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Abstract—In this paper we detail the design and implemen-
tation of a Differential GPS system that uses only low-cost,
light-weight and widely available GPS modules. Such a system
is desirable for modern field robotics in order to improve the
performance of mapping, navigation, collision avoidance and
other common tasks, especially on payload-constrained robots.
The particular noise and error modes present in the low-cost
system are investigated and algorithms introduced to minimise
their effect. The system is demonstrated in the context of field
robotics for stationary, ground-based and airbourne agents.
It is found that the majority of the error due to the low
cost components can be manipulated to be of a form easily
mitigated for most robots. The system is shown to provide
good results in the horizontal plane in open environments such
as those typically used for outdoor experimental robotics while
being one to two orders of magnitude cheaper than comparable
commercial systems.

I. INTRODUCTION

Precise knowledge of the location of an agent is a vital
piece of information in many field robotic tasks. Localisation
of a single agent is required for mapping, navigation and
automated interaction with the environment. With expansion
in the field of multi-agent systems, high quality localisation
has become even more important in order to cover tasks such
as formation control and collision avoidance.

Global Navigation Satellite Systems (GNSS), of which
GPS is the most prominent example, are very widely used
in field robotics to provide localisation. Simple GPS has
an accuracy of between 3 and 10 metres[1] depending on
environmental factors and the availability of services such as
SBAS. As such, it does not necessarily provide the accuracy
required for high quality mapping, small to medium scale
formation control and collision avoidance and other similar
tasks.

Researchers have historically sought to improve results
from simple GPS units by using some knowledge of the
agent’s dynamic model through Kalman filtering[2]. This
can be extended to fuse data from other sensors such as
odometry[3] or laser rangers[4]. Improvement in the relative
accuracy of the agent’s path can also be found by fusing
the GPS data with that from an inertial measurement unit
(IMU)[5], [6] however this cannot in general remove biases
or offsets in the position solution with respect to the global
frame.
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Higher quality GPS localisation is available by using
methods such as Differential or Real-Time Kinematic GPS
(DGPS, RTK). Each of these methods require a stationary
base in the vacinity of the agents with at least a unidirectional
telemetry link for the broadcast of corrections. The cost and
size of these solutions limits their use to small numbers of
large agents, typically agricultrual machinery[7], [8], self-
driving cars[9], [4] or other large robots[3].

Open-source packages such as RTKLIB[10] provide im-
plementations of several RTK and DGPS algorithms. In
order to use RTKLIB in field robotic scenarios, a trade-
off must be made between adding computational hardware
on board the robot, or introducing latencies by centralised
computation of the RTK/DGPS algorithms. Moreover, these
software packages do not provide a low-latency GPS velocity
estimate, something that is required for accurate attitude
estimation in some avionics systems[11]. This may in turn
require the overhead of two separate GPS modules being
used on the robot.

Recently, low-cost GPS modules have become available
that are capable of receiving DGPS corrections. This lowers
the complexity and cost of an implementing agent as it
need only be equipped with this standard GPS module a
radio capable of receiving that data. An example of such a
module is the uBlox LEA family, widely used in robotics
and available for around AU$30 a piece. A DGPS base
station is still required in this scenario and commercial units
are typically several hundreds to thousands of dollars, once
again, limiting application.

In this paper we detail the design and implementation of a
DGPS base station that uses only a cheap GPS module and a
small Linux computer, available together for approximately
AUS$100. The particular accuracy and error modes of this set
up are analysed and its suitability is examined for common
field robotic tasks. It is assumed that the agents either have no
strong requirement for altitude data (such as ground vehicles)
or have a barometric pressure sensor or similar device that
may simply be fused with the GPS data for refinement of the
vehicle height. The developed GPS system is thus required
to have higher accuracy in the horizontal plane than along
the height axis. The target absolute accuracy in this plane
is in the order of one metre; this is sufficient for small- to
medium-scale mapping, navigation and collision avoidance
tasks and is comparable to the performance of commercial
DGPS solutions.

The data and calculations required to generate the DGPS
corrections are detailed in Section II for both the developed
DGPS station and third-party sources of correction used for
comparison. The hardware used is described in Section III
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followed by the results of experiments in urban and rural
environments in Section I'V. Potential for future work is given
in Section V.

II. CORRECTION CALCULATION

The GPS system is comprised of a series of Space Vehicles
(SVs) orbiting the Earth, each containing a high accuracy
clock. The SVs transmit known pseudorandom sequences
that are picked up by GPS receivers on the Earth. These
receivers may correlate the received sequences against the
known standards to determine the transmission time and from
that, the pseudorange to the satellite. The term pseudorange
reflects the fact that the receiver’s clock is not synchronised
with the SVs so the measured values contain a component
due to both the spacial displacement of the devices and also
the difference in their clocks.

The signals propagate to the receiver through the Earth’s
atmosphere which affects the propagation speed and there-
fore apparent range to the SV. This error is the major non-
deterministic contributor to errors in GPS localisation[1]. It
is also strongly correlated between nearby receivers - simply,
if two receivers are near each other then the SV signals to
each will have travelled through the same portion of the
atmosphere and therefore should be similarly corrupted. If
one receiver knows its location a-priori then it may observe
the GPS signals and work backwards to deduce the error
introduced by the atmosphere. This error can be sent to
nearby roving receivers which may then subtract it from
their observations before performing their localisation. This
is termed Differential GPS (DGPS).

The DGPS base station will also observe errors that are
not necessarily spacially correlated with nearby receivers
and will incorrectly report these to the rovers for removal.
Such local errors include receiver clock error, local multipath
effects. A DGPS system only offers an improvement in
position for the rovers if these incorrectly reported local
errors are much smaller in magnitude than the correctly
reported common-mode atmospheric effects. This is the
traditional motivation for expensive DGPS reference stations
- high quality clocks and antennae that minimize local error.
The key question to be answered when designing a cheap
DGPS reference is what form the increased magnitude of
the local errors take due to low quality clocks and antennae,
and how their action at the rovers may be mitigated.

A. Local Corrections

The implementation of the stationary DGPS reference is
typically a GPS receiver with connection to a small computer
(possibly embedded in the GPS module). This reference
receiver front-end must have a known position in space and
be capable of exposing the raw pseudorange and carrier
phase measurements to the computer such that the computer
may calculate the per-satellite errors.

The pseudorange measurements are considered the pri-
mary data when performing a GPS positional solution;
they encode the distance information from each satellite to
the receiver in four dimensions (three spacial plus time).

Measurements of the underlying carrier phase provide a
high accuracy distance measurement, but are subject to an
integer ambiguity in the number of wavelengths between
receiver and satellite and as such cannot be used directly.
The use of carrier phase for localization by means of integer
ambiguity resolution is discussed in, for example [5], [12].
For this application, the phase information was integrated
with the pseudorange in the form of a Hatch fitler[13] which
provides a smoothing of the pseudorange using the difference
in observed carrier phase between successive measurements
and is not subject to integer ambiguity.

The position in space of the reference receiver is assumed
known, however the reference receiver clock error relative to
the GPS time is not known. This parameter is required to be
found from the raw measurements.

The smoothed pseudoranges were corrected for known
sources of error according to

p = po+re+ro+ ¢ (T + Tea) (D
Where
P Corrected Pseudorange
00 Raw Pseudorange
Trel Relativistic correction
T'rot Correction for Earth’s rotation
Tw Satellite clock error
T Satellite group delay
c Speed of light

Weightings are defined on each observation according to
the quality of the signal from each satellite, that satellite’s
elevation and how long the Hatch filter history length is (and
therefore the quality of pseudorange smoothing). For the i
satellite

w = 1 min (el;, elmax) min (N;, Niax) )
(8 - Q)Z elmax Nmax

With N the number of consistent samples in the Hatch
filter history, ¢ the quality metric from GPS Front End (1-
7) and ely,x and Ny, tuning parameters set to 10° and 20
measurements respectively.

The standard pseudorange equations are linear in the
receiver clock error Ty so we may easily estimate this
parameter. Denoting the estimate of receiver clock error as
T.,, teceiver position [z y z|T, noise ¢ and a subscript i
denoting a variable specific to the i satellite

oo = V-0 - -2 e Ta e
= CitcTlxte

SO

4 1Y wi(pi — G
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X c ZZL w;
With the receiver clock error thus approximated, the ob-
served pseudoranges at the reference receiver were corrected
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to obtain approximate observed geometric ranges to each
of the satellites then differenced with the true geometric
distance. The correction measurement ¥ is then:

Yy = p+CTrx_Tgeo 4)

The true geometric distance g, is found by extracting
each satellite’s position from the broadcast Ephemeris and
differencing with the reference’s known location.

These corrections were generated at the receiver output
frequency of 5Hz and stored in a time-sorted buffer of
configurable length. At each output time step the history
buffer was sorted by correction magnitude and the output
given as the mean of the centre half of this magnitude-sorted
buffer. That is, for time sorted First-in First-out history buffer
y1...n, and correction signal Ap:

my.n, = sorted(y;. n)
3n/4
Np = D om ()
i=n/4

This was effective in rejecting several-sample outliers
without adversely affecting the bandwidth of the correction
signal.

Remark Equation 5 is a design choice that was found to be
effective in practice. Statistical analysis of large data sets may
yeild an optimal form of this equation and will be discussed
in future work.

The output format for the correction data was chosen to
be RTCMV2 in order to be compatible with the chosen low-
cost receivers. This standard requires that the corrections as
transmitted also include the satellite clock errors, group delay
and relativistic correction; each calculated according to the
GPS Interface Control Document[14].

The RTCMv2 format also requires an estimate of the rate
of change of each correction in order to extend the useful life
of the corrections in the receiver[15]. This rate was calculated
simply as the first order difference of preceeding samples.

The User Differential Range Error estimate (UDRE) field
of the RTCMv2 message provides an opportunity for the
reference station to communicate information to the receivers
regarding the certainty of the error for each particular satel-
lite. This allows the receiver to adjust the satellite weightings
in their internal least-squares position solution. For this
system, the UDRE used for each satellite was exactly the
weighting factor given in Equation 2

B. Infrastructure Corrections

The system was extended to receive correction information
from external Continuously Operating Reference Stations
(CORS) operated by a third party. These stations provide
signal observations in RTCMv3 format [16] encapsulated in
NTRIP for internet transport.

Ground Station \Vehicle
LEA-6T Vehicle
Gf’S Actuators / Corrected GPS
Linux -
Computer Pixhawk H Uncorrected GPS
T | LEAGH |
Radio Radio

Fig. 1. System diagram

The RTCMv3 Observation messages required translation
to RTCMv2 Correction messages understood by the re-
ceivers. The Observation messages contain similar pseu-
dorange and carrier phase measurements as were received
from the GPS receiver in the locally-generated system of the
previous section. The difference being that the Observation
messages from the CORS had already been corrected for
the reference station’s receiver clock error, meaning that
a further least-squares estimation of this parameter was
not necessary. Once the RTCMv3 Observations were then
unpacked from the NTRIP transport, they were injected into
the same infrastructure as used for the local corrections at
a point just after the local corrections had performed their
receiver clock error estimation.

III. HARDWARE DESIGN

Each agent in the system was equipped with two low-
cost uBlox LEA-6H GPS modules[17] with integrated 25mm
patch antennas. These modules were chosen as they are al-
ready widely used in the hobbyist and research communities
and have the option to receive RTCMv2 differential GPS
corrections. The GPS modules were connected to Pixhawk
avionics running Ardupilot autopilot software along with
a radio telemetry system. It should be noted that the per-
rover set up of this DGPS system is identical to what
would be required for a non-corrected GPS system. The
Pixhawk/Ardupilot system is flexible enough to be used to
control ground-rover agents as well as aerial agents; both
such agent types are examined in the sequel.

Only one of the two modules on each rover was corrected
but both outputs were recorded, allowing a control signal
against which to verify the effect of the differential correc-
tions.

A MAVLink message was created allowing the transport
of RTCMv2 data from the ground station to the GPS via
the avionics telemetry channel. The ground station was
scripted as a MAVProxy instance with a module listening for
RTCMv2 data on a UDP port, allowing the ground station
and GPS reference station to be physically separate.

The reference station was chosen to be a low-cost Linux
computer interfaced with a raw-data capable uBlox LEA-
6T GPS module with a remote 25mm active patch antenna.
This same reference station optionally could be connected
to an NTRIP server via the internet for the receipt of
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RTCMv3 observations from a third-party Continually Oper-
ating Reference Station. The proposed algorithm was found
to use a negligable portion of the resources available on
even these low-cost computers, no performance advantage
is expected if the system were to be implemented on more
expensive computational hardware. The uBlox family of raw-
capable receivers were chosen for their availability, low cost
and communications compatibility with the roving receivers.
The use of other low-cost raw-capable GPS receivers such
as the NVS Techologies NVOSC-CSM is possible but not
investigated in this work.

All code is released under the terms of Version 3 of the
GNU Public Licence at http://github.com/benizl/
pyUblox.

IV. RESULTS

All experiments had an RTCMv2 update rate of 1Hz,
downsampled from the reference station solution rate of SHz.
This was found to offer the best compromise between DGPS
performance and telemetry bandwidth.

Several days of recorded raw data was examined for
outliers; periods where the correction signal for any satellite
deviated from the expected value by more than 5 metres. This
is an indication that the GPS has lost lock on the satellite,
has incorrectly chosen a multipath signal or otherwise is not
providing healthy data from that satellite. It was found that
these periods typically lasted less than three seconds and
should form no more than one quarter of the history buffer
length of Equation 5 in order to be effectively rejected. As
such, the history buffer length was set to 15 seconds for all
experiments.

A. Reference Position Discovery

For each new experimental environment, the ground truth
position of the reference receiver had to be discovered
and recorded. In each case, the reference receiver was left
to record raw observations for a 72-hour period. At the
completion of this time, the observations were converted
to RINEX format and uploaded to the Canadian Spacial
Reference System’s Precise Point Positioning service[18].
This is a free service that provides a high quality post-
processed GPS localization solution of user observations
incorporating atmospheric observations recorded at the time
of the user’s observations along with high rate ephemeris
data from the measured orbits of the satellites and as such, it
can provide much more accurate localization than a realtime
service.

All experiments had the GPS module’s internal dynamic
model set to the most permissive setting “Airbourne 4G”.
This was done in order to minimise the filtering performed
internally on position and as such to get the clearest picture
of the effect of the differential corrections by themselves.

B. Urban Environments

The first experiment was set up in an urban environment,
on the roof of a dwelling. The three modules (reference,
corrected and uncorrected receivers) were colocated in order

Metres

R I R R g T R I O I ey

Fig. 2. 72 hour capture of relative improvement of DGPS performance in
high multipath environment(metres). Positive is degredation of performance,
negative is improvement.

to simplify truthing. The system was run for three days
and the distance from each of the roving receivers’ reported
positions to their true position recorded.

The difference between these two distances was used as a
metric for the performance of the system; if the correction
brought the solution significantly closer to truth than without
then the system was deemed to be performing as intended.

This difference is plotted over time in Figure 2 with
negative numbers indicating an improvement in performance.

Observation The addition of the corrections in this environ-
ment made the position significantly worse for much of the
operational period. Moreover, this performance was strongly
correlated with the time of day, indicating that it was caused
by a property of the satellite consellation (which also repeats
every 24 hours[5]).

Claim The tight correlation of the correction quality with the
satellite constellation indicates that the corrected received is
more strongly influenced by multipath signals from adjoining
buildings as compared to the uncorrected receiver. It is
concluded that the cheap GPS modules used disable some
amount of internal weighting heuristic when supplied with
external corrections.

It is not feasible to determine whether the rover is seeing
multipath and adjust the input UDRE weights from there as
the roving receivers do not provide raw outputs. Moreover
this would not scale to large numbers of rovers as each one
would require a customised RTCMv2 message.

As such it is concluded that the proposed differential GPS
system is not suitable for high multipath urban environments
due to proportionally-greater and unavoidable influence of
multipath signals in the corrected receiver relative to an
uncorrected module.

C. Field Environments

An experimental facility was then set up in a field location.
No significant obstructions were present in the vacinity of the
equipment so few multipath signals existed.
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Fig. 3. Absolute accuracy with respect to ground truth, corrected (green)
and uncorrected (red) receivers

B

Time

Fig. 4. Absolute accuracy with respect to ground truth, East/North plane
only, corrected (green) and uncorrected (red) receivers.

Similarly to the urban set up, three receivers were colo-
cated with one providing corrections, one receiving correc-
tions and one uncorrected control receiver.

Observation The corrected receiver showed significantly
better performance than the uncorrected with respect to
ground truth. In three dimensions, the error was on the order
of two metres (Figure 3) while also showing more consistant
positions over time.

In the East/North plane, the receiver showed an error on
the order of one metre with respect to ground truth.

Claim Accuracy in the EN plane is the most important for
field robotics due to the ready availability of height data from
other sources. The demonstrated accuracy in the horizontal
plane meets the design goal as the order of one metre

D. Ground Vehicle Testing

Testing was then performed using a ground rover robot.
The robot was equipped with two GPS modules as before,
one corrected and one uncorrected, both connected to Pix-
hawk avionics running the ArduRover code. A course was

Fig. 5. GPS path of corrected (purple) and uncorrected (blue) receivers
with ground truth path (white)

surveyed out on the ground and the rover was moved around
that course. The plot of corrected and uncorrected GPS paths
along with the surveyed ground truth can be seen in Figure
S.

Observation The corrected GPS receiver performs signif-
icantly better with respect to ground truth location. The
accuracy of the corrected track shape is not as good as the
uncorrected receiver. Moveover, the accuracy of the shape in
the North/South axis is worse than in the East/West

Remark The corrected receiver is affected by two sources of
noise: It’s own and that at the reference receiver. This extra
random noise manifests as greater short-term deviations from
the true path, most visible by a softening of the corners of
the track.

Claim The accuracy difference between North and East
axes indicates that a common offset was present in all
corrections at any given time. Given the geometry of the GPS
constellation and the lattitude of the test site, this constant
offset would lead on average to a greater error contribution
along that North/South axis. More error again would be
expected in altitude, however ground truth altitude data was
not available for the test site, nor is it particularly relevant
to field robotics (as discussed above).

This is expected to be due to the receiver clock error which
is common to all rovers receiving corrections from any one
reference station. It is not expected to contribute significantly
to error in relative position between agents.

E. Airbourne Testing

A critical property of GPS modules for aerial robotics
is their path stability at speed and during high-acceleration
manouvres. A test was run with corrected and uncorrected
receivers fitted to Pixhawk avionics and placed inside a fixed-
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Fig. 6.
with waypoint path (white)

GPS path of corrected (purple) and uncorrected (green) receivers

wing aircraft. The purpose of the test was to ensure that there
was no significant degredation of the path performance of the
corrected module at high speed and/or high acceleration.

Flight paths during a coordinated turn through two way-
points can be seen in Figure 6. No ground-truth path is
available to confirm absolute accuracy however it can be
seen that the corrected receiver (purple) does not exhibit
any instability or other bad behaviour compared to the
uncorrected receiver (green).

V. CONCLUSION AND FUTURE WORK

A Differential GPS system was implemented using only
low-cost GPS receivers and antennae and was tested in static
and roving environments. It was found to perform badly in
high multipath environments such as urban areas due to the
nature of the low-cost receivers and antennae used.

In open environments, it was found to produce an error in
altitude of between one and four metres, however the altitude
error is less important for field robotics than horizontal as
other sources of information are available on the vertical axis
such as barometric altitude.

The error in the East/North plane with respect to ground
truth was found to be reliably on the order of one metre
making it suitable for multi-agent tasks such as formation
control and inter-agent collision avoidance. It was common
for the accuracy of the system to be better along the East
axis than the North due to a poor estimate of receiver clock
error at the reference station combining with the geometry
of the satellites.

Future work would include the profiling of the clock in
the reference receiver in order to find an optimal estimator
for that clock error. This would in turn allow more consistant
accuracy along all axes. The accuracy of this DGPS system
with respect to inter-agent metrics in a multi-agent system
will also be investigated.

Given the low cost of the reference receivers, multiple
such receivers may be distributed in the experimental area
and a consensus reached on the corrections that should

be largely free of error from any one receiver clock. The
positional solutions would also benefit from integration with
other sources of data such as the received signal strength
of inter-agent communications. This would provide a largely
independent estimate of agent relative positions which in turn
could be used to improve the estimates of agent location and,
indirectly, improve the accuracy of the GPS corrections as
well.
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