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Abstract. Precise position information is important for ter-
restrial and airborne surveying systems, such as unmanned
aerial vehicles (UAVs). Those systems often rely on real-
time kinematic (RTK) global navigation satellite systems
(GNSSs) for position determination, where the GNSS an-
tenna mounting environment impacts the GNSS position ac-
curacy to a great extent. This paper investigates the impact
of different supplementary groundplane shapes, sizes, and
materials on multi-band patch and helical GNSS antennas at
both, the UAV rover and RTK base station with respect to the
achievable position accuracy. The groundplanes consist of
solid aluminum sheets or copper plated printed circuit boards
(PCBs) and are mounted directly underneath the GNSS an-
tennas. Appropriate supplementary groundplanes are found
to significantly improve the GNSS position accuracy in the
majority of test cases.

1 Introduction

Nowadays, unmanned aerial vehicles (UAVs) are used for a
large variety of applications, also impacting antenna mea-
surements (Umeyama et al., 2020; Cadavid et al., 2018;
Garcia-Fernandez et al., 2018). In situ UAV-based antenna
measurements are of particular interest for physically large
antennas, e.g., reflector antennas for satellite communica-
tion (Punzet et al., 2022), where traditional antenna measure-
ment techniques in an anechoic chamber are not applicable.
Precise position information in UAV-based measurements is
not only a prerequisite to obtain correct and reliable measure-
ment results, but also for safe operation of the UAV. The me-
chanical system UAV shows six degrees of freedom (6DOF).
The UAV orientation (e.g., roll, pitch, and yaw angles) and,
thus, the orientation of the probe-antenna(s) is determined

via inertial measurement units (IMUs) integrated in the UAV
flight controller (FC). Furthermore, global navigation satel-
lite systems (GNSSs) determine the 3-dimensional (3D) spa-
tial coordinates (e.g., x, y, and z in Cartesian coordinates) of
the UAV (Punzet and Eibert, 2021).

Standard standalone GNSS receivers achieve a position
accuracy in the meter-range (Eissfeller et al., 2007), which
is not sufficient for many surveying systems. Real-time kine-
matic (RTK) GNSS is a technique used to improve the posi-
tion accuracy by using multiple GNSS receivers. The RTK
base station at a fixed location derives its location via re-
ceived GNSS signals and computes the error in this mea-
surement by comparison to its fixed location. It then sends
the error information as correction data to the rover. The
rover uses the correction data to improve its own position,
also computed from GNSS and, thus, can achieve centimeter-
level position accuracy (Kaplan and Hegarty, 2006). Hence,
RTK-positioning is of particular interest for measurement ap-
plications, such as UAV-based antenna measurements.

Not only the implementation of the GNSS receiver itself,
but also the receiving GNSS antenna is a critical system
component. Maximum satellite coverage and most reliable
position data are obtained with multi-band GNSS antennas,
where detailed information on radiation patterns, material
properties or simulation models are often not available. An
additional groundplane may be beneficial or even required,
depending on the antenna design. Hence, the impact of the
antenna mounting environment must be evaluated experi-
mentally.

The influence of different groundplane materials, shapes,
and sizes on the achievable position accuracy of lightweight
multi-band patch and helical GNSS antennas mounted on
a UAV was investigated in Punzet and Eibert (2021). This
paper continues this research investigating different ground-
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plane configurations of the RTK base station with respect to
the achievable position accuracy.

2 Evaluation method

The investigated antennas are shown in Fig. 1. Table 1 lists an
excerpt of the antenna data. All antennas include low noise
amplifiers (LNAs), support multi-band operation, and are
right-hand circular polarized (RHCP). The TOPGNSS and
Beitian antenna are lightweight and compact in size, mak-
ing them highly applicable for UAVs. The u-blox antenna
includes a permanent magnet for mounting it onto ferromag-
netic structures, making this antenna unsuitable for usage on
UAVs, as it interferes with the magnetic compass built into
the UAV flight controller.

The received GNSS signals are decoded and processed by
two u-blox ZED-F9P GNSS receivers with the firmware ver-
sion HPG 1.13, one configured as rover and the other con-
figured as RTK base station. Besides RTK-positioning, the
receivers also support standalone operation and the GNSSs
global positioning system (GPS), global navigation satel-
lite system (GLONASS), Galileo and BeiDou navigation
satellite system (BDS) in the frequency bands L1OF, L1C/A,
E1B/C, B1I, L2OF, L2C, E5b and B2I (u-blox, 2021).

The RTK base station uses the u-blox ANN-MB patch an-
tenna, which was bundled with the u-blox ZED-F9P GNSS
receiver. The antenna requires an additional groundplane (u-
blox, 2019a), which was confirmed in our tests. No GNSS re-
ception could be established with groundplanes of a diameter
smaller than 12 cm. Therefore, the RTK base station antenna
remained mounted on a 6 mm thick solid aluminum ground-
plane, during all test. Here, two different groundplane shapes
were investigated; one square 30 cm× 30 cm large and a cir-
cular one with a diameter of ∅ 15 cm.

Consecutive measurements were taken where both anten-
nas, rover and RTK base station, remained at a fixed out-
door location in 1.5 m height above ground. Thereby, differ-
ent supplementary groundplanes were mounted directly un-
derneath the GNSS antenna on the UAV:

– None, built-in antenna only

– ∅ 10 cm circle, 1.6 mm thick PCB, double- sided copper
plated flame retardant 4 (FR4) (weight: 20.89 g)

– 10 cm× 10 cm square, 1.6 mm thick PCB, double-sided
copper plated FR4 (weight: 23.91 g)

– ∅ 15 cm circle, 6 mm thick solid aluminum (weight:
231.8 g)

– 30 cm× 30 cm square, 6 mm thick solid aluminum
(weight: 1.455 kg)

The GNSS position was recorded for t = 600 s, which equals
N = 3000 samples at a position update rate of 5 Hz, as

this approximately corresponds to the maximum continuous
flight time with the current UAV setup.

We calculate the deviation around the mean position of all
measured n ∈N positions

1p,n = pn−
1
N

N∑
i=1

pi n ∈N , (1)

for latitude (p = Lat), longitude (p = Lon) and altitude (p =
Alt) and twice the distance root mean square (2DRMS) (Sanz
Subirana et al., 2013, p. 150)

12DRMS =

√√√√ 1
N

N∑
i=1

(
12

Lat,i +1
2
Lon,i

)
. (2)

Furthermore, We define two figures of merit (FoM) as per-
formance metric for the 3D position accuracy of the UAV, as
a UAV shows 6DOF:

– The standard deviation σ2D = SD(12DRMS) for the hor-
izontal error

– the standard deviation σAlt = SD(1Alt) for the vertical
error,

where both approach a value of zero for a non-moving GNSS
receiver (like in the investigated scenario) and in the case of
perfect position accuracy. By using two distinct FoMs, we
can distinguish the influence of the additional groundplanes
on the horizontal and vertical error separately.

3 Results

Table 2 lists the measured results.
The impact of different groundplanes on the u-blox ANN-

MB antenna is of particular interest, since it is used for the
RTK base station and the rover corrects its computed location
based on the correction data provided by the RTK base sta-
tion. Concerning all 12 tested cases, measurements showed
worse σAlt in 11 cases and worse σ2D in 8 cases, when utiliz-
ing the 30 cm× 30 cm square aluminum groundplane instead
of the ∅ 15 cm round aluminum groundplane on the u-blox
ANN-MB antenna at the RTK base station. No GNSS recep-
tion could be established with groundplanes of a diameter
smaller than 12 cm, which was to be expected, since the an-
tenna requires an additional groundplane (u-blox, 2019a).

Patch antennas with small groundplanes show back lobes
in their radiation pattern (Balanis, 2016). This makes them
susceptible to multi-path GNSS signals, e.g., reflected off
the ground (Punzet and Eibert, 2021). A larger ground-
plane mitigates this effect (u-blox, 2019b). In case of the
TOPGNSS AN506G patch antenna, utilizing the ∅ 15 cm
round aluminum groundplane (Fig. 3a) instead of the 30 cm
× 30 cm square aluminum groundplane (Fig. 2a) at the RTK
base station showed equal or lower σ2D in 9 out of 10
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Figure 1. Investigated antennas. (a) u-blox ANN-MB patch antenna mounted on the ∅ 15 cm circular aluminum groundplane. (b) TOPGNSS
AN506G patch antenna mounted on the 10 cm× 10 cm square PCB groundplane. (c) Beitian BT-560 helical antenna mounted on the ∅ 10 cm
circular PCB groundplane.

Table 1. Excerpt of the tested GNSS antennas data sheets (u-blox, 2019a; TOPGNSS, 2020; Beitian, 2020). All antennas are right-hand
circular polarized (RHCP), support multi-band operation and include low noise amplifiers (LNAs).

Antenna u-blox ANN-MB TOPGNSS AN506G Beitian BT-560
Type patch (ceramic) patch (ceramic) helical
Frequency bands L1, L2, E5b, B2I L1, B1, L2, B2 L1, E1, B1, B3, L2, E5b, B2
Antenna gain ≤ 3.0 dBi ≤ 4.0 dBi ≤ 3.0 dBi
Matching (VSWR) ≤ 2.0 ≤ 2.0 ≤ 2.0
Phase center offset ± 10 mm ± 2 mm ± 2 mm
LNA gain (typ.) 28 dB± 3 dB 36 dB± 2 dB 35 dB± 3 dB
LNA noise figure ≤ 3.2 dB ≤ 1.8 dB ≤ 1.8 dB
Size 82 mm× 60 mm× 22.5 mm 55 mm× 55 mm× 15 mm ∅ 27 mm× 59 mm × 14 mm
Weight 173 g ≤ 75 g ≤ 20 g

Table 2. Measured impact of different groundplane configurations on position accuracy for the investigated GNSS antennas with RTK-
positioning.

Antenna u-blox ANN-MB patch TOPGNSS AN506G patch Beitian BT-560 helical

RTK groundplane circle Alu square Alu circle Alu square Alu circle Alu square Alu

FoM in cm σ2D σAlt σ2D σAlt σ2D σAlt σ2D σAlt σ2D σAlt σ2D σAlt

none, built-in antenna only – – – – 0.29 0.18 3.31 3.85 0.26 0.71 1.37 4.14
∅ 10 cm circle PCB – – – – 0.20 0.41 0.38 2.61 0.26 2.34 0.37 1.54
10 cm× 10 cm square PCB – – – – 0.21 0.82 0.16 1.42 0.11 0.41 0.41 2.40
∅ 15 cm circle Alu 0.43 0.58 2.05 2.93 0.20 0.00 0.20 0.41 0.25 0.48 0.06 1.74
30 cm× 30 cm square Alu 0.37 0.86 0.24 4.11 0.09 0.00 0.25 3.26 0.65 0.00 0.20 2.44

tested cases. Furthermore, utilizing the ∅ 15 cm round alu-
minum groundplane at the RTK base station significantly
reduced the variation in altitude over time (Fig. 2b) com-
pared to the 30 cm× 30 cm square aluminum groundplane at
the RTK base station (Fig. 3b). The smallest overall devia-
tion was achievable with the ∅ 15 cm or 30 cm× 30 cm alu-
minum additional groundplane underneath the antenna. The
TOPGNSS patch antenna seems to benefit from a larger sup-
plementary groundplane. However, in the case that a large
additional groundplane is not implementable on the UAV, the

best tradeoff with low overall deviation was achievable with-
out a supplementary groundplane.

In case of the Beitian BT-560 helical antenna, utilizing the
∅ 15 cm round aluminum groundplane (Fig. 5a) instead of
the 30 cm × 30 cm square aluminum groundplane (Fig. 4a)
at the RTK base station showed equal or lower σ2D in 8 out
of 10 tested cases. Furthermore, utilizing the ∅ 15 cm round
aluminum groundplane at the RTK base station significantly
reduced the variation in altitude over time (Fig. 4b) compared
to the 30 cm × 30 cm square aluminum groundplane at the
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Figure 2. TOPGNSS AN506G patch antenna in conjunction with
the 30 cm× 30 cm square aluminum groundplane at the RTK base
station.

RTK base station (Fig. 5b). The lowest overall deviation was
achievable with the 10 cm × 10 cm square PCB additional
groundplane underneath the antenna.

Replacing the 30 cm× 30 cm square by the ∅ 15 cm alu-
minum groundplane at the RTK base station improved the
altitude FoM σAlt by a factor of up to 21 and the horizon-
tal FoM σ2D by a factor of up to 11. Adding a supplemen-
tary groundplane to the rover GNSS antenna improved the
altitude FoM σAlt by a factor of up to 9 and the horizon-
tal FoM σ2D by a factor of up to 22. In all investigated
cases, we achieved best position accuracy (σ2D = 0.09 cm
and σAlt = 0.00 cm) with the u-blox ANN-MB antenna com-
bined with the 30 cm× 30 cm square aluminum groundplane
at the RTK base station and the TOPGNSS AN506G patch
antenna combined with the 30 cm× 30 cm square aluminum
groundplane at the rover. However, such a large supplemen-
tary groundplane at the rover is not practical due to size and
weight constrains of the UAV.

Figure 3. TOPGNSS AN506G patch antenna in conjunction with
the ∅ 15 cm circular aluminum groundplane at the RTK base sta-
tion.

4 Conclusions

Choosing an appropriate groundplane for the rover and
RTK base station GNSS antenna significantly influences the
achievable GNSS position accuracy of a flying UAV. Espe-
cially the RTK base station antenna shows a substantial im-
pact on the achievable position accuracy, since the rover cor-
rects its position based on the correction data supplied by
the RTK base station. An optimal additional groundplane for
GNSS antennas must mitigate multi-path signals while main-
taining a sufficient antenna axial-ratio preserving the RHCP
of GNSS signals. However, the optimum groundplane size
and shape depend on the particular GNSS antenna and must,
therefore, be evaluated on a per-antenna basis (Punzet and
Eibert, 2021).
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Figure 4. Beitian BT-560 helical antenna in conjunction with the
30 cm× 30 cm square aluminum groundplane at the RTK base sta-
tion.
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