility scenarios for  

assistance GNSS data.  

1. LPP compatible: t he positioning engine has native support for LPP, which means that the SUPL LPP client simply 

forwards the obtained LPP assistance data to the positioning engine. 

2. RTCM OSR compatible: the positioning engine supports RTCM messages for OSR, which is combined with a SUPL/LPP 

client stack that can convert LPP OSR to RTCM OSR messages which are forwarded to the legacy positioning engine . 

3. Proprietary SSR compatible: the positioning engine supports a proprietary SSR representation that can be a 

combination of RTCM, draft RTCM, LPP and proprietary representations, where the SUPL/LPP client stack decodes the 

LPP SSR data, and a converter software converts data to an SSR format supported by the positioning engine. 
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Figure 11. GNSS correction data distributed to three device scenarios (Gunnarsson & Chaudhry, 2022). 

In the case of OSR positioning engines, all implementations are compatible with the RTCM OSR standard. In the case of SSR 

positioning engines, almost all implementations are only compatible with proprietary or industry -driven formats. However, 

there are a limited number of positioning engines, such as GMV SHARP, developed for scientific and research applications that 

are compatible with the current RTCM SSR standard. As a result, the receiving equipment required different designs when 

processing OSR and SSR assistance data. The design of the receiving equipmentôs hardware and software is discussed in 

further detail in the following sections. 

2.2.1. Receiving Equipment Hardware 

Given the requirements for hosting a SUPL LPP client and a software defined positioning engine, the Raspberry Pi 4B (RPi) 

single board computer made the ideal candidate for the microprocessor underpinning the receiving equipment hardware. Its 

small form factor and availability of compatible GNSS receivers were additional factors supporting its use for the project . The 

RPiôs main function was to control the flow of data between hardware components  and execute the client software. 

As illustrated in Figure 12 below, two Hardware Attached on Top (HAT) modules are attached to the RPi via the Universal 

Asynchronous Receiver/Transmitter (UART) port. The first HAT in the stack is a GNSS receiver. Two GNSS receivers were used 

in the project, namely  the Ardusimple MosaicHAT (Septentrio Mosiac-X5 GNSS module) and the SparkFun ZED-F9R HAT (u-

blox ZED-F9R GNSS module). 

 

 

Figure 12. The receiving equipment hardware design. 

The GNSS HAT modules are specifically designed by third-party manufacturers to integrate professional GNSS modules into a 

form compatible with RPis for development and evaluation purposes. A comparison of the specifications of these GNSS HATs 

are provided in Table 9. 
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Table 9. Comparison of RPi GNSS HATs 

GNSS HAT Ardusimple MosaicHAT  SparkFun ZED -F9R HAT  

Receiver  Septentrio Mosaic-X5 u-blox ZED-F9R 

GNSS Signals  GPS: L1C/A, L1C, L2C, L2P, L5 
GLONASS: L1CA, L2CA, L3 CDMA 
Beidou: B1I, B1C, B2a, B2I, B3 
Galileo: E1, E5a, E5b, E5 AltBoc, E6 
QZSS: L1, L1C, L2C, L5, L6 

GPS: L1C/A, L2C 
GLONASS: L1OF, L2OF 
Beidou: B1I, B2I 
Galileo: E1B/C, E5b 
QZSS: L1C/A, L2C 

Protocols  Septentrio Binary Format (SBF) 
NMEA 0183, v2.3, v3.03, V4.0 
RINEX v2.x, v3.x 
RTCM v2.x, v3.x (MSM included) 
CMR v2.0 (out/in), CMR+ (input only)  

UBX Binary 
NMEA 
RTCM version 3.3 (input only) 
SPARTN 

Ports  UART: 1 
USB: 2 

UART: 1 
USB: 1 

Dead Reckoning  No Yes 

Both GNSS HATs provide a serial port over the UART, which allowed bi-directional data flow between the RPi and the HAT. 

They also include a USB port to allow access to additional serial ports for configuration and logging. In the MosaicHATôs case, 

internally routing a micro -USB cable from the HAT into the RPi allowed for internal raw GNSS data logging capabilities. A 

Tallysman TW7972 triple band GNSS antenna was connected to the GNSS HAT via SMA coaxial cable and was used for the 

majority of testing . The second HAT in the stack was a Waveshare Li-polymer (LiPo) Battery HAT for providing a 5V regulated 

power supply to the RPi. The battery has a capacity of 3000mAh, which provided the RPi approximately 45 minutes to 1 hour 

of power via the UART port. A Zyxel NR2101 5G modem was connected to the RPi via an ethernet cable and provided a mobile 

internet connection over the Optus 5G network.  Finally, a custom case was designed and 3D printed to protect the hardware. 

Images of the client hardware are provided below. 

 
Figure 13. The Client Hardware. 
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Figure 14. The Client Hardware in the AR setup (left) and mounted to a UAV (right).  

2.2.2. GNSS Receiver Configuration 

The client software requir es the GNSS receiver HATs to be properly configured for it function properly. The following sections 

outline how the GNSS receivers are configured. 

2.2.2.1. OSR Configuration 

For positioning with OSR corrections, the internal positioning engine of either the MosaicHAT or the ZED-F9R HAT was used to 

calculate coordinate solutions. The configuration is summarised in Table 10. 

Table 10. GNSS receiver configuration for positioning with OSR corrections. 

GNSS HAT Ardusimple MosaicHAT  SparkFun ZED -F9R HAT  

NMEA Messages  GGA, GST, RMC, VTG GGA, GST, RMC, VTG 

NMEA Rate  1 Hz/10 Hz 1 Hz/5 Hz 

Elevation Mask  5 deg 5 deg 

Signal Tracking  GPS: L1CA, L1PY, L2PY, L2C, L5 
GLONASS: L1CA, L2P, L2CA, L3 
Galileo: L1BC, E5a, E5b, E5 
Beidou: B1I, B2I, BI, B1C, B2A 
QZSS: L1CA, L2C, L5 

GPS: L1CA, L2CL, L2CM, L5I, L5Q 
GLONASS: L1, L2 
Galileo: L1BC, E5a, E5b, E5 
Beidou: B1I, B2I, B2A 
QZSS: L1CA, L2C, L5 

2.2.2.2. SSR Configuration 

Positioning with SSR corrections required the use of a proprietary GMV SHARP positioning engine. GMV SHARP takes RTCM 

observations from the MosaicHAT and the SSR correction data as inputs, and computes coordinate solutions. The configuration 

is summarised in Table 11 below. 

Table 11. GNSS receiver configuration for positioning with SSR corrections 

GNSS HAT Ardusimple MosaicHAT  

RTCM Messages  1019, 1045, 1046, 1077, 1097 

RTCM Rate  1 Hz/10 Hz 

Elevation Mask  5 deg 

Signal Tracking  GPS: L1CA, L1PY, L2PY, L2C, L5 
GLONASS: L1CA, L2P, L2CA, L3 
Galileo: L1BC, E5a, E5b, E5 
Beidou: B1I, B2I, BI, B1C, B2A 
QZSS: L1CA, L2C, L5 
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2.2.3. Client Software 

The host operating system (OS) on the RPi is Raspberry Pi OS with desktop 64-bit (Debian 11 Bullseye). A software package 

has been developed to execute of various applications, control data logging and data flow, and facilitate the execution of th e 

desired functionalities upon boot. The software consists of systemd unit configuration files, a start -up script, 

installation/uninstallation scripts and supporting scripts for performing diagnostics.  

Systemd is a software suite that provides system and service management for Linux distributions, it  also allows for the 

execution of applications and scripts at boot.  Two systemd services have been developed, the first is the wait for network 

service, which pings a host on the internet until it becomes reachable, ensuring that an internet connection has been 

established. The second is the 5gtb daemon service, which executes the start-up script which are dependent on having an 

internet connection to receive GNSS correction data. The logic of the systemd layer is shown in Figure 15. 

 

Figure 15. The systemd layer logic. 

The start-up script is developed in the Bash scripting language and is primarily responsible for executing each software 

component and managing various data streams between software, serial ports, and the filesystem. The script has two modes 

that determines how it should operate given a certain hardware configuration. 

1. Positioning mode (OSR and SSR): output s positioning solutions (NMEA), 

2. Correction mode: output s correction data (RTCM). 

The script modes are discussed in more detail in the following sections. 

2.2.3.1. Positioning Mode ï OSR 

The start-up script in Positioning mode with OSR corrections executes the SUPL LPP Client which requests 3GPP assistance 

data from a location server, decodes the data into RTCM OSR format and outputs the RTCM to the GNSS HATôs serial port and 

to a file. The resulting positioning solutions from the GNSS HATôs serial port are stored to a file and streamed to a TCP server 

in NMEA format. This mode also supports an optional USB serial port parameter that allows the logging of raw GNSS data (SBF 

format)  when the MosaicHAT is in use. The TCP server served as the primary interface that streamed positioning solutions to 

the demonstrator project software/hardware solutions. This interface is facilitated either by Wireless Local Area Network 

(WLAN) via the Zyxel modem, or via a ZeroTier Virtual Private Network (VPN). The start-up script in Positioning mode using 

OSR corrections is illustrated in Figure 16 below. 
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Figure 16. The Client Software design for Positioning mode with OSR corrections. 

2.2.3.2. Positioning Mode ï SSR 

The start-up script in Positioning mode with SSR corrections operated slightly differently than with OSR corrections since a 

proprietary positioning engine was required to process positioning solutions from the SSR correction data. GMV provided their 

GMV SHARP positioning engine as an ARM64 docker image packaged with the SUPL LPP client and RTKLIB str2str. GMV SHARP 

requires RTCM observations from the MosaicHAT and RTCM SSR correction data from the SUPL client, and can store the 

resulting coordinate solutions in NMEA format to the filesystem. The NMEA is also streamed to a TCP server, which is used as 

the interface with demonstrator software/hardware  via WLAN or ZeroTier VPN. The start-up script acted as a wrapper for 

deploying the docker containers using docker compose. The start-up script in Positioning mode using SSR corrections is shown 

in Figure 17. 

 

Figure 17. The Client Software design for Positioning mode with SSR corrections. 
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2.2.3.3. Correction Mode 

As shown in Figure 18, the correction mode of the start -up script executes the SUPL LPP Client and streams RTCM correction 

data to the declared serial port and stores the output RTCM data to a file. This mode is used when an independent GNSS 

receiver is connected by serial port. 

 

Figure 18. The Client Software design for Correction mode 

2.2.4. SUPL LPP Client 

The SUPL LPP client used in the client software stack is a C++ application  developed by Ericsson and is used for requesting 

LPP assistance data from an Ericsson location server and converts the message into a format suitable for  the receiving 

equipment. 

The client requests data through TCP/IP infrastructure and establishes a bi-directional container to enable the client and 

location server to engage in an LPP session. The signalling flow is illustrated in  Figure 19, the client or SUPL Enable Terminal 

(SET) initiates the session with a SUPL START, and a handshake by a SUPL RESPONSE from the location server or SUPL 

Location Platform (SLP) is returned. After a SUPL POS INIT message to provide information about SET capabilities, the 

establishment of the SUPL POS container exchange is established and ready for the initialisation of an LPP session (Gunnarsson 

& Chaudhry, 2022). 

Figure 19. The SUPL session signalling flow (Gunnarsson & Chaudhry, 2022). 
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Once the LPP session has been initialised between the SET and SLP, GNSS assistance data is requested through a series of 

transactions shown in Figure 9 and described in Section 2.1.4. For each LPP assistance data message received, the SUPL client 

decodes and converts it into RTCM format using the RTKLIB library and outputs the RTCM representation to a TCP client, serial 

port,  or file. Once the client is terminated the SUPL END message is sent to end the SUPL procedure.  

2.2.5. GMV SHARP Positioning Engine 

The GMV SHARP positioning engine is a C++ application that is used to process positioning solutions using SSR correction 

data. It includes two components, the real time module which handles the interfaces  and inputs/outputs, and the positioning 

engine library which computes the positioning solution based on the inputs (Calvo, 2022). The real time module is a wrapper 

application that handles data flow in the positioning engine, and the configuration and management of the positioning engine 

library, a high-level architecture is shown in Figure 20 below.  

 

 
Figure 20. The real time moduleôs high-level architecture (Calvo, 2022). 

Configuration files define the input and output data sources which are loaded into the engine by the configuration parser , 

which defines how the positioning engine sets up its data interfaces. These interfaces are defined by TCP clients or NTRIP 

clients that are set up for each data source (GNSS observations, navigation messages and receiver status) (Calvo, 2022). The 

data packets obtained from each data source are processed by the positioning engine library through API calls from the real 

time module. The positioning engine library high-level architecture is shown in Figure 21: 
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Figure 21. The positioning engine libraryôs high-level architecture (Calvo, 2022). 

The configuration manager is instantiated at start up and stores configuration of the algorithm in a static class, allowing a ll 

classes to access and use the parameters. Various formats of messages are supported through decoding classes, only RTCM 

decoders were used for the project. The library also queries system time to determine the GNSS week of execution to avoid 

ambiguities in GNSS time. The input monitor class checks the GNSS inputs by implementing noise and evolution checks to 

detect jumps and noisy measurements, carrier to noise ratio and automatic gain control checks also detect measurements 

affected by abnormal power emissions. The corrections manager builds the models from the corrections, these are then used 

as input to the Kalman filter to compu te positioning solutions. The Kalman filter then computes the solution from the GNSS 

observations based on the tight coupled filter method. During this, residual checks are implemented to detect measurements 

inconsistent with the estimated position or para meters, and post Kalman monitors is used to detect jumps in the estimated 

parameters (Calvo, 2022). 
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3. Infrastructure Testing 
Prior to the demonstrator projects, a series of tests were undertaken to verify that the infrastructure was performing as 

expected. This section describes the testing conducted during system development including the approach, methods, types of 

testing and test results.  

3.1. Test Plan 

A four-stage test process was conducted over the course of the project:  

1. Component testing (T1) 

2. Integration testing (T2)  

3. System testing (House and Field) (T3) 

4. User testing (T4) 

The test process was applied over two project phases to two positioning solutions: OSR and SSR. These test stages are 

represented in Figure 22 below and are described further  in the following sections. 

 
Figure 22. Infrastructure te st plan. 
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Table 12. Test Activities and Responsibilities 

Test ID  Test Activity  Summary  Responsible  

T1.1  5G Preliminary Network Test To test the availability and performance of the 5G 

Network components required for the 5G Testbed 

Infrastructure  

Optus 

T1.2  Preliminary PosCorr Test To test the establishment and performance of the 

Positioning Correction service required for the 5G Testbed 

Infrastructure, including provisions for stepwise capability 

upgrades during the Testbed (e.g., OSR to SSR) 

Ericsson 

 

T1.3  Receiving Equipment 

Component Tests 

To test candidate OEM components for building the 

receiving equipment for their function, integration, and 

performance ï e.g., the GNSS antenna and power supply 

boards. 

FrontierSI 

T1.4  Devices Evaluation To specify and evaluate the end-user devices and their 

interfaces to the RPi unit 

FrontierSI 

T1.5  Network Optimisation Test1 To test the optimisation of the 5G network for the 

requirements of the different testbed projects  

Optus 

T2.1  PosCorr/Location Server 

Integration Tests 

To test the integration of the established Location Server 

and integrated Positioning Correction service 

Ericsson 

T2.2  Receiving Equipment 

Integration Tests 

To test the modem, RPi and power supply unit are 

communicating and working correctly 

FrontierSI 

T3.1  System Test (House) To test the correct end-to-end functioning of positioning 

correction process at the receiving equipment in a 

controlled indoor test environment (with rooftop GNSS 

antenna) prior to integrating receiving equipment into the 

end user device 

FrontierSI 

T3.2  System Test (Field) To test the correct end-to-end functioning of the 

positioning correction process for the end user device in 

the field environment  

FrontierSI 

T3.3  Devices Integration Test 

(Field) 

To specify how the RPi is connected to the end user 

devices and once connected, to test that it is 

communicating correctly 

FrontierSI & 

Testbed 

Partners 

T4.1  Position Accuracy Tests To test the static and dynamic accuracy and stability of 

positioning in use in the field as compared to an external 

reference (e.g., a geodetic quality receiver)  

FrontierSI 

T4.2  End User Tests (Trials) User evaluation of the end user deviceôs precise 

positioning capability in the context of each testbed 

application 

Testbed 

Partners 

 

  

 

1 There was no network optimisation conducted as part of the trials since adequate 5G performance was experienced at all 
trial sites. 
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3.2. System Testing Results ï OSR vs SSR 

At the end of the system testing campaign a test was carried out with the specific aim of comparing the OSR and SSR solutions 

to each other and to standalone GNSS positioning over a larger test area than for tests conducted in Phase 1 of the project. 

The Phase 1 tests were all conducted over a limited area, within the footprint of a single 5G tower (50 -200m from the tower).  

This test demonstrated the use of position corrections over a wider area (2km) utilising 5G signals via several adjacent towers 

and hence signal transfer between mobile cells. This scenario is considered more representative of the 5G-based position 

augmentation solutions that telecommunications operators are likely to offer in future due to its scalability compared to OSR . 

The test involved driving a car around Melbourneôs Albert Park circuit, a 5km stretch of public road also used for Formula 1 

Grand Prix races (Figure 23). 

The car was equipped with a roof mounted GNSS antenna providing signals via a splitter to the two correction receivers (OSR 

and SSR) as well as a standalone signal. The OSR solution tested was identical to that used in the phase demonstration projects 

and utilised a nearby CORS station ï Melbourne Observatory (MOBS) for correction signals whereas the SSR solution was 

configured with two stations, MOBS and an additional station in Marysville (MVIL), approximately 70km north-east of the test 

site. The SSR solution, incorporated a position correction engine, generating real-time corrections for ionospheric errors and 

adopting a static model for tropospheric corrections.  

After configuring the hardware and establishing data logging systems, several laps of the circuit were driven at speeds of up  

to 50km/h to generate the tracks for analysis. The test track presents varying obstruction scenarios where the receiver has 

lower satellite visibility. The test results shown in Figure 24 and Table 13 demonstrate the centimetre-level accuracy of the 

OSR solution, decimetre-level accuracy for SSR solution and metre-level accuracy for the standalone solution.  

 
Figure 23. Albert Park Circuit, Melbourne 
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Table 13. Test Activities and Responsibilities 

Run Solution  
Type 

Horizontal Vertical 

Mean (m) STD (m) Mean (m) STD (m) 

Run 1  

OSR 0.005 0.020 -0.101 0.054 

SSR 0.042 0.081 0.130 0.184 

Standalone 0.767 0.346 -0.245 0.378 

Run 2 

OSR 0.004 0.015 -0.089 0.030 

SSR 0.054 0.080 0.175 0.150 

Standalone 1.342 0.368 -0.106 0.512 

Run 3 

OSR 0.005 0.028 -0.089 0.039 

SSR 0.107 0.117 -0.012 0.143 

Standalone 0.905 0.43 -1.182 0.462 

 

 

 

Figure 24. Positioning error comparting OSR, SSR & Standalone modes. 
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4. Demonstrator Projects 
This section provides details on the various demonstrator projects that were carried out during the testbed including the use 

case and the requirements for high precision positioning as well as the results. 

4.1. Demonstrator Project 1 ï Precision Crop Spraying 

Demonstration partners: Kondinin Group, HARDI Australia. 

4.1.1. Background 

Precision agriculture is a farm management practice that measures and monitors crop performance and its spatial variability 

within a field. Instead of treating a whole field with a broad intervention (fertiliser, water, chemicals), precision agricul ture 

independently treats localised areas and, in some cases, individual plants within the field. The result is optimised crop yield 

and efficient use of resources.  

Precision agriculture in practice has been enabled using GNSS, sensors, machine automation and variable rate technology. 

Georeferenced data from different sensors is used to create maps that highlight localised plant health, weeds, moisture, and 

other metr ics. With this data, agricultural machinery can selectively vary the seed density, water, or chemicals to apply in 

specific locations within the field.  

The Precision Crop Spraying project utilised a self-propelled sprayer called HARDI Rubicon, which is an 11,000L capacity 48m 

high-clearance self-propelled boom spray which would typically be used for the broadacre application of herbicides and 

pesticides. The system was integrated with a mapping and spraying solution that enables real-time selective spraying. 

 

Figure 25. HARDI Rubicon Crop Sprayer. 

The HARDI GeoSelect solution (HARDI Australia, 2022) enables the sprayer to selectively spray herbicides on targeted weeds 

only using individual nozzle control, (as opposed to a blanket spray application) in a paddock. The positioning system onboard 

the sprayer typically uses GNSS correction signals from a local UHF transmitter or a commercial subscription service. During 

the demonstrator project, the sprayer received 3GPP LPP correction signals via 5G from a nearby Optus 5G tower. The approach 

of using telecommunication towers to transmit GNSS corrections promises to reduce the cost of high accuracy GNSS by an 

order of magnitude and enable innovation and technology adoption in the agriculture industry.  

4.1.2. Methodology 

RTK corrections from the 5G Test kit were integrated into the HARDI GeoSelect system. The corrections sent from the LPP 

server were decoded in the 3GPP GNSS client and output in RTCM v3.2 format at 1Hz to the HARDI system (Figure 26).  

The self-propelled sprayer can operate at speeds of up to 20km/h (5.55m/s) utilising a positioning output of 10Hz. In this 

configuration, the GNSS receiver in the HARDI system can receive corrections at 1Hz and extrapolate an RTK Fixed solution at 

the higher sample rate. For the purposes of the demonstration, an operating speed of around 5km/h was used.  
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Figure 26. Precision Crop Spraying Equipment Integration Diagram. 

The HARDI GeoSelect system is typically calibrated using RTK measurements on known marks. To test this calibration, the 

system drives in a pattern so that the nozzles pass directly above known points. The HARDI software has the known positions 

of the marks and automatically trigger the nozzle sprays. Water sensitive paper is placed on the marks and if the spray has 

painted the paper, then it is assumed that the position of the system is correctly calibrated. During operation, the boom wou ld 

typically employ flat fan nozzles with a spray angle of 110 degrees at a boom height of 500mm.  

The calculated position of the nozzles is determined from the real-time RTK position and heading of the dual antennas and the 

physical measurements of the boom. The accuracy of the RTK position is typically +/ - 2.5cm, and the accuracy of the heading 

estimation depends on the distance between the two antennas. Additionally, it is assumed that there are errors in the physica l 

measurement of the sprayer dimensions of up to 1cm. As a result, the calculated position of th e sprayer is higher than the 

position directly at the antenna and cannot be directly measured.  Figure 27 shows the location of GNSS antennas on the 

sprayer and the testing methodology.  

 
Figure 27. GNSS antenna positions and testing methodology. 

SUPL LPP 

Client 
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Using the operating swath width of the Rubicon as 48m, a path of 230m long was centre-line-marked. Within the defined 

swath, 15 randomised positions were marked with bamboo stakes. For the purposes of the demonstration, the stakes were 

positioned randomly to emulate the location of weeds in a swath within a field.  

A brightly coloured ground markers were painted on the ground immediately below the stake , measured using an RTK rover 

and the positions were uploaded to the Hardi GeoSelect software.  

The Rubicon was then used to demonstrate selective spraying, applying fresh water via individual nozzle control on the boom 

spray. Stakes had yellow water sensitive spray paper attached to them which turned blue to indicate a successful hit on the 

weed target. The sprayer then traversed the length of the swath with observers walking behind the boom visualising individual 

nozzle triggering over the staked position and noting colour transitions of the sensitive spray paper at each position.  

4.1.3. Results 

The 5G positioning kit was successfully integrated with the HARDI Geoselect sprayer. The sprayer was operated in different 

swath patterns and could accurately spray 13 previously staked positions with the water sensitive papers. The sprayed marks 

confirm an accurate calibration of the system and operation to centimetre level ( Figure 28).  

 
Figure 28. Water sensitive paper at óweedô location showing successful precision spraying. 

The positioning accuracy was obtained by comparing the real-time RTK position to the post-processed GNSS position. The test 

results demonstrate horizontal positioning accuracy within 5cm and vertical accuracy within 10cm. Figure 29 shows the 

positioning accuracy performance for 4 test runs on the sprayer.  

4.1.4. Discussion 

High-accuracy GNSS is a technology that can be deployed by telecommunication providers on the current 4G or 5G 

infrastructure and coverage. This demonstrator project delivered a GNSS RTK service at the same level of performance of 

current market solutions. Current alternatives require each farm to invest in a loca l RTK transmitter (~$20,000) or subscription 

services for each machine (~$2,000/pa).  

Telecommunication providers can deliver these services on a mass-scale at a much lower cost over their current coverage. 

This provides scalability by reducing cost. However, most farming applications are not fully covered by telecommunication 

providers and have connectivity challenges that are addressed by custom, complex and expensive solutions.  

Broadacre farming in Australia is characterised by large and remote fields difficult to cover with any communication solution . 

The farming operations are carried out by large machinery that are trending towards full automation. In these scenarios, larg e-

scale farming operators require custom communication and automation solutions that bring together technologies from 

different industries. Providing high accuracy GNSS over a telecommunications layer provides an opportunity to reduce cost and 

complexity for Australiaôs broadacre agriculture sector. 
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Figure 29. Positioning accuracy results from four crop spraying runs. 
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The lack of telecommunications coverage for regional areas has been addressed in several government reports (Commonwealth 

of Australia, 2022; Australian Broadband Advisory Council, 2021; Lamb, 2017; Duffy, 2018). HA GNSS offers opportunity for 

additional services on the 5G layer and provides a potential incentive for telecommunication providers to build the necessary 

infrastructure in regional areas. There are also alternatives to traditional infrastructure like private LTE and 5G from Low Earth 

Orbit (LEO) satellites that can give operators the flexibility to deliver customised solutions.  

High-accuracy GNSS is required in multiple applications in precision agriculture like seeding, weeding, spraying, and monitoring 

on tractors, UAV, handheld units, and field robots. As the number of connected and located devices in a farm increases, the 

cost of traditional GNSS subscription services becomes a barrier. However, this strengthens the business case for delivery of 

high-accuracy GNSS over 4G/5G. 

4.2. Demonstrator Project 2 ï Vineyard Management  

Demonstration partner: Platfarm. 

4.2.1. Background 

Precision viticulture is the application of precision agriculture practices to vineyard management. The technologies of high-

accuracy positioning, autonomous steering, work zone management and data-based decision-making have reached maturity 

in broadacre cropping. In comparison, precision viticulture and horticulture lack technology adoption for various reas ons. It is 

recognised that large farms are early adopters of precision agriculture due to the scale of productivity increases and the re lative 

affordability of technology. In contrast, small to medium farms that make up Australiaôs viticulture and horticulture industry 

cannot invest in this technology due to the relative ly high cost of adoption. 

The characteristics of viticulture and horticulture farms make for a challenging use of precision agriculture technology and 

automation. There are, however, new robotic platforms that promise to autonomously detect and maintain vineyards  

(Nordestgaard, 2020), but these are aimed at large growers that are already adopting precision viticulture practices. The 

uptake of precision viticulture requires prior digitisation of farms and operations, a process that has not been fully adopte d by 

Australian growers, but is being promoted by several industry groups  (Wine Australia, 2022; Winetitles Media, 2021). To 

increase the adoption of precision viticulture, it is necessary for technologies to improve in availability, ease -of-use, and cost. 

The application of precision viticulture for small and medium farms cannot justify the use of fully automated platforms , but it 

is possible to use low-cost devices with high-accuracy positioning capabilities to aid traditional manual operations. Platfarm is 

an Australian spatial tasking and tracking application aiming to do just that. Platfarmôs approach is to make use of low-cost 

smart devices to enable an equitable, agricultural revolution.   

Platfarm integrates with third party datasets, allowing users to create work zones for vineyards. Platfarm tracks the work pa th 

of different operations such as manual spraying and aids growers in identifying spraying areas within a row that may have 

been skipped. By mapping the areas that were sprayed, the system can inform and prevent the outbreak of disease across 

untreated areas of the vineyard. Figure 30 shows the Platfarm app being used on a Rugged Terrain Vehicle (RTV) along an 

inspection of vine rows where the interrow spacing is 3m and traditional GNSS accuracies are not sufficient to accurately 

identify the correct row being logged in the app.  

Currently, High-Accuracy GNSS positioning is available in dedicated hardware or in smart devices using additional equipment 

that makes positioning solutions costly and complicated for viticulture. For Platfarm, the prospect of increased accuracy 

delivered via 5G to a smart phone or tablet improves the utility of the application in viticulture and horticulture use. The 

application of this technology to low -cost devices can increase the efficiency and yields of Australian vineyards by adoption 

precision viticulture practices in an accessible manner.  

4.2.2. Methodology 

Platfarm is an integrated mapping solution built for iOS and Android. The map interface displays óliveô track points and alerts 

the user as they pass through areas of interest. The application can use the onboard GNSS or an external augmented GNSS 

device. The test used an external 5G kit with a Septentrio Mosaic GNSS board and RTK corrections delivered via 3GPP LPP. 

The application was modified to receive NMEA position over Wi-Fi using TCP/IP protocol. 
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Figure 30. RTV capturing work path on Platfarm tablet with 5G HA-GNSS. 

Currently the application uses a custom high-level protocol for positioning. There was no preference or requirement for any 

one specific protocol for a corrected position input, so the NMEA packets were converted to the custom JSON format. The 

system used the Cordova plugin to connect the external GNSS receiver to the device over Bluetooth. The NMEA stream was 

processed using the Ionic API and stored as a JSON object containing the calculated position and accuracy. Figure 31 shows 

the system design for the Platfarm use case. 

 
Figure 31. Technical schema of the signal processing through to the Platfarm App. 

An Android phone running the Platfarm app was mounted on the dash of a RTV vehicle, while the 5G kit and GNSS antenna 

were mounted on the centre of the vehicle. Figure 32 shows the equipment mounting used for the test.  

 
Figure 32. GNSS equipment installation on the RTV. 
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The trial at Red Hill allowed the Platfarm team to accurately calibrate vine rows in the app and test the capabilities and 

performance accuracy of Platfarm using the 5G precise positioning system. For comparison, a standalone GNSS system provided 

simultaneous measurements throughout the test scenario. Figure 33 gives an insight into the complex path system of work 

that is done and captured within a day of Platfarm usage on a typical vineyard block.  

 

Figure 33. Screenshot of Platfarm app with 5G row calibration and 5G tracking of paths. 

4.2.3. Results 

When the app was tested with the 5G precise positioning system and the RTK receiver, the 5G system performed comparably 

to RTK and considerably better (up to 1m) than standalone GNSS; as shown in Figure 34 and Figure 35 below.  

 

Figure 34. Tracking in Platfarm showing 5G GNSS RTK (red) and post-processed (cyan). 
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Figure 35. Positioning accuracy results from three Platfarm runs. 

4.2.4. Discussion 

In order  to increase the adoption of precision viticulture, it is necessary for technologies to improve in availability, ease -of-use, 

and cost. Traditional high-accuracy surveying equipment have a cost of ~$20,000. The demonstrator used an off -the-shelf 

tablet device and a 5G kit with a low -cost GNSS board. Similar solutions have a cost of ~$2,000. However, there are mobile 

phones that have been demonstrated to use GNSS corrections with their integrated hardware to achieve sub -metre accuracies. 

The potential to use smart phones and tablets without the need of external hardware is promising and desirable for applications 

like Platfarm, however these capabilities were not tested during the demonstrator project.  

Platfarm's value proposition is increased with easily accessible high-accuracy positioning. Increasing the quality of the data 

captured by Platfarm in mobile phones, tablets, and other low -cost devices, increases the effectiveness of the precision 

viticulture workflows.  The 5G positioning solution promises to be scalable in terms of technical complexity and cost. This 

approach is a good candidate for smartphone-based applications like Platfarm, that aim to provide a solution that is easy -of-

use, compatible and accessible for growers. 
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4.3. Demonstrator Project 3 ï Drone Delivery 

Demonstration partners: Position Partners, Quantum-Systems, Astra UTM, Skylink UTM. 

4.3.1. Background 

The market of ódrone deliveryô is in development stages in the US, EU and other regions. However, current regulations limit 

the operation of drones in congested airspace, overpopulated areas and in Beyond Visual Line of Sight (BVLOS) conditions 

(DJI, 2021). Most commercial companies, research agencies and governments are demonstrating capabilities, working with 

regulators and establishing standardised requirements for safe operations in these conditions (Civil Aviation Safety Authority, 

2021). One of the critical system components for this application is the communication link  to the drone.  

Drones or Unmanned Aerial Systems (UAS) operating in congested airspace, overpopulated areas and in BVLOS conditions 

require a secure and guaranteed communication link to pilots, centralised management systems and other aircraft in the 

airspace (Drone Industry Insights, 2020) . 5G is being proposed by the telecommunications and UAS industries as one of the 

solutions. Some of the advantages of 5G technology is that it provides GNSS augmentation, centralised telemetry/control from 

an Unmanned Traffic Management (UTM) Framework, guaranteed Quality of Service (QoS) levels and low latency in a single 

communication layer specified in the 3GPP protocol (Tomaszewski, 2020; KukliŒski, 2020). 

UTM systems aim to organise the unmanned airspace, integrate with existing manned airspace and regulations. A simple use-

case of this approach is for visualising, communicating, and controlling surrounding drones to give priority to emergency 

vehicles (helicopters) and controlled airspace (airports). The advantages of 5G in UTM, delivery and emergency applications 

have been studied in conjunction (Ericsson, 2020; PNK Projektet, 2021), but have not yet been demonstrated in Australia.  

The specific aim of this demonstration was to deliver the GNSS augmentation and UTM functionality of 5G applied to drone 

delivery in Australia. A series of flights were carried out using 5G as the communication layer for real -time GNSS augmentation 

and telemetry between the aircraft, remote pilot  and a UTM system (Skylink UTM, 2022). It was expected that the high 

accuracy and low latency of 5G communication will meet the requirements for BVLOS and congested airspace operations. 

The 5G UTM solution was integrated into a Quantum-Systems Trinity F90+ Vertical Take-Off and Landing (VTOL) platform 

used to perform a delivery flight plan. This is a lightweight fixed -wing UAS with removable payloads that can operate as a 

delivery platform. Quantum-Systemsô platforms have previously demonstrated their capacity for delivery of medical supplies to 

urban and rural areas in COVID-19 response and emergency scenarios (Quantum-Systems Gmbh, 2020), but this is the first 

time it was demonstrated using 5G for positioning, telemetry and UTM. 

To demonstrate the functionality of the UTM, the test flights were carried at the same time that several consumer drones were  

flown in the area fitted with UTM transponders. The test was set in a rural area with live air traffic and additional simulat ed 

traffic. Several scenarios of alerting and deconfliction were simulated to test the functionality of the system . 

4.3.2. Methodology 

The Quantum Systems F90+ UAV that was used in the project is capable of telemetry over LTE. A custom payload was 

manufactured to house the 5G equipment and emergency delivery payload (e.g. vaccine, antivenom, blood). The fixed wing 

design of the F90+ means that it can cover large distances and its VTOL control make it suitable for delivery operations. Als o, 

the swappable payload compartment design makes it easy to integrate custom equipment to the airframe.  

The selected design solution was a custom payload that houses the Raspberry Pi, u-blox F9P HAT, 5G modem, delivery payload, 

and required electronics for normal operation. The system design for the payload system and subsystem design for the payload 

components is shown in Figure 36. 

In addition to the GNSS, the flight information data was also being tested using 5G, however this was done as a fully integrated 

system. The flight information data was output from the drone and combined with the 5G GNSS solution in real-time onboard 

the Raspberry Pi. The combined data was sent from the Skylink-UTM client on the Raspberry Pi to the Skylink-UTM server 

system hosted in AWS cloud. The diagram for the GNSS and UTM systems are shown in Figure 37.  
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Figure 36. Drone Delivery 5G equipment integration. 

 

Figure 37. Drone delivery system diagram. 

Once the system was integrated, the Skylink-UTM server in AWS was reading the real-time position and flight information sent 

from the Skylink-UTM client on the Raspberry Pi. For the unmanned aircraft, several flight plans were prepared in the area, a 

delivery flight (1), a mapping flight (2) and a tower inspection flight (3) with three separate aircraft. Figure 38 shows Skylink-

UTM platform with the location of the test area with respect to the air traffic in the region, and the location of the flight  plans 

in the test area.  
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Figure 38. Skylink-UTM platform with location of test area . 

4.3.3. Results 

Unfortunately, the F90+ could not be configured for a delivery flight mission where the aircraft takes off from point A and 

lands in point B. This required advanced operation which was not suitable to be carried out during testing. However, the case  

of 5G positioning was successfully demonstrated by performing a pre -planned linear flight mission, where the aircraft takes off 

from point A, flies to point B, returns to and lands in point A.  

The main result of precise positioning test was demonstrated by flight 761, where the F90+ flew a mission while transmitting 

its 5G-derived RTK position and flight information to the UTM server as shown in Figure 39. Raw data from the F90+ onboard 

GNSS was also logged and can be used for further analysis. 

1 

2 

3 
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Figure 39. F90+ flight map with position data from 5G test kit . Take off, landing and retrieving payload.  

The testing also successfully demonstrated multiple drones operating in proximity while being tracked by a UTM system. The 

drones in the field connected to the internet via 5G and sent their timestamped location data to the UTM server. Further 

analysis on latency can be generated from this data.  

The communication between drones and UTM server should be within 1000ms, depending on operation and control mode 

(Abdalla & Marojevic, 2021). This also impacts the safety envelope and decision time factors previously mentioned. The 

deconfliction operation was tested on the field with latencies well below 1000ms. Figure 40 shows two drones flying close to 

each other and triggering a proximity alert on the M100 pilot app when getting close to the F90+ flight area.  
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Figure 40. Skylink-UTM platform and proximity alerts during simultaneous flights.  

4.3.4. Discussion 

This project demonstrated the integration of a 5G communication layer on a professional drone (Quantum -Systems Trinity 

F90+) and two mid-level consumer drones (DJI M100 RTK and DJI P4 RTK). All UAS were flying simultaneously with situational 

awareness while being monitored and controlled by a UTM control tower. 

Some UAS platforms are beginning to include RTK capability and LTE backup communication links. The design of these systems 

still relies on a point -to-point communication link to a remote pilot in charge of the operation. There are also drone -in-a-box 

solutions that provide higher autonomy levels where drone fleets can be managed remotely and centrally by an operator 

(Swoop Aero, 2022; Percepto, 2022). The increasing number of drones and the mix of applications and designs supports the 

need to have a UTM system for efficient air traffic management.  

Because of the risk of communication loss, interference, most UAS solutions have a dedicated point-to-point communications 

link. However, regulators are pushing for manufacturers to implement standard communication protocols to transmit licence, 

flight plans, telemetry, and air traffic information. The requirements for the communication link are complex. This presents an 

opportunity for 5G to provide a solution as a strong standardised protocol.  

There are few UAS platforms that have onboard 5G compatibility. Most available platforms rely on autonomous positioning for 

real-time navigation exclusively. Some professional solutions, like the F90+, have the option to record GNSS data and post-

process to allow for centimetre accurate flight paths. Also, some platforms have real -time HA-GNSS functionality using RTK 

with a local base station.  

Quantum-Systems design their navigation system for post-processing; however, they are aware of the need for improved 

accuracy for UTM applications. Because of the dynamics of the aircraft and the need to have wide safety distances between 

drones in a congested airspace, it may not be necessary to have the highest level of accuracy. High-integrity positioning data 

with metre -level accuracy may be sufficient for real-time tracking and management in a UTM system. 
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4.4. Demonstrator Project 4 ï Drones in Agriculture 

Demonstration partners: Position Partners, Quantum Systems. 

4.4.1. Background 

Drones are useful farming tools for capturing multispectral imagery capable of mapping, detecting pests, vegetation health, 

moisture, and other precision agriculture applications. The use of periodic data capture from drones is useful for monitoring  

and improving crop management, however, the process from capture to decision-making is slowed down, particularly in the 

data transfer and processing steps. By reducing the delay in these steps, it is possible to reap benefits across multiple farm 

practices.  

In particular, the farming applications of robotics, automation, and remote sensing promise to transform processes in broad -

acre agriculture, horticulture, and viticulture. One of the central components in all these disciplines is connectivity. However, 

it is well-known that Internet coverage in rural and agricultural areas is lacking. Most farms that lack LTE coverage need to 

increase their connectivity with complimentary solutions based on Wi-Fi, Private LTE, UHF, and 900MHz networks.  

Telecommunications providers have small incentives to increase coverage and provide service to rural and agricultural areas 

with low population density . However, 5G enables additional service opportunities like GNSS augmentation, increased transfer 

speeds, reduced latencies, and edge processing. One application of these technologies is óconnected farmsô where multiple 

devices (e.g. robots, drones, sensors, tractors) are connected between each other or to a central hub on-site. 5G provides 

benefits to these data-heavy operations, but it also provides additional complementary services like high-accuracy positioning. 

This project aimed to demonstrate the GNSS augmentation and data transfer capabilities of 5G applied to agricultural practices 

using drones in Australia. A series of flights were carried out using 5G as the communication layer for real-time GNSS 

augmentation and real-time data transfer between the aircraft and a central image processing server. The benefits of this 

study were measured in terms of positioning accuracy, transfer speeds, and additional functionality.  

The 5G solution was integrated into a Quantum-Systems Trinity F90+ platform and a Micasense MX multispectral camera 

(Micasense, 2021). Images collected from the camera were transmitted to a central processing server that rectified the raw 

data in batches and displayed the resulting orthoimage in a web map ( Figure 41). The data could also be processed to extract 

vegetation indices and export a prescription map direct to a tractor or other precision spraying application.  

This use-case required that high accuracy position of the images be available in real -time in the field . The 5G positioning kit 

was used to receive OSR corrections and geotag the images. The geotagged images were transmitted to the processing server 

in queued batches. The processing server orthorectified the image groups and displayed the resulting data in a web map that 

was accessed on the field. This near-real-time process takes place during the flight and for a period after the flight is completed. 

The processed data is made available for faster interpretation and near-real-time decision making.  

 

Figure 41. Flight plan and imagery data transmitted over 5G from the UAS payload to a processing server. 

4.4.2. Methodology 

The equipment available to carry out the demonstration is a Quantum-Systems F90+ . A custom payload was made that housed 

the Raspberry Pi, u-blox F9P GNSS chipset, 5G modem, MicaSense camera, and required electronics for normal operation. The 
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system design for the payload system is shown in Figure 42. The 5G equipment was partially integrated into the drone. The 

F90+ onboard GNSS solution operated as normal and collected raw data that was used as ground truth.  

For the base case, the multispectral sensor sent raw images to the Raspberry Pi and then to a processing server. The Raspberry 

Pi ran a Mapsender client developed by MetaSpatial consulting using the Micasense sensor API (Micasense, 2021). The raw 

data was processed to generate orthoimages, Digital Surface Model (DSM), Normalised Difference Vegetation Index (NDVI) 

images, and feature and prescription maps.  

 
Figure 42. Drones in Agriculture 5G equipment integration. 

The advanced test will be configured in much the same way as the base case. The only additional requirement is that processed 

results from the raw imagery will be sent to devices on the field ( auto-steer guidance system, tablet). The GNSS and image 

processing systems described are shown in Figure 2 for the experimental óbase caseô and óadvanced caseô. 

Figure 43. Drones in Agriculture system diagram for base and advanced cases. 

Once the system is integrated, the image processing server will receive image files from the Mapsender client, process blocks 

of images and display the results in a Mapsender web interface as shown in Figure 44. 



 

 
49 5G Precise Positioning Testbed - Technical Report 

 
Figure 44. Mapsender dashboard with multiple image blocks. 

The test flights were planned in the town of Mannerim, VIC. The testing location is an agricultural paddock at varying levels of 

seeding. This allowed doing some analysis from the multispectral imagery. However, the team ran into technical issues during 

the onsite tests which limited the amount of data that could b e collected.  

The main flight plan was designed with the F90+ as shown in Figure 45. However, wind conditions and technical issues with 

the aircraft did not allow the team to perform the flights on the first two days of testing. The F90+ was operational and fly ing 

with the test equipment during the third day of testing, however, it was o nly feasible to perform the UTM tests on the day.  

 

Figure 45 .F90+ flight plan with MicaSense MX camera. 
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The planned multispectral flight could not be performed. However, a short delivery flight was performed with the system 

operating as normal. The flight duration was less than 2 minutes so the practical application of image capture could not be 

demonstrated. 

The team could perform several flights with other platforms including the DJI P4RTK and DJI P4RTK Multispectral. The DJI 

P4RTK captured true colour images that were processed to generate an orthomosaic. The DJI P4RTK multispectral captured 6 

image bands that were processed to generate an NDVI classification shapefile. Figure 46 shows the results of the flight plans 

from the different platforms.  

With the F90+ image processing system confirmed to be operational, it was only necessary to demonstrate the practical 

application of multispectral image capture, processing, and visualisation. To do this, the team used the data from the DJI 

flights to repl icate the base case. The main difference between the two demonstrations is that the time between capture and 

processing was extended and the image sensor was changed meaning it was not using the 5G corrections.  

In the original design, the system runs during real -time operation on the F90+. The Mapsender client transfers the multi -band 

images from the MicaSense MX camera to the Raspberry Pi and to the Mapsender server at 10-second intervals. The position 

logs from the 5G RTK were used to generate the image geotagged coordinates. This was demonstrated in the delivery flight 

but did not generate useful images.  

Figure 46. True colour orthomosaic and NDVI classification from DJI flights. 

In the secondary test, the images and flight logs were captured from the DJI P4RTK multispectral drone. These images used 

the integrated DJI RTK solution to geotag the images. After the flight had finished, the images were copied to the Raspberry  

Pi and the Mapsender client sent them to the processing server.  

In the end, the tests demonstrated the base case although it needs to be pointed out that the 5G positioning results were 

generated from the original test and the image processing was generated from a secondary test.  

The advanced case, where the imagery is sent to an end-user device in the files could not be completed. It was possible to 

make the imagery available as a browser webmap on a tablet on the field, but it was not integrated with any software.  

4.4.3. Results 

The images from the MicaSense camera and the logs from the 5G RTK position were successfully integrated with the Mapsender 

client and sent to the Mapsender server for processing. The position logs from the flight can be compared to the post -processing 

results from the raw files and analysed in terms of accuracy.  

The main result from the base case test is that the upload speed available on the 5G connection was not able to transmit the 

images in the expected near real-time period. The upload speed tested on the ground was 44.89Mbps or 5.36MB/s, the trigger 

speed for the flight was 1s, the multi -band images are approximately 12MB and the upload interval was 10s. The Mapsender 

client was programmed to transfer 120MB at 10s intervals with an expected delay as new image files were queued. In practice, 
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it was not possible to process in real-time because the upload speed varied, and the short flight was over before the first image 

blocks became available. 

As an alternative, the secondary test was done with the Raspberry Pi on the ground. The image processing results are provided 

as orthomosaics and NDVI images. The demonstration of the near real-time image processing workflow is evidenced in the 

Mapsender dashboard.  

In terms of positioning accuracy, the results in Figure 47 show position errors were maintained within 20cm during the flight. 

It is important to note that the two GNSS antennas used introduce an error in the offset measurement. Also, the RTK solution 

is susceptible to drops in satellite visibility, especially in a high-dynamic path environment like the one carried out with the 

drone. This means that the performance should be better than evidenced in the results.  

 

 
Figure 47. Positioning accuracy results from drone flights. 

4.4.4. Discussion 

The tests successfully demonstrated the transmission of GNSS augmentation by 5G on a drone. An F90+ VTOL fixed-wing 

aircraft used the 5G test kit during a mapping mission and integrated the RTK position derived from 5G. An additional 

component of real-time image processing was demonstrated with some limitations. 

Mobile connectivity is challenging in rural areas. Industry groups have identified the current coverage issues and proposed 

models for increasing coverage. This will present issues when rolling out 5G services in rural areas. However, 5G provides 

unique technical opportunities that can be used to provide incentives to telecommunication providers in deploying infrastructure 

across rural areas.  
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Private LTE networks seem well-suited to this type of connected farm application where there is an added requirement of data 

ownership. Growers are often sceptical of sending their data to analytics services that host their data in cloud services wit h 

blurry privacy regulations. One architecture that solves this problem is moving the analytics server component in the farm or 

with a locally trusted provider. This edge computing approach reduces the amount of data traffic and increases security.  

During the demonstrator test, the most important finding was that regardless of the upload speeds, the data size may be a 

limitation to the designed image processing approach. The design used for the project successfully transmitted all raw data 

from the i mage sensor to the processing server. As sensors become more powerful and abundant in connected farms, the 

amount of data being transferred between nodes in the network increases, and it is inefficient to scale up. It is then necess ary 

to consider efficient methods of data transfer.  

Alternative designs to the one used in this project for real -time processing systems work by pre-processing the raw imagery 

data onboard the drone. The processed results are much smaller in size and can be uploaded to a server more efficiently. This 

approach involves the integration of an image processing application onboard the drone, which would require the integration 

of more powerful onboard processing hardware, and may support  additional features like real-time collision avoidance, feature 

detection, and robust onboard image processing algorithms. 

4.5. Demonstrator Project 5 ï Augmented Reality 

Demonstration partners: Position Partners, MetaSpatial Solutions. 

4.5.1. Background 

Augmented Reality (AR) involves displaying the real physical world with enhanced visualisations of digital information (see 

Figure 48). Several technologies (GNSS, inertial, cameras, LiDAR) are used to correctly match the physical information with 

the digital information seamlessly and in real -time. However, there are currently some limitations with the available technology, 

mainly the position accuracy of integrated GNSS and the CPU performance on lightweight devices (tablets, wearables, smart 

glasses). 

Current AR systems use mobile devices or lightweight computers to run the visualisation software. Most devices have integrated 

cameras, GNSS and even LiDAR (vGIS, 2021) that the software can take advantage of to match the position and orientation 

of the screen to the real world. The match or snap accuracy is important for architecture, construction, inspections and 

increasingly for consumer applications. To increase the accuracy of the matching, a simple method is to increase the accuracy 

of the position. This currently requires a high -accuracy external GNSS which can reach $20,000 per unit and $2,000 per year 

cost for the RTK subscription. 

  
Figure 48. Augmented Reality tablet and phone with 5G position displaying 3D model structure. 
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New low-cost, high-accuracy GNSS receivers are being proposed for a range of applications including AR with mobile devices 

(Pix4D, 2022; ArduSimple, 2022). However, the cost of RTK subscriptions is still a barrier for this type of application. Some 

proposed models for reducing the cost and increasing the scalability of high-accuracy corrections are based on the SSR 

approach. The distribution of services by telecommunication companies has potential to reduce the cost of high precision 

positioning for mobile device and mass-market consumer applications. 5G can bring advantages to AR applications by using 

GNSS augmentation, low-latency, and high bandwidth data transfer. These characteristics have the potential to reduce the 

cost and improve the processing and communication designs of the architecture.  

This project aimed to demonstrate 5G 3GPP GNSS augmentation, low-latency and high-bandwidth applied to AR applications 

in Australia. A real-world construction project was used as the test environment for the demonstration. The projectôs Digital 

Engineering department was able to visualise their design and as-constructed data on an AR app. A commercial app, vGIS 

(vGIS, 2022) was run on a tablet and integrated with the 5G test equipment . The test was done to demonstrate that the high 

accuracy and low latency of 5G communication will provide opportunities for manufacturers and developers to improve the 

performance and usability of AR in industrial and consumer applications. 

4.5.2. Methodology 

AR software developers recommend using GNSS RTK devices for optimum performance. This involves connecting the tablet or 

mobile device with an external GNSS receiver. Most receiver manufacturers provide third-party compatibility for their devices 

via a USB, Bluetooth or Wi-Fi interface and using NMEA GGA format. In some cases, there is extended compatibility for 

proprietary solutions or partnerships as is the case with Trimble Catalyst with Sitevision and Leica Flex with vGIS. 

To demonstrate the existing use case, this project used an EOS Arrow Gold as an external GNSS RTK receiver and vGIS as the 

AR software. To test the functionality of different operating systems, the software was installed on a Samsung Note 10+ and 

an Apple iPad Pro 2021 which provided an Internet connection to the software and GNSS receiver. This setup allowed the use 

of an external GNSS antenna which can be attached in multiple configurations for different AR use cases. The device antenna 

can be attached to a survey pole, handheld bracket or other location as long as the offsets between the antenna and the tablet 

camera are measured and entered into the software. For the base case experiment, the 5G test kit replaced the EOS Arrow 

Gold in the equipment configuration. The traditional 4G communication was replaced with the 5G connection using 5G modem. 

vGIS uses the external GNSS receiver as an accurate source of position. The orientation can be calculated from the external 

GNSS receiver and used to override the tabletôs orientation by a calibration process. This is a key field procedure when using 

AR applications. vGIS provides a calibration routine where the user walks in a constant direction guided by the screen as shown 

in Figure 49. During this time, the software collects data from the GNSS device and the tablet positioning stack to align 

orientation parameters. This process must be done on the field for every session. 

 
Figure 49. Orientation calibration process in vGIS. 
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The GNSS receiver was configured to output RTK position data in NMEA GGA format at 10Hz. vGIS allows connecting to an 

external GNSS receiver via Bluetooth to override the internal Android location from the incoming GGA messages in a process 

known as ómock locationô. However, during the project, a new connection method termed óexternal Bluetoothô was released by 

the software developers. This method allows the software to connect to an external GNSS receiver and read additional VTG 

and RMC NMEA messages which provide improved orientation and faster calibration. 

Since Google released GNSS raw measurement data on Android (GSA, 2017) research has focused on improving the 

performance of the internal GNSS (Yong, 2021). The Android GNSS raw measurements can be combined with a positioning 

engine to produce a more accurate position on the phone.  

For the advanced case experiment, the external GNSS receiver in the base case was replaced by the internal Android GNSS 

position to test how much accuracy can be achieved in this configuration.  

Data preparation, pre-processing and management are key to ensure optimum performance of AR applications. 3D models for 

the project need to be cleaned, georeferenced and loaded into the vGIS server. The field application reads these files and 

loads a tiled 3D scene based on the userôs location to efficiently use the tabletôs resources.  

Several sites have been proposed considering they have a simulated application environment and access to design data and a 

construction site. The preferred location was selected as Hoppers Crossing Train Station. Figure 50 shows the digital design 

from landscapes, stairs and civil surfaces overlayed on the as-built structure visible on an aerial image captured on 21/05/2022. 

With the as-built structures and digital design available, it is possible to compare the accuracy of  the 3D models in the AR 

application. Figure 51 shows the design elements and a structural 3D model of the stairs prepared for the project.  

 

Figure 50. Project design and as-built structure for Hoppers Crossing station. 
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Figure 51. Stairs 3D model for Hoppers Crossing Station. 

The field tests were carried out with the EOS Arrow Gold and the 5G test kit. Both system configurations were used to visuali se 

the 3D models over the as-built structures as shown in Figure 52. The model correctly snapped onto the existing structure 

demonstrating the accuracy of the AR position and orientation with respect to the model.  

 
Figure 52. Stairs 3D model snapped onto as-built structure . 

Additional checks over ground control marks were done using both systems to get a direct comparison of accuracy from the 

5G test kit with respect to the EOS Arrow Gold and the project coordinates. The vGIS position and screen was saved as a field 

report which can later be retrieved from the server. Figure 53 shows the collection of one of the control points in vGIS. The 

positions were checked in the office following the field demonstrations.  
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Figure 53. Field Report record in vGIS. 

4.5.3. Results 

In the base case experiment, it was possible to replace a traditional GNSS RTK receiver with the 5G test kit and obtain accurate 

RTK positions in an AR application. The 5G kit worked with a similar level of accuracy as the EOS Arrow Gold as demonstrated 

by the 3D model checks and position checks.  

The 3D model checks show the design matching the as-built structures with centimetre -level accuracy. The fit between the 

design and structure was measured in the vGIS scene by overlaying the model on top of visible structures like the stairôs 

footings in Figure 54. 

 
Figure 54. Model overlay accuracy shown in stair footing structure. 








