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Disclaimer 

This report has been prepared by Contempo Holdings Ltd for Forest Growers Research Ltd (FGR) subject to 
the terms and conditions of a research fund agreement FGR410.  

The opinions and information provided in this report have been provided in good faith and on the basis that 
every endeavour has been made to be accurate and not misleading and to exercise reasonable care, skill 
and judgement in providing such opinions and information.  

Under the terms of the Services Agreement, Contempo Holdings Ltd’s liability to FGR in relation to the 
services provided to produce this report is limited to the value of those services. Neither Contempo Holdings 
Ltd nor any of its employees, contractors, agents or other persons acting on its behalf or under its control 
accept any responsibility to any person or organisation in respect of any information or opinion provided in 
this report in excess of that amount. 
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INTRODUCTION 
Manual tree planting in New Zealand (NZ) will continue to play an important role in afforestation 
alongside mechanised solutions. One of the key reasons for this is challenging and steep terrain 
and the cost of change from manual planting to mechanised solutions. To modernise manual 
planting operations (tracking from the nursery to planting) and enable real-time quality assurance 
systems and tree location identification at the time-of-planting the adoption of GPS (Global 
Positioning Systems) technologies for individual tree location data is strongly desired by many 
contractors and forest management companies. 

An evaluation of the available technologies (national and international) for capturing tree location 
data during manual planting was undertaken (Phase 1 of this project) (Russell, 2023). The 
evaluation took a global view and involved phone interviews with manufacturers, contractors and 
forest management companies (local and global) to get the right level of information on what is 
available for development or immediate adoption in New Zealand (NZ). A use case was also 
developed to work through how a system could be used and give an example scenario based on 
information from interviews. From this use case study scenario, requirements were developed and 
used to undertake a market analysis of product suitability to manual planting in forestry with four 
products identified for possible further evaluation in the NZ context. 

Based on the outcome of the market analysis, requests were made in February to April 2024 to 
purchase GPS devices. However, at this stage we learned that most devices were still ‘under 
development’. A TerraLabs STA Logger, originally designed for spraying operations, was adapted 
and tested. Unfortunately, this version/prototype used non-corrected GPS and results showed a 
mean error of 1.5m and maximum errors of greater than 3m. This level of error was 10 times 
beyond the nominal 0.3m within target accuracy which we had determined was our benchmark for 
adoptable or market ready technology.  

As a result of the slow progress made between 2022-2024 in identifying GPS technology suitable 
for developing or adopting for manual planting, in late 2024 it was decided to ‘internally’ resource 
the build of a GPS spade or ‘rover’ and ‘base station’ to understand the technology challenges and 
reduce the risk of no field trials in 2025. The objective of this work was therefore to build a GPS 
enabled unit suitable for use with a planting spade using off the shelf circuit boards ready for 
operational evaluation for the 2025 season of radiata pine planting. Outcomes of the project would 
include a GPS box mounted to a spade, pending outcome of the design process, a reference 
design including GPS box hardware and software and laptop software to generate map data points 
and planting data from the field (GPS, acceleration, button press at tree location). Also in the 2025 
season, it was planned to test a second iteration of the STA Logger. This version of the STA logger 
was similar to the FGR Unit in that it used PPK corrections and was a prototype that had not gone 
to market.  A plan with a forest company for testing spades at an operational level, including user 
feedback was also a key outcome for this project 

This report outlines the development of the internally developed GPS unit, outcomes from in-field 
testing protocols for the units and recommendations for future work. A GPS rover and base station 
hardware and mechanics were developed and produced with embedded software, two computer 
software applications were developed to process the stored data from the GPS units, carry out 
PPK corrections, select locations aligned with planting and visualise the data on a map from the 
test protocols.  Test protocols were developed to assess the performance of the GPS spade 
system.  Unfortunately, we were unable to progress with field trials in this project as a fundamental 
technology issue was identified when the GPS units were thought to be ready for operational 
deployment.  
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GPS TECHNOLOGY 
There are three common methods of GPS location: non-corrected, Real Time Kinematic (RTK) and 
Post Processing Kinematic (PPK) (Figure 1). Others include SBAS (Satellite-Based Augmentation 
System) and hybrids of each. Figure 1(a) shows how the GPS on the spade calculates its position 
using the timing signals from the GPS satellites which is affected by arrival time variations in the 
atmosphere. These variations can be corrected by introducing a stationary “base station” GPS that 
records any variations which are used as corrections either over radio Real Time Kinematic 
corrections (b) or after the event Post Processing Kinematic corrections (c).  

(a) (b) (c) 

Figure 1. (a) Non corrected GPS, (b) RTK and (c) PPK GPS technologies. 
RTK calculations are performed on the GPS module live with correction information transmitted 
over radio, cell phone or satellite communications. The example use case for this project uses PPK 
to avoid radio transmission challenges in rough terrain and additional weight of radio equipment. 

DESIGN 

GPS Units 

The spade needs to: locate a tree being planted within 30 cm which requires PPK GPS, detect 
digging with an inertial measurement unit (IMU) or button, have sufficient battery power for 10 
hours operation, a USB for charging configuration and data download, memory storage for 10 
days, on/off switch, an LED for GPS status, and graphical display for user information in the field 
and during data download. 

Electronics 

This project was a technology proof of concept, so for rapid prototyping the Sparkfun ESP 32 Thing 
Plus C board (PCB) was selected and connected to other boards via I2C serial interfaces. A 
production design would use a custom PCB. The GPS module selected was a UBlox ZED F9P as 
this is commonly used in differential GPS applications with boards available from Sparkfun and 
ArduSimple, furthermore these modules are used in survey grade equipment from companies such 
as Emlid. The IMU is a Bosch BMI270 with 6 degrees of freedom accelerometer and gyroscope 
with maximum range of +16 g and maximum sampling rate of 1600 Hz. The block diagram of the 
design is shown in Figure 2. The same design is used for the base station with the IMU omitted 
and different firmware.  
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Figure 2. Circuit Diagram of GPS unit. 

Cost 

As currently designed, the cost of each unit in low volume is approximately NZ $650, this 
compares favourably to low cost survey equivalents such as the EMLID Reach RX NZ$3599 
(Table 1). 

Table 1. Bill of materials for building the GPS unit. 

Component Cost NZ$ 
SparkFun Thing Plus - ESP32 WROOM (USB-C) 
SKU: WRL-20168 

41.6 

SparkFun GPS-RTK-SMA Breakout - ZED-F9P (Qwiic) 
SKU: GPS-16481 

398.4 

GNSS Multi-Band L1/L2/L5 Helical Antenna (SMA) 
SKU: GPS-23847 

144 

SparkFun Micro 6DoF IMU Breakout - BMI270 (Qwiic) 
SKU: SEN-22398 

25.6 

SparkFun Qwiic OLED Display 0.9 in 128x32 
SKU-LCD-24606 

16 

LiPo 3000 mAH Battery 11.38 
Switch on/off 0.69 
Button push button 0.7 
Plastic 5.00 
TOTAL 643.37 

Mechanical 

The unit is designed to fit near the top of the spade handle, providing the antenna with the 
maximum possible view of the sky (Figure 3 and 4). This placement allows the operator to easily 
press the manual planting button and view the status LED, both located on the top surface. The 
display is positioned on the side for convenient reading when needed, while the USB-C connector 
and on/off switch are located on the bottom surface, away from obstructions and rain. The battery 
and circuit boards are screwed in place and have additional plastic internal walls to support high g 
loads in the vertical plane when the spade impacts the ground. The battery is the largest mass and 
is fitted inside a tight plastic cavity. The mounting to the spade handle is bolted to the plastic casing 
and uses two cable ties to attach to the circular handle. This design was 3D printed in ABS plastic 
and designed to withstand testing and a field trial but is not a final production design. An off the 
shelf plastic case with internal loading brackets is recommended for a final design.  
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Figure 3. Exploded view of GPS module mechanical design. 

(a) (b) 

Figure 4. GPS 'Rover' on spade and 'Base Station' on stationary tripod. 

Embedded Software 
When the Rover is switched on, it first powers up the GPS module and waits until it has locked 
onto enough satellites to determine an accurate position and time. The UBlox GPS module is a 
high-performance receiver capable of tracking multiple satellite systems at once — including GPS 
(U.S.), GLONASS (Russia), and Galileo (Europe). This multi-constellation capability gives the 
Rover fast start-up times and consistent accuracy, even in rugged terrain or partial tree cover. The 
module filters out low-angle signals that can bounce off hillsides or buildings, and it uses the 
modern L5 GPS band for extra precision and reduced interference. 
The Rover continuously gathers three types of information: 

• GPS data, which tracks the satellite signals needed for pinpointing position;
• Motion data, which measures movement and vibration about 20 times each second; and
• Event markers, which record the exact time when something important happens, such as

when the user presses a button or the device senses a sudden impact.
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After fieldwork, users can plug the Rover into a computer with a USB cable to copy the data files 
and recharge the battery. Built-in checks make sure transfers are accurate and error-free.  
The main file types include: 

• .ubx – the raw GPS signals;
• .csv – motion readings and event markers.

The system updates its position twice every second and is tuned for high dynamic movement. The 
Rover stores three specific types of GPS message data, known as UBX message types, on its 
SD card. Each serves a different role in achieving high-accuracy positioning: 

1. NAV-PVT (Navigation Position Velocity Time)
This message contains the Rover’s computed position, speed, and time. It includes latitude,
longitude, altitude, movement speed, fix type (e.g., 2D or 3D), and how many satellites are
being tracked.
Purpose: Gives a clear, real-time summary of where the Rover is and how reliable the fix is.

2. RXM-SFRBX (Subframe Data)
This message stores the navigation data broadcast by each satellite, including orbital
parameters and satellite health information.
Purpose: Provides the background satellite data needed to reconstruct or “replay” satellite
behavior during post-processing.

3. RXM-RAWX (Raw Measurement Data)
This is the most detailed data stream. It records the raw pseudo range and carrier phase
measurements from each satellite signal.
Purpose: Enables centimetre-level accuracy through Post-Processed Kinematic
(PPK) methods once analysed with specialized software.

The Base station software differs in that after start-up it enters a ‘survey in mode’ for 300 seconds , 
then saves the same GPS data as the rover.  

Both rover and base have serial commands over USB to manage data and check device status. 

Typical commands include: 

• LIST – Shows all files stored on the SD card, organized by date and time.
• DOWNLOAD <filename> – Transfers a selected file (such as GPS, motion, or event data)

from the Rover to the computer.
• DELETE <filename> – Permanently removes a specific file from the SD card to free up

space.
• INFO – Displays basic system information such as GPS status, battery level, SD card

usage, and firmware version.
• TIME – Reports the current GPS-synchronized date and time.

Each command returns a confirmation message so the user knows it was received and completed 
successfully. File transfers include built-in CRC checksum verification, which automatically 
checks for any data corruption during transfer. 

Laptop Software 

There are three computer applications used to perform data upload, GPS PPK corrections and 
event detection (Figures 5-7). The software python files developed for this project are named 
GPS_spade_controller_XY.py and GPS_spade_analysis_XY.py. 
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The GPS Spade Controller Python application is a PyQt5-based desktop interface that manages 
communication between the computer and a GPS rover or base station via a serial (USB) 
connection. 

At startup, it detects available serial ports, lets the user choose one, and performs a short DTR-
toggle reset to ensure the connected Arduino-style device reboots cleanly. A dedicated 
background thread (SerialWorker) then handles all communication so the graphical interface never 
freezes. 

The thread continuously listens for messages from the rover/base and routes them to the UI. 
Communication follows a line-based text protocol: the device sends status updates and JSON 
summaries prefixed with JSON: (containing GPS fix type, satellite count, battery level, and file 
sizes), while the computer can send commands such as sd_ls, sd_download 
<filename>, sd_delete <filename>, or sd_stop_download. 

When downloading data, the controller and rover use a chunked binary handshake: 
1. The device announces the file size and a FILE_BEGIN marker.
2. It sends each CHUNK_SIZE:<n> block, waits for an “OK” acknowledgment, and repeats.
3. The transfer ends with a CRC checksum and FILE_END confirmation.

Downloaded files are stored in a local ./downloads/ directory and can be viewed or deleted directly 
from the app. The program also displays live telemetry (fix status, PPK readiness, buffer warnings) 
in a sidebar and a console log. USB download can take over an hour as the files are very large, 
however this is not likely an issue as the units will be charged overnight. 

Figure 5.  GPS_spade_controller screen shot 
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EMLID Studio is a free 
app that uses an open 
source library called 
RTK_LIB1. It takes the 
UBX UBlox proprietary 
files and converts to 
Rinex format for both 
rover and base station, 
then uses .25O and .25P 
files from both GPS’s to 
perform PPK correction 
outputting .pos location 
files (Figure 6). 

The GPS Spade 
Analysis program 
processes and visualizes 
GPS data. It aligns 
recorded events with the 
PPK corrected GPS 
positions from EMLID 
Studio to generate 
corrected coordinates, 
accuracy statistics, and 
map plots for review 
(Figure 7).  

It takes two input files: 

1. Position file (.pos) — post-processed GNSS solutions including latitude, longitude, height,
and quality (Q).

2. Event file (.csv) — timestamps and coordinates of user or motion-triggered events.

1 https://www.rtklib.com 

Figure 6. EMLID Studio screen shot 

Figure 7. GPS spade analysis screen shot. 
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The software converts all times to UTC milliseconds, projects coordinates into NZGD2000 / 
NZTM2000 and then matches each event to the nearest GPS fix in time. For each match, it 
computes horizontal and vertical offsets and time differences. 
A combined table of events and matched positions is displayed and saved automatically as 
./data/<filename>_PPKcorrected.csv, including corrected coordinates, height, fix quality, and delta
values. The pipeline for GPS correction can be seen in Figure 8 with (a) raw data (b) PPK
corrected data and (c) planting events extracted.

(a)  
Uncorrected 
locations  

(b)  
PPK Corrected 
locations 

(c) 
planting 
events 

Figure 8. Correction steps from raw GPS to corrected and planting event locations.
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METHODS

Tests were performed during the development process and evolved into a formal validation 
protocol performed at Contempo Labs site in Nelson and BSI, Scion in Rotorua. All tests were 
carried out with greater then 20o observable horizon for 360o. These tests were developed to 
enable graphical measurements of accuracy given absolute maximum error was the reported result 
in each case. The three tests used are described below: 

The Stationary Test had both the rover and base not moving for an hour to assess absolute 
accuracy without movement artifacts. Results show here 3 cm accuracy in North-South and 2 cm 
in West East direction (Figure 9). 

Figure 9. Stationary drift test over time. 

The Clover Leaf Test had every planting event place the spade on a 20 mm square wooden peg 
placed approximately 50 m from the base station. Walking each leaf caused the GPS to detect 
movement and not artificially lock in a single position as this was observed early on. Figure 10 
shows the walking from the base station to the wooden peg and 8 leaf patterns traversed. The key 
in the figure shows the GPS trail at every sample point with a sampling frequency of 2 Hz. The 
colours indicate the quality of the GPS fix, Green with Q = 1 is an RTK Fixed Solution with best 
possible accuracy, Yellow with Q = 2 is a Float Solution with ambiguities not fully resolved in the 
differential correction calculation and Red with Q = 5 is not a valid solution with the placement on 
the map not indicative of the real location.  
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Figure 10. Clover Leaf test to evaluate movement and velocity effects. 

The Peg Test placed wooden pegs at 2 m spacing and included either straight line walking 
between pegs or clover leaf type patterns. The spade was held on the reference peg and the 
button was pushed, this could be with no digging or simulated digging. Each peg is initially located 
with a survey grade GPS rover and base station.  

Figures 11 and 12 show the FGR internally developed GPS unit used across multiple rows of pegs 
with a button press and no impact, Figure 11, and then with a digging motion including impact , 
Figure 12.  

Figure 11. Peg test with FGR GPS unit for button press and no digging impacts. 
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Figure 12. Peg test with FGR GPS Unit with planting impacts. 

DISCUSSION 

GPS accuracy has two definitions, precision and accuracy, where precision is defined as the 
repeatable position of time between two points or samples and accuracy is defined as the distance 
to a true map coordinate e.g. NZGD2000. Results here are for range or maximum distance 
between points as this is representative of the application. An alternative measure of mean would 
show better results but may not indicate practicality or repeatability for the intended field 
applications.  The stationary tests achieved a precision of 5 cm showing the GPS hardware and 
PPK software code was successfully developed. The clover test achieved a precision better than 
20 cm when no digging occurred and the peg test achieved precision of 30 cm precision with no 
digging by observation in the python code. However, all three tests with digging resulted in 
significant errors of several meters. Figure 15 shows a row for each satellite and time on the x axis. 
This project’s uBlox GPS module and antenna used L1 and L2 bands. Figure 15 shows green 
when both L1 and L2 bands are locked to the carrier phase which is required for RTK and PPK 
corrections. Orange or purple show one band has been lost and gaps show complete loss of both 
bands. The areas of no green as indicated by the black vertical line show the GPS loosing almost 
all GPS satellites during an impact.  
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Figure 15. Emlid Studio satellite processing. 
Once errors were observed, it was convincingly shown that the digging action generated an 
acceleration of the GPS antenna that caused the carrier phase to loose lock on each satellite. It 
was confirmed that only the antenna needed to accelerate to reproduce the error eliminating 
connector issues, battery or other electronics. The carrier phase locked loop is only used in 
differential GPS corrections. The settings in the UBlox ZED-F9P GPS has a maximum setting of 4 
g and video footage of a typical digging action calculated > 20 g in the downward acceleration and 
up to 100 g in the deceleration ground impact, clearly exceeding the GPS capability. These results 
were confirmed by the manufacturer of the GPS.  
Several work around options have been initially investigated including; a person wearing the GPS 
to avoid spade acceleration, hot start GPS after carrier phase lock loss and PPK software fusing 
acceleration data with GPS data as a recovery with a few seconds would be adequate during 
planting. 

Similar results were found with the STA logger tested from Terra labs, which had a differential GPS 
module for data and we used the FGR developed software tools to provide PPK correction.
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CONCLUSION 
In conclusion, a GPS spade product has been developed, laptop software for processing, a 
validation protocol was also developed with informative results on performance characteristics. The 
combination of internal development and validation protocol has enabled an assessment of the 
suitability of consumer grade GPS for use on a planting spade. The design of the GPS spade in 
this trial was based on a best attempt with the best hardware available within a realist product 
budget. The inability of this design to obtain the desired accuracy in recording planting events has 
shown that there are key limitations to the technology  that are likely the cause for other product 
globally not making it past early development. GPS technology is however continually advancing 
and a solution to this problem maybe available sometime in the future. 
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