
Advances in GNSS Technology 
and how they relate to Quarries 

Rodney Pilbrow

B.E. (Mining) First Class Honours

Member NZ Institute of Quarrying

S & S NZ Certified Professional Engineering Surveyor

Associate Member Survey & Spatial NZ

Director

Pilbrow Surveying Limited

Presenter Notes
Presentation Notes
Good Morning. My name is Rodney Pilbrow, and I'm here today to dig into the intricacies of Global Navigation Satellite Systems with you.
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• Surveying Impact
• Historical Development
• Operational Insights
• Future Quarry Operations

Presenter Notes
Presentation Notes
I'll briefly outline how they have transformed our surveying operations, provide a concise history of their development, offer insights into their operation, and explain how they will revolutionize your quarry operations in the future.



GNSS technology evolution

Presenter Notes
Presentation Notes
As a surveyor, I've witnessed the evolution of GNSS technology firsthand. 25 years ago we were the first company in New Zealand to buy the groundbreaking Leica GPS500 system.



GNSS technology evolution

Presenter Notes
Presentation Notes
However, this was eclipsed by advancing technology. Our industry saw a seismic shift in productivity when we pioneered use of an unmanned aerial vehicle called the Gatewing X100. 



GNSS technology evolution

Presenter Notes
Presentation Notes
Next we launched a remotely controlled sonar boat enabling accurate survey of underwater features. And our Snoopy Lidar system enhanced our data capture capabilities through precise GNSS-aided trajectory calculations.



GNSS technology evolution

Presenter Notes
Presentation Notes
At last year's Quarry Conference, we proudly unveiled our mapping device, the TCEH Taputapu.All of these devices make use of Global Navigation Satellite Systems.



Global Navigation Satellite Systems 
(GNSS)

Presenter Notes
Presentation Notes
At the heart of GNSS are the clusters of satellites orbiting the earth to provide positioning, navigation and timing services to users world wide.



Global Positioning System
United States Air Force

Global Navigation Satellite Systems 
(GNSS)

Presenter Notes
Presentation Notes
There are four major Global Navigation Satellite Systems that are operational: GPS from the United States,



Global'naya Navigatsionnaya 
Sputnikovaya Sistema
Russion Federation

Global Navigation Satellite Systems 
(GNSS)
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Presentation Notes
 GLONASS operated by Russia,



Galileo
European Union Agency for 
the Space Programme

Global Navigation Satellite Systems 
(GNSS)
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Presentation Notes
Galileo from the European Union,



BeiDou Navigation Satellite 
System
China National Space 
Administration

Global Navigation Satellite Systems 
(GNSS)
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and BeiDou managed by China.



Global Navigation Satellite Systems 
(GNSS)
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Presentation Notes
As of mid last year there are 106 operational satellites in these four global constellations.



GNSS History
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1945 Arthur C Clarke 

Presenter Notes
Presentation Notes
The history of GNSS is surprisingly old. The idea of using artificial satellites for navigation was proposed by the science fiction writer Arthur C. Clarke in a paper published in 1945. 



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

1957 Sputnik launched

Presenter Notes
Presentation Notes
When the first artificial satellite, Sputnik I, was launched by the Soviet Union it was realized that you could determine the position of a location on the ground by measuring the Doppler shifts in a signal from a satellite in a known orbit.



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

1958 Transit developed
1968 Transit operational

Presenter Notes
Presentation Notes
This principle was used to develop Transit, the world's first global satellite navigation system. By 1968 a constellation of 36 satellites were fully operational. Ships waited up to 100 minutes for satellites, recorded for 10-20 minutes, and processed the data on primitive digital computers, yielding latitude and longitude with an accuracy of a few hundred meters.



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

1972 US Air Force 
oversees satellite 
navigation program

1978 First Block I 
Navstar satellite 
launched

1975 Navstar 
developed Early 1980’s GPS Block I  

demonstration satellites launched

Presenter Notes
Presentation Notes
Later, the US Air Force was tasked with overseeing the satellite navigation program. A team synthesized the best aspects of TRANSIT and other research to develop the first of a series of Navstar satellites. Along with the ground control system, and various types of military user equipment. In 1978, the first Block I developmental Navstar satellite launched.



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

1983 KAL shot down by Soviets

Presenter Notes
Presentation Notes
Following the shooting down by the Soviets of a Korean Airlines plane over the Kamchatka Peninsula, allegedly due to a navigation error. President Reagan authorized the use of Navstar (or GPS as it became known) by commercial airlines. This was the first step towards authorized civilian usage of GPS.



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

1989 Magellan NAV 1000

1993 GPS constellation 
achieves full 
operational capacity

1999 Benefon Esc!

Presenter Notes
Presentation Notes
By the end of the '80s, commercially available hand-held GPS units were on the market, including the Magellan Corporation’s Magellan NAV 1000, which offered only a few hours battery life, cost $3,000, and was pretty hefty.GPS technology continued to improve with the GPS constellation achieving full operational capacity in 1993.It was only at the end of the millennium that GPS technology appeared for the first time in a cellphone.



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

2000 GPS III development 2018 First GPS III satellite launched

Presenter Notes
Presentation Notes
By the year 2000, it was recognized that the system needed to be modernized to meet rapidly expanding military and civilian applications. A program, designated GPS III, was developed to add new more powerful signals better able to overcome interference. The first GPS III satellite was launched on a SpaceX Falcon 9 in 2018.



GNSS History

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

2024 GNSS chips 
miniaturized

Presenter Notes
Presentation Notes
Continuing advancement in technology has led to the miniaturization of GNSS chips, shrinking them down to the size of a grain of rice.



GNSS How it Works
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Presentation Notes
A Global Navigation satellite system consist of three primary segments: the space segment, the control segment, and the user segment. Simply, a network of satellites in the sky, computers on the ground to manage them, and devices to make use of the information they provide.



GNSS How it Works

Space Segment
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Presentation Notes
The space segment comprises satellites orbiting approximately 20,000 km above the Earth's surface, moving at several kilometres per second. Each GNSS system has its own constellation of satellites arranged in orbits to ensure optimal coverage. These satellites broadcast signals containing identification, time, orbit, and status information.



GNSS How it Works

Control Segment

Presenter Notes
Presentation Notes
The control segment consists of ground-based master control stations, data uploading stations, and monitor stations distributed globally. These continually track the satellites and send adjustments if necessary.



GNSS How it Works

User Segment

Presenter Notes
Presentation Notes
The user segment encompasses equipment that processes signals received from GNSS satellites to derive location and time information. That information is then put to good use. This could be your cell phone telling you which is the quickest way to drive between sites, my surveying rover capturing control points for a drone survey, or your bulldozer telling the operator how much to raise or lower the blade to get to design.



GNSS How it Works
Trilateration

Measured distance = signal travel time x speed of light

Presenter Notes
Presentation Notes
A GNSS receiver determines its position in a process called trilateration. The receiver calculates how far away from a satellite it is by determining the time it took for a signal to get from the satellite to the receiver and multiplying this by the speed of light. 



GNSS How it Works
Trilateration

Presenter Notes
Presentation Notes
Satellites communicate their location as part of the signals they send. With the distance from one satellite, you know you are somewhere on a sphere at that range from that satellite.



GNSS How it Works
Trilateration
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Add in a range from a second satellite and you know you are somewhere within the intersection of those two spheres.



GNSS How it Works
Trilateration

Presenter Notes
Presentation Notes
A third satellite narrows down the location, one of which can usually be rejected as it is in space or the middle of the earth. You might think that this is enough to get a position. However, the clocks in your receiver are not as accurate as those on the satellites and the calculated location will be out by an amount proportional to how inaccurate it is.



GNSS How it Works
Trilateration

Presenter Notes
Presentation Notes
What the receiver does is use the range to a fourth satellite and adjust its clock until the pseudoranges to all the satellites intersect. This has now "transferred" the accuracy of the satellite clock to the receiver allowing for an accurate location to be determined. It is also the reason why line-of-sight is needed to a minimum of four satellites to determine position.



GNSS How it Works
Error Sources
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Presentation Notes
As mentioned a GNSS receiver calculates position based on data received from satellites. However, there are many sources of error that, if left uncorrected, cause the position calculation to be inaccurate. This chart shows how much error different sources contribute.



Satellite clocks
 Accurate to ±5 parts in 100,000,000,000
 10 nanoseconds of time error is 3m of 

position error
 Monitored by GNSS Ground Control 

Segment
 Provides estimate of clock offset

GNSS How it Works
Error Sources

Presenter Notes
Presentation Notes
The atomic clocks in the GNSS satellites are very accurate, but they do drift a small amount. Because distance is calculated using the speed of light if the clock was only 10 nanoseconds off it would result in a 3m error in the resulting distance. Typically, the estimate has an accuracy of about ±2 metres, although the accuracy can vary between different GNSS systems.



Orbit errors
 Medium earth orbit highly stable 

and predictable
 Gravitational effects
 Pressure of solar radiation
 Monitored by GNSS Ground 

Control Segment
 Corrections made when needed

GNSS How it Works
Error Sources
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GNSS satellites travel in very precise, well known orbits. However, like the satellite clocks, the orbits do vary a small amount. When a satellite orbit changes, the ground control system sends a correction to the satellite. Even with the corrections, there are still small errors in the orbit that can result in up to ±2.5 metres of position error.



Ionospheric delays
 Atmosphere between 80km and 

600km above the earth
 Ions delay satellite signals
 Varies with solar activity, time of year, 

season, time of day, and location
 Delay varies with different radio 

frequency
 Tracking more than one frequency 

allows for correction

GNSS How it Works
Error Sources

Presenter Notes
Presentation Notes
The layer of atmosphere called the ionosphere contains electrically charged particles called ions. These ions delay the satellite signals and can cause a significant amount of satellite position error. Typically, ±5 metres but can be more during periods of high ionospheric activity such as the recent auroral event. 



Tropospheric delays
 Atmosphere closest to the earth’s 

surface
 Varies with humidity, temperature, 

atmospheric pressure
 Conditions are similar within a local 

area
 Allows RTK systems to compensate 

for delay

GNSS How it Works
Error Sources

Presenter Notes
Presentation Notes
The troposphere is the layer of atmosphere closest to the surface of the Earth. Variations in delay are caused by changing humidity, temperature and atmospheric pressure in the troposphere.



Receiver noise
 Position error caused by GNSS 

receiver hardware and software
 High end GNSS less noise
 Low cost GNSS more noise

GNSS How it Works
Error Sources

Presenter Notes
Presentation Notes
Receiver noise refers to the position error caused by the GNSS receiver hardware and software. High end receivers tend to have less receiver noise than lower cost receivers.



Multipath
 Occurs when GNSS signal  is reflected 

off an object
 Highwalls, structures, buildings, trees 

can cause multipath
 Reflected signal delayed causing 

incorrect position calculation
 Reduce multipath by keeping antenna 

away from deflecting surfaces

GNSS How it Works
Error Sources

Presenter Notes
Presentation Notes
Multipath occurs when a signal is reflected off an object rather than going directly to the GNSS antenna. Because the reflected signal travels further to reach the antenna, it arrives slightly delayed. This delayed signal can cause the receiver to calculate an incorrect position.



Code Based Positioning
 Uses pseudorandom codes
 1m to 10 m accuracy

Carrier Based Ranging
 Real Time Kinetic (RTK)
 1cm to 3 cm accuracy

GNSS How it Works
Making it more Accurate

Presenter Notes
Presentation Notes
So far the GNSS positioning technique I have talked about is referred to as code-based positioning, because the receiver uses the pseudorandom codes transmitted by four or more satellites to determine the ranges to the satellites. From these ranges and knowing where the satellites are, the receiver can establish its position to within a few metres.For applications that require higher accuracies, Real Time Kinetic or RTK is a technique that uses carrier-based ranging and provides positions that are orders of magnitude more precise than those available through code-based positioning.



Base Station
 Location accurately known
 Receives GNSS signals
 Determines range errors
 Transmits corrections Rover

 Receives GNSS signals
 Receives corrections
 Applies corrections
 Determines position

GNSS How it Works
Single Base RTK

GNSS Satellite
 Sends GNSS signals

Presenter Notes
Presentation Notes
The basic concept of RTK is to reduce and remove errors common to a base station and rover pair. To eliminate these errors and to take advantage of the precision of carrier-based measurements, RTK requires information to be transmitted from a base station to the rover. When the Base Station location is accurately known it can determine the range errors in the incoming GNSS signals. The Base Station then transmits these range corrections to the rover. The rover applies the corrections to the GNSS signals which it is receiving to determine a corrected position.



GNSS How it Works
Network RTK
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Presentation Notes
Network RTK relies on several widely spaced permanent stations. These stations regularly send positioning data to a central processing unit. When requested by users, the central station calculates and transmits correction information. This image illustrates the current locations and coverage circles of some stations in Global Survey's Smart Fix network. For the past 15 years, our office in Te Kauwhata has proudly hosted one of these stations, contributing to the network's reliability and accuracy.



GNSS How it Works
RTK Baseline distance error

Presenter Notes
Presentation Notes
Those coverage circles are important because RTK position accuracy depends on the rover distance from the base station. The stated accuracies for a Leica Viva GS16 antenna for both single base and network measurement are shown here.  The network solution uses data from multiple base stations to create a correction model reducing the parts per million error value.



GNSS How it Works
RTK Baseline distance error

Presenter Notes
Presentation Notes
At distances up to 1km there is little difference between a single base and network RTK.



GNSS How it Works
RTK Baseline distance error
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If you move out to 10km then the network solution is about 25% more accurate.



GNSS How it Works
RTK Baseline distance error
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Presentation Notes
By the time you get out to 30km it is 40% more accurate. Keep in mind that these accuracy values are derived from extensive testing by the manufacturer and represent a plus/minus range within which 95% of measurements are expected to fall.



GNSS How it Works
RTK Baseline distance error

True value

-30mm

+30mm

60
m

m

Presenter Notes
Presentation Notes
So at 30km two consecutive height readings could differ by as much as 60 mm and still be within the specified accuracy. And be aware, 5% of the time, the difference could be even bigger. These accuracy specifications hold true in best case scenarios, so it will usually be worse.



GNSS How it Works
RTK Base and Rover Conditions

Presenter Notes
Presentation Notes
For example, RTK effectiveness depends on the signals received from satellites at both the base and rover antennas passing through atmosphere with similar characteristics. The longer the baseline, the higher the chance that conditions will differ between the two locations. Consequently, working far from the nearest network RTK base may introduce additional errors beyond just the distance.



GNSS How it Works
RTK Base and Rover Conditions

80m
m

Network RTK:
Error at 17km
Hz 17mm
V 23 mm +17mm

-17mm

Presenter Notes
Presentation Notes
An example of this was presented last year by Bruce Robinson of Global Survey. He recorded the change in rover coordinates as a heavy rain band crossed over Auckland. Here is a screen grab of the rain radar, with X marking a network RTK Base and Y the Rover, 17 km apart. Ideally, one would expect measurements for position to vary by ±17 mm. The graph shows the change in rover position as the heavy rain band crossed the base. The different conditions at the base and rover caused nearly 8 cm of variation in the measurements.



GNSS How it Works
Dilution of Precision (DoP)

Bad DoP Good DoP

Presenter Notes
Presentation Notes
An additional factor in GNSS accuracy deals with how the satellites are arranged across the sky. A measure used to evaluate this geometric arrangement of satellites is called Dilution of Precision (DOP). It represents how well the satellites in view can determine a position.  If all the satellites are clustered together in one part of the sky the accuracy may be lower because the signals intersect in a way that's less precise. This has a bad DOP. If you have a clear view of many satellites spread out across the sky, your position will likely be more accurate because the signals can intersect in a way that gives a precise location, good DOP.



GNSS How it Works
Dilution of Precision (DoP)
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Presentation Notes
To understand DOP better, consider this example, where the satellites being tracked are clustered in a small region of the sky. As you can see, it is difficult to determine where the ranges intersect. Position is “spread” over the area of range intersections.



GNSS How it Works
Dilution of Precision (DoP)

Presenter Notes
Presentation Notes
The addition of a range measurement to a satellite that is angularly separated from the cluster allows us to determine a fix more precisely.



GNSS How it Works
Dilution of Precision (DoP)

Presenter Notes
Presentation Notes
Because of the way that DOP is calculated a low DOP value indicates that the satellites are widely spaced and geometrically well-distributed and can be used with confidence. Conversely, a high DOP value indicates poor satellite geometry, increasing positional uncertainty and reduced accuracy.



GNSS How it Works
Multi-constellation
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Presentation Notes
A way to improve DOP is by increasing the number of available satellites. Using signals from multiple constellations, not just GPS. This sky plot initially shows only GPS satellites. Notice how the number of available satellites increases as we add in



GNSS How it Works
Multi-constellation
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GLONASS



GNSS How it Works
Multi-constellation
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Galileo



GNSS How it Works
Multi-constellation
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And Beidou



GNSS How it Works
Multi-constellation

Reduces signal acquisition time

 Improved spatial distribution improves DoP

Reduces problems caused by obstructions

Deep Pits can still have problems

Presenter Notes
Presentation Notes
The use of multiple constellations speeds up the process of obtaining an initial position fix. It enhances the spatial distribution of visible satellites, resulting in improved dilution of precision and, consequently, greater accuracy. Additionally, it improves the chances of getting a good position when working against a quarry highwall. Large deep pits can pose a problem because the deeper you go, the more of the sky gets obscured by the rock faces, reducing the number of visible satellites.



GNSS Applications

Survey Grade RTK GNSS
 Topographical surveys
 Geotechnical locations
 Setout of works
 Ground control points
 As built service locations

Consumer Grade GNSS
 Smartphone navigation
 Location-based search results

Presenter Notes
Presentation Notes
I would say that everyone here has used the low accuracy GNSS on their phones for navigation or location-based search results. High accuracy RTK GNSS has long been used in quarrying for topo surveys to create accurate surface models, precisely survey borehole locations, set out earthworks, and enhance drone survey accuracy with ground control points. Additionally, it helps record the location of as-built services to prevent costly mistakes in the future.



GNSS Applications

Drilling Rigs
 Fitted with GNSS
 Accurate location of drill holes
 Improved fragmentation
 Accurate heights better benches

Presenter Notes
Presentation Notes
It has become common for drill rigs to be equipped with GNSS sensors, allowing operators to direct them to preloaded coordinates for precise drill hole locations, ensuring optimal fragmentation from blasting. Accurate height measurements reduce over-drilling and improve control over bench profiles.



GNSS Applications

Diggers
 Fitted with GNSS
 Loaded with the design model
 Quicker and more accurate
 Reduced mistakes and rework
 Reduces operating cost

Presenter Notes
Presentation Notes
Excavators with GNSS capability have designs input and displayed, enabling operators to achieve the desired grade quickly and accurately. This improved adherence to design reduces mistakes, rework, and operating costs



GNSS Applications

Real-time Vehicle tracking
 Gather data about vehicle movements
 Optimise operation
 Improve planning
 Inform decision making
 Track material for quality control and 

reporting

Presenter Notes
Presentation Notes
Some sites already use real-time vehicle tracking, allowing operators to monitor progress, identify potential bottlenecks, and make informed decisions to optimize workflow and resource allocation. It also records material movement for quality control and production reporting.



GNSS Applications

Real-time Vehicle tracking
 Assess compliance to procedures
 Manage fuel use and tyre wear
 Track servicing schedules
 Improve safety
 Improve security

Presenter Notes
Presentation Notes
Additionally, such monitoring can ensure operators follow specified speed limits and manage equipment usage for fuel, tire wear, and servicing. Setting 'virtual' fences enables alerts if machines get too close to each other or leave defined areas, triggering alarms and providing tracking information to authorities.



Quarrying in the Future
The Quarry of the Future

The Quarry of the Future
 Centralised Control Centre
 Fully autonomous machinery
 Automatic drone surveys
 GNSS reliant
 Highly efficient
 Precisely to design
 Unmatched safety
 Volumetric analysis

Presenter Notes
Presentation Notes
So, what might the quarry of the future look like?A sophisticated control center, possibly located off-site, oversees the entire quarrying process. From this hub, operators monitor the movements and activities of vehicles in real-time, upholding optimal productivity and safety standards. 



Quarrying in the Future
The Quarry of the Future

The Quarry of the Future
 Centralised Control Centre
 Fully autonomous machinery
 Automatic drone surveys
 GNSS reliant
 Highly efficient
 Precisely to design
 Unmatched safety
 Volumetric analysis

Presenter Notes
Presentation Notes
GNSS positioning devices on the equipment continuously communicate with satellites to determine precise locations within the quarry. These vehicles navigate the landscape following pre-programmed routes and perform tasks with remarkable accuracy. Automated Drones enable volumetric analyses to assess the quantity of materials extracted, processed, and stockpiled.



Quarrying in the Future
The Quarry of the Future

The Quarry of the Future
 Centralised Control Centre
 Fully autonomous machinery
 Automatic drone surveys
 GNSS reliant
 Highly efficient
 Precisely to design
 Unmatched safety
 Volumetric analysis

Presenter Notes
Presentation Notes
By comparing actual volumes against design parameters or production targets, operators can identify discrepancies, optimize material utilization, and improve efficiency. Real-time data facilitates monitoring of excavation progress, allowing adjustments in equipment deployment, workflow scheduling, and resource allocation to meet production demands and project timelines.



Quarrying in the Future
The Quarry of the Future – Here Now?
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Presentation Notes
You might think this is fanciful stuff and years away but there are already unmanned haul trucks operating on mines around the world.



Quarrying in the Future
The Quarry of the Future – Here Now?

Presenter Notes
Presentation Notes
There are autonomous diggers, designed to work efficiently and safely without human intervention.



Quarrying in the Future
The Quarry of the Future – Here Now?

Presenter Notes
Presentation Notes
and unmanned front end loaders, equipped with systems that allow them to operate effectively in the rapidly changing environment of a stockpile yard.



Quarrying in the Future
The Quarry of the Future – Here Now?

Presenter Notes
Presentation Notes
Researchers in Switzerland have even demonstrated an autonomous excavator picking rocks and concrete blocks using lidar scanning and AI analysis to build a stone wall, all without an operator.



Quarrying in the Future
The Quarry Worker of the Future?

Presenter Notes
Presentation Notes
The rise of GNSS and automation in quarries will shift the needed skills towards tech-savviness and data analysis. Employees will need to master software for GNSS data interpretation, manage automated equipment, and perform geospatial analysis. This shift will demand a flexible, technologically adept workforce, which in turn will drive improvements in efficiency, productivity, and safety in quarry operations.



Quarrying in the Future
The Quarry Worker of the Future?

Presenter Notes
Presentation Notes
To attract future employees, it will be crucial to highlight the high-tech nature of the modern quarrying industry. Beyond just technology, emphasizing the profound sense of purpose that working in this field offers could be a significant drawcard for many. By joining the quarrying industry, they can become part of a dynamic, forward-thinking sector that not only embraces cutting-edge technology but also serves a fundamental role in meeting society's infrastructure needs.



The Future is Digital 
GNSS pivotal to Navigating Shifts in Technology

Presenter Notes
Presentation Notes
As you all here today know, quarries play a vital role in supplying essential construction materials, used in building roads, bridges, buildings, and infrastructure projects that society relies on daily. This is how we should be framing Quarrying in the Future. As the theme of this year's conference says, "The Future is digital," and GNSS will play a pivotal role in navigating these technological shifts.



Questions?

The Future is Digital 
GNSS pivotal to Navigating Shifts in Technology

Presenter Notes
Presentation Notes
I am grateful to be part of an industry so essential to our everyday lives, which also provides me the opportunity to tutu with a lot of cool new stuff. So, thank you for that. I'm now happy to take any questions you may have.
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