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GPS

« Owned and operated by the United States of America
« First satellite launched in 1978
= Available globally

E@S ;

Positioning Systems

GLONASS
+ Owned and operated by Russia
§a S/ « First satellite launched in 1982

+ Available globally

-
BeiDou
ggp I = Owned and operated by China
= First satellite launched in 2000
* Available globally

Global Navigation Satellite Systems
Satellite constellations providing
worldwide or regional coverage

$9o8 T[JI

Galileo
& ——

+ Owned and operated by the European Union (E.U.)
+ First satellite launched in 2011
+ Available globally

QZSS

+ Owned and operated by Japan
« First satellite launched in 2010
+ Available regionally




How GPS Estimates the Distance

Transmission Time (T,)

Timestamp from Satellite Clock

GPS Satellite

Signal Travel Time (AT)

Reception Time (T,)
Timestamp from Receiver Clock

=

GPS Receiver

Pseudorange = AT x Speed of Light

Estimated Distance: Pseudorange

Speed of light is a constant value
299792458 m /s
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Trilateration and Multilateration

A. One Satellite Constraint
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Pseudo distance is not

accurate
Measured Pseudorange
lonospheric Delay
Tropospheric Delay |
True Geometric Range
Multipath
Reflections __ = Receiver Noise




Higher Accuracy

* Civilian GPS can achieve up to several-meter
accuracy such as DGPS

« Centimeter or sub-inch accuracy
— Real Time Kinematic GPS (RTK)
— Post Processing Kinematic GPS (PPK)

Cyber-Agricultural Intelligence
and Robotics Laboratory



How RTK and PPK Work
RTK PPK

(Real Time Kinematic) GNSS Satellite (Post Processed Kinematic)

So D/ So
S &
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GNSS Satellite
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=
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CORRECTIONS APPLIED
POST PROCESSING

Base Station Base Station
SCOUTAERIAL SCOUTAERIAL
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Key Components

Criteria

RTK (Real-Time Kinematic)

PPK (Post-Processed Kinematic)

Needed Components

Accuracy

Real-time Processing
Post-Processing
Base Station Requirement

Pros

Cons

Base station, GNSS Rover,
Communication

High (cm-level)

Yes

No

Yes

Real-time high-precision

positioning, Useful for immediate

applications

Requires continuous connection
to base station, Susceptible to
signal interference

Base station, GNSS Rover, Post-
processing Software

High (cm-level)

No

Yes

No (but reference data needed)
More reliable in areas with poor
signal, No need for a constant
radio link

Delayed results due to post-
processing, Requires additional
processing time

T CAIR

Cyber-Agricultural Intelligence

and Robotics Laboratory
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Technologies in the Box for Precision Orchard
Management: Global Navigation Satellite System

Yu Jiang', Bin Xu?, Terence Robinson’, Mario Miranda Sazo3, Craig Kahlke3, Brian Lawrence’

"Horticulture Section, School of Integrative Plant Science, Comell AgriTech, Geneva NY | 2School of Electronic and Computer Engineer-
ing, Corell University, Ithaca NY | *Cornell Cooperative Extension, Lake Ontario Fruit Program, Newark NY

Keywords: GPS, precision management, RTK, PPK

aiming to optimize yield and quality while also reducing

costs to maintain competitiveness in the market. This
approach integrates various technologies and techniques such
as yield monitoring and mapping, precision soil sampling and
mapping, and variable rate applications (like sprays and pruning).
For apple cultivation, Precision Apple Crop Load Management
(PACMAN) has proven particularly effective in boosting both
apple quality and profitability. Notably, the integration of new
digital technologies, including imaging-based bud, blossom and
fruit counts, has greatly enhanced the implementation of PAC-
MAN by growers (Robinson et al., 2022, Wallis et al., 2023, and

Precision management is becoming essential for growers

satellite geometry, and signal
obstructions (Kaplan et al.,
2017). This level of accuracy
is suitable for a wide range of'
civilian applications, includ-
ing car navigation, hiking,
and other general uses where
highly precise positioning is
not crucial. SPP utilizes sig-
nals that are freely available

This research was supported by
the New York Apple Researchand
Development Program
Precision crop load management
requiresaccurateGPScoordinates
for each tree in the orchard. In
this article we present options
for GPS systems with sufficient
accuracy to use with precision
crop load management.

from GPS satellites without any encryption, making it accessible

to anyone with a GPS receiver.
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Cross-brand Repeatability

What if multiple GNSS receivers are used in my
orchard?

— Base station location differences
» Proper location survey and GPS installation

— Compatibility of communication
» Correction message formats: CMR/CMR+, RTCMv2/RTCMv3
* Output formats for other software

— Communication for all GNSS
» Radio (messaging), Internet (NTRIP), or satellite-based (RTX)

{@C A I R Cyber-Agrlcul l In I‘I.ll,g 12



RTK-GPS Products
s e N sl
integrated

NovAtel Smart?7 RTK+IMU ~$7,000 Both
Trimble AgGPS 542 RTK No ~$10,000 Base station
Trimble Zephyr 2* N/A Antenna itself ~$500 Needs to be paired

with AgGPS 542.
RTK only Yes $2,599 Both
Emlid Reach RS3 RTK+IMU Yes $2,999 Both
RTK only Yes $749 Rover
uBlox ZED-F9P-02B RTK only No $130 (chip itself) Both

Requires a GPS
antenna

TOPGNSS TOP106 n/a Antenna itself $200 Needs to be paired
with a GNSS module

Cyber-Agricultural Intelligence 13
and Robotics Laboratory




RTK-GPS Configurations

_ Trimble AgGPS 542  Emlid Reach RS3 NTRIP and local radio Navigation and survey
2 Emlid Reach M2 NTRIP Survey
- NovATel Smart7 NovAtel Smart7 Local radio Navigation
a | Emlid Reach RS3 NTRIP Survey
- Emlid Reach RS2+ Emlid Reach RS3 Local NTRIP and local Navigation and survey
radio
- Emlid Reach M2 Local NTRIP and local Survey
radio
Emlid Reach RS3 Emlid Reach RS3 Local NTRIP and local Navigation and survey
radio
ublox ZED-FOP-02B with  NTRIP Navigation

Cyber-Agricultural Intelligence 14
and Robotics Laboratory



RTK-GPS Rover

Example

Cyber-Agricultural Intelligence
and Robotics Laboratory
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Geo-survey Performance

Configuration 1

4 Trimble AgGPS 542
Emlid Reach RS3
NTRIP and local radio

Performance

Designed tree spacing: 3 ft (0.91 m)
Measured average: 3.11 ft (0.95 m)
Std: 0.89 ft (0.27 m)

RTK fixed rate: 99.96%




Mobile Robot for Nav Test

| ;l-iusky uGgv
~ (ITX computer is inside

Cyber-Agricultural Intelligence
and Robotics Laboratory
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Navigation Performance

RTK-GPS Positional Deviation |Heading Deviation
Configuration

Configuration 1 0.05m+0.01m 1.2°+£0.9°
Configuration 3 0.08 m*=0.01m 1.15° £ 0.96°
Configuration 5 0.07m+0.01lm 1.45°+1.1°
Configuration 7 0.08 m+0.01m 1.2°+£0.8°
Configuration 8 0.05m+0.03m 1.8°+1.1°

Cyber-Agricultural Intelligence 18
and Robotics Laboratory



Recommendations

* Receivers
— Most reliable: Trimble (or Raven) and NovAtel (~$10k)
— Most economic: ublox (~$200) or Reach M2 ($700)
— Best balanced: Reach RS3

« Communication
— NTRIP (preferred)

* Format
— RTCM (Radio Technical Commission for Maritime)

Cyber-Agricultural Intelligence
and Robotics Laboratory
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Affordable RTK GPS Solutions for Precision Management

of Perennial Crops

Yu Jiang, Yiyuan Lin, Owen Bates, Brian T. Lawrence, Terry Bates,
and Terence L. Robinson

School of Integrative Plant Science, Horticulture Section, Comnell Agriech, Geneva, NY

Keywords: real time kinematics, GPS, precision crop load management, predision viticulture

This research was supported by the NY Apple
Research and Development Program.

Real time kinematic (RTK) GPS is the most
widely used positioning technology. However,
its adoption among spedalty crop growers has
been limited due to both technological barriers
and cost concerns. Our goal was to evaluate
recent RTKGPS ial solutions

for improving agricultural productivity, sustainability,

and profitability. For example, our recent work on preci-
sion crop load management in apples focuses on managing an
optimal number of fruit per tree to achieve consistently high-
quality produce and stable yields, ultimately benefiting the apple
industry (Lawrence et al., 2025; Gonzalez et al., 2023; Robinson
etal.,, 2024). By applying the right treatment at the right location
and time, growers can enhance crop performance in terms of
yield, quality, and consistency, while optimizing resource use and
reducing environmental impacts. Achieving these goals depends
on the ability to accurately determine the location of crops, field
features, and agricultural machinery.

Real-time kinematic global positioning systems (RTK GPS)
play a central role in providing the centimeter-level positional
accuracy required for many precision agriculture applications.
Unlike standard GPS, which typically provides meter-level ac-
curacy, RTK GPS uses correction signals from a base station or
network to greatly reduce positional errors. This level of accuracy
enables tasks such as geo-referencing individual plants, guiding
autonomous vehicles, mapping field variability, and executing
variable rate treatments with minimal overlap or gaps.

The adoption of RTK GPS has been widespread in field crop
production, where it supports applications such as automated
steering, planting, and input applications. However, in specialty
crops such as high-density orchards and vineyards, adoption has
been slower due to higher equipment costs, technical barriers,
and limited communication infrastructure. Recent advancements
in affordable RTK GPS solutions have the potential to bridge this
gap, providing growers with cost-effective tools to implement
precision management practices. Such systems can support both
static applications, such as plant or infrastructure geo-surveys,
and dynamic applications, including autonomous navigation of
intelligent and robotic i nt. As perennial crop production
continues to face labor challenges, increasing operational costs,
and the need for sustainable resource use, the role of RTK GPS
in enabling automation and precision management will become
increasingly important.

We have recently provided an overview of the fundamentals
of GPS and RTK GPS technologies (Jiang et al., 2024). However,
many growers remain uncertain about whether it is worthwhile
investing in high-end RTK GPS systems and whether emerging af-
fordable RTK GPS solutions can deliver reliable performance. To
address these questions, we evaluated several representative af-
fordable RTK GPS systems in both orchard and vineyard settings,
providing a quantitative assessment of their performance. The

P recision management has emerged as a critical approach

32

that represent an important step toward
precision management in trellised cropping
dern orchards and viney

results of this
study aim to
support grow-
ers in making

informed deci-
sions about in-
vesting in RTK GPS technology.

RTK-GPS devices and various configurations

As explained in the previous article (Jiang et al., 2024), an
RTK GPS system consists of three components: a base station
GPS receiver, a rover GPS receiver, and communication infra-
structure. Major agricultural equipment companies offer RTK
GPS modules as part of their integrated solutions, such as those
from Agleader and CNH Industrial, or sell dedicated RTK GPS
products, such as those from Trimble and Raven. In recent years,
many affordable RTK GPS products have become commercially
available, allowing the farming community to adopt this technol-
ogy in a cost-effective way. These emerging solutions also rely on
open source RTK correction standards, such as radio technical
commission for maritime services (RTCM) v2 and v3, without
additional fees, which enables smooth integration with other
advanced agricultural equipment including intelligent and robotic
sprayers. However, it remains uncertain whether these affordable
RTK GPS solutions can consistently deliver reliable positioning
performance and achieve the claimed accuracy, which makes
them worthy of testing. In this study, we selected products from
both established suppliers, such as Trimble and NovAtel, and
more affordable options for growers (Table 1).

After acquiring the base station and rover GPS receivers, an
RTK GPS system can be configured with different communication
methods, such as the network transport of RTCM via Internet
protocol (NTRIP) or a local radio network. Recent developments
also allow a local WiFi network to broadcast RTCM correction
signals without using the Internet, creating a local NTRIP solu-
tion. In this study, we included these communication options
and evaluated their performance in perennial cropping systems
such as orchards and vineyards (Table 2). Based on their intended
uses, we categorized the test cases as either for plant location geo-
survey or for robot navigation. These two categories represent
static and dynamic application scenarios, both of which are criti-
cal for precision management. For example, crop plants such as
apple trees or grapevines need to be geo-referenced to determine
their exact location. The RTK GPS system can then be used to
obtain crop performance, such as crop load, and subsequently
guide agricultural equipment, such as sprayers, to apply variable

NEW YORK STATE HORTICULTURAL SOCIETY
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Thanks for your attention!

Yu Jiang

Cyber-Agricultural Intelligence and Robotics Lab
Email: yj522@cornell.edu

Website: https://cair.cals.cornell.edu/

Twitter: @Yu_Cosmo_Jiang

Cyber-Agricultural Intelligence
and Robotics Laboratory
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