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Abstract

This paper presents a novel design approach for mitigating the adverse effects of antenna
mountings on the radiation pattern of GNSS antennas. By employing a resistive structure
integrated into the ground plane, the proposed solution suppresses unwanted edge
diffraction and near-field reflections caused by nearby mounting hardware. The design is
developed using the concept of tapered resistive sheets and optimized using a customized
cost function that accounts for pattern degradation across multiple realistic mounting
configurations, ensuring robust performance under varying installation conditions. The
resulting structure is fabricated using additive manufacturing (AM), enabling precise
realization of complex resistive profiles with tailored surface impedance. Comprehensive
validation through both electromagnetic simulations and experimental measurements
demonstrates significant improvements in radiation pattern stability and reduced
sensitivity to near-field objects, particularly in critical GNSS bands such as E5a/L5 and
E1/L1. The results demonstrate that the proposed structure significantly enhances antenna
reliability and calibration integrity in real-world deployments, offering a practical,
hardware-based solution to a persistent challenge in high-precision GNSS systems.

Keywords: antennas; electromagnetics; GNSS; high accuracy; measurements

1. Introduction

Several high-precision applications, including geodesy, rely heavily on accurate
GNSS information [1]. However, the accuracy of this information is influenced by a
multitude of effects, such as multipath propagation, atmospheric effects, and antenna
nonidealities. As the first component in the chain, the antenna plays a critical role in
determining the overall performance of the system. While antenna contributions can be
calibrated out [2,3], the presence of objects in the near-field of an antenna can have a
significant impact on its performance. Mounting platforms, mechanical adapters, and
pillars can all contribute to changes in the antenna’s vicinity and cause invalidation of
calibration data [4].

These objects can contribute to reflection phenomena, leading to the distortion of the
radiation pattern of the antenna. The close proximity of these objects to the antenna results
in reflected signals that are significantly stronger than those from far-field multipath
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sources. This makes it more challenging to mitigate the effects of these objects using
processing algorithms. Furthermore, multipath signals that arrive within 100 ns of the line
of sight (LOS) signal are often beyond the capabilities of processing algorithms to filter
out, as noted in [4,5]. According to [6], the primary means of addressing near-field effects
lies in reducing nearby obstructions and optimizing the antenna’s physical design to
inherently suppress sensitivity to such disturbances. This highlights the importance of
considering the effects of near-field objects on antenna performance and the need for
effective mitigation strategies to minimize their impact: in particular, it would be very
beneficial to have structures capable of minimizing the sensitivity of the antenna to the
underlying objects.

There are various approaches to modifying the ground plane to enhance antenna
performance. For instance, ref. [7] presents a monopole antenna that integrates a single-
cell metamaterial structure with a defected ground plane (DGP) to achieve compact size
and improved bandwidth for WLAN and WiMAX applications. However, another critical
challenge lies in optimizing the ground plane to minimize the antenna’s sensitivity to
nearby objects, which is the primary focus of this work. A widely adopted and state-of-
the-art ground plane structure in geodetic GNSS applications is the choke ring [8].
However, as design complexity increases, such structures often suffer from significant
drawbacks in terms of size, weight, and manufacturing difficulty. Also, Electromagnetic
Band-Gap (EBG) ground planes have emerged as promising alternatives to conventional
choke rings due to their ability to suppress surface waves and reduce multipath effects.
Nevertheless, EBG structures are typically frequency-selective surfaces that offer a single
bandgap with limited bandwidth [8,9], restricting their effectiveness across multiple
GNSS bands. Another simple and cost-effective approach is the use of a rolled-edge
ground plane, which provides moderate performance at low cost; however, it tends to be
larger in footprint compared to both choke rings and EBG structures [8].

Our previous work [10] presented a novel antenna design aimed at improving GNSS
observation accuracy by reducing sensitivity to near-field environmental disturbances.
However, this design was specifically targeted at reference station applications, where
size and weight constraints are less critical. It incorporated relatively large and complex
choke rings to suppress multipath effects, which, while effective, significantly increased
the overall antenna footprint, making it unsuitable for integration into compact or mobile
platforms.

In contrast, the present study focuses on achieving robustness to mounting structures
while minimizing compromise to the antenna’s form factor. Rather than adding bulky or
complex components beneath the antenna, we propose a modified ground plane
structure, integrated directly into the antenna base, that enhances insensitivity to nearby
objects while maintaining a compact, lightweight profile.

This paper presents a comprehensive study of the modification of the ground plane
of an antenna to mitigate the effects of antenna mountings and enhance its performance
across multiple GNSS frequency bands, with a specific focus on the E5a/L5 and E1/L1
bands. By integrating a structure based on the principle of a tapered resistive sheet into
the antenna’s ground plane, the design effectively suppresses edge diffraction and
parasitic reflections induced by adjacent mechanical components, such as mounting
platforms and adapters, thereby enhancing radiation pattern stability without reliance on
post-processing corrections. Section 2 presents the theory and optimization of the
proposed structure, which is fabricated via additive manufacturing (AM) after a thorough
study of the relationship between target surface resistivity and implementable material
properties, as discussed in Section 3. The effectiveness of the implemented modifications
is rigorously assessed in Section 4 using both simulation and measurement techniques,
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confirming the structure’s ability to improve pattern stability under realistic conditions.
Finally, Section 5 draws the conclusions of the work.

2. Theory
2.1. Resistive Tapered Ground Planes

Resistive tapered ground planes offer a unique advantage in antenna design by
providing a distance-dependent surface resistivity. This property allows the surface
resistivity to progressively increase with distance from the antenna center [11], effectively
reducing the amount of unwanted radiation from the ground plane edges and hence the
impact of the underlying mounting structure on the antenna’s performance.

Furthermore, the use of tapered resistive sheets can also help to mitigate the issue of
backlobes in GNSS multipath [8,11,12]. Backlobes are a critical concern in antenna design,
as they can lead to signal distortion and interference.

In the context of GNSS antennas, the primary advantage of resistive tapered ground
plane techniques with respect to other surface current suppression methods lies in their
ability to support a broader range of GNSS frequencies, compared to other structures such
as choke rings or electromagnetic bandgap (EBG) structures. This is because resistive
tapered ground planes do not require resonance or interference effects, which can be a
limitation in other types of engineered ground planes [8].

In addition to the resistivity gradient and selection of suitable gradient values, the
positioning of the resistive sheet also plays a crucial role in determining the performance
of the selected approach. As demonstrated in [8], entirely replacing the metallic ground
plane with a material that maps the desired resistivity gradient can be an effective way to
achieve improved performance. An alternative approach to attach a tapered resistive
sheet that extends the metallic ground plane is shown in Figure 1. This approach, chosen
for this paper, offers a more flexible and adaptable solution that can be tailored to meet
the specific needs of the antenna design.

Tapered resistive sheet

DRA - element

Adapter \

Metallic ground
plane

Figure 1. [llustration of resistive sheet extending ground plane.

2.2. Antenna with Different Mounting Setups

Here, we have used, as an example, an in-house built antenna with a dielectric
resonator antenna (DRA) element. The antenna operates in a full GNSS L band from 1.1
to 1.6 GHz [10]. To investigate the mounting effects, two representative mounting models
are placed concentrically below the antenna. The simulation setup comprises three
distinct configurations, as depicted in Figure 2. Specifically, Figure 2a shows the antenna
without any additional mounting, Figure 2b illustrates the antenna with a metallic mount,
and Figure 2c depicts the antenna with a plastic mount. The adapter, depicted in green, is
fabricated from 3D printed material, UltiMaker PLA (polylactic acid). The maximum
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diameter of the adapter is 15.2 cm, and the plastic mount is 16 cm. These setups are
designed to simulate various real-world scenarios and to evaluate the performance of the
modified antenna in different environments.

16 cm

(@) (b) (c)

Figure 2. Setup of initial antenna, with mountings. (a) No mount. (b) Metal mount. (c) Plastic mount.

2.3. Modeling of Ideal Resistive Sheet

Our objective is to identify the most effective resistive sheet configuration. To achieve
this, we consider an exponential gradient, as already described in [11], as basic geometry
in our analysis. In general, the optimization of the resistive sheet is typically performed
using an ideally tapered resistive sheet, which is considered to be infinitely thin and
perfectly matches the resistivity gradient. This resistivity gradient is described by
Equation (1) [13]:

Z(x) = em(zf _Z°+1)'(xr::a:+xl:1in) +2zy— 1. M

The gradient exhibits an exponential behavior, with the surface resistivity Z varying
as a function of the distance x from the ground plane center. The sheet spans a region
between the inner boundary x,,;, and the outer boundary x,,,,, with resistivity values
Zy at Xpn and zp at xpg,. To identify the ideal starting and final resistivities, we
established a cost function that serves as a guiding metric for the optimization process.
This cost function is designed to minimize the variations in the antenna pattern when
mounted on different holders, thereby ensuring that the optimal solution is achieved. The
ideal resistive sheet is then optimized in Ansys HFSS using the cost function described in
the next subsection.

2.4. Cost Function

To obtain a comprehensive and single-value description of the antenna’s
performance, a cost function is defined that combines multiple antenna metrics, such as
realized gain amplitude and phase. This function incorporates both the calculated metrics
for the antenna with a metal mount and no mount, as well as the metrics for the antenna
with a plastic mount and no mount. The optimization of the cost function is presented as

COST =Xf YmXew(d, f,m ). |X (f, m )| + w(2, f,m, 0).|o(f, m, t)] @)

where the different parameters are extended by specific weights w(p, f,m,t), here p is 1
for mean and 2 for standard deviation. The cost function sums the absolute values of the
mean (X) and standard deviation (o) for each of the two mounting types (m), frequencies
(f), and analyzed parameter (t), considering both gain amplitude and phase. The weights
are used to assign varying levels of importance to each factor: frequency, mounting type,
and analyzed parameter type, allowing for a more nuanced and accurate evaluation of the
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antenna’s performance. The definition of the weights is calculated by a combination of
multiple factors defined above.

The metal mount factor is given more weight than the plastic mount in the analysis,
as it is known to have a greater impact on the antenna’s radiation pattern. Additionally,
the factor of the standard deviation is selected as more relevant in the calculation, as it
provides a better description of the variation in the antenna’s performance. The final
definition of the factors is presented in Table 1.

Table 1. Cost function factors.

Phase factor 2.5
Gain factor 1
Mean factor 0.4
Standard deviation factor 2
Frequency 1.176 GHz factor 1
Frequency 1.575 GHz factor 1.2
Metal mount factor 2
Plastic mount factor 0.8

The simulation parameters for the resistive sheet have been tuned inside the
practicable regions, specifically setting x,,;;, to the interior of the antenna and fixing X4,
at a value of 25 cm. The variables that were subject to optimization during the process

were z0 and zf. Figure 3 illustrates the resulting normalized cost values (COSTyormeq =
cost

COSTinitial

visual representation of the optimization outcome. The green color indicates lower cost,

) for the modified antenna design incorporating the resistive sheet, providing a

while the red color represents higher cost. The best obtained cost values are circled in
black and will be used later in the study.
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1.2

1.1

[
=1
(=]

0907 0917 0.837 0.886 0919 0.899 0890 0.824 0.822

0.886 0.761 0.872 0.800 0776 0848 0.855 0904 0.908

Start-resistivity in Q/sq
9
3
COSTnnrm:d

=)
3

0.800 0.806

1000 1250 1500 1750 2000 2250 2500 2750 3000
Stop-resistivity in {/sq

Figure 3. Normalized cost values of the modified antenna (selected values in black square).

3. Structure Manufacturing

According to the research presented in [14], it has been demonstrated that materials
with suitable permittivity (&) can be used to achieve a specific equivalent surface
resistivity, given as

—__J%
Re= ey ©3)
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with material thickness 7 < 4, and a relative permeability u, = 1. This finding has
significant implications for the implementation of resistive sheets, as it suggests that such
sheets can be theoretically realized by carefully selecting the permittivity of the material.
This is, for instance, possible by the AM technique [15].

By employing spatially varying infill configurations, the structure was designed to
exhibit gradient electromagnetic properties. The effective medium parameters were
evaluated using a unit cell model under normal incidence excitation, enabling the
characterization of the different unit cells' electromagnetic behavior. The EM fields
interact with the unit cell, leading to specific S-parameters, according to reflection and
transmission properties. These parameters enable the calculation of the effective refraction
index n.rr and effective wave impedance in the material z.f, as defined in [16], which
would lead to the calculation of effective material parameters of the designed unit cells.

For the manufacturing process, the FILAMAG-F filament is selected, provided by the
manufacturer HYMAG’IN [17]. This filament is a polymer filled with magnetic nanoferrite
powder, and according to the manufacturer’s information, it is capable of being
manufactured as electromagnetic (EM) absorbing structures using a commercial Fused
Deposition Modeling (FDM) 3D printer. The material is dispersive in nature, with relative
permittivity &, = 18.48 + 3.66j at L5 center frequency and &, = 17.63 + 3.15j at L1
center frequency.

Due to the limitations of the additive manufacturing technology, such as minimum
extrusion width, minimum and maximum layer heights and corresponding tolerances,
the 3D periodic structure is not suitable to manufacture the range of permittivity values
required to obtain the optimal resistivity range obtained in the previous section. To
address this issue, a 2D periodic structure is considered, which can be manufactured with
a single material layer. By decreasing the material thickness, the resistivity of the sheet
can be increased, allowing for more effective absorption of electromagnetic waves and
improved antenna performance.

The structure design is performed with a MATLAB 2022b script. The 2D periodic
structure consists of multiple hexagonal unit cells of size 7 mm, and its detailed
configuration is clearly illustrated in Figure 4. By varying the outer patch radius r and
material thickness 7, we can vary effective material properties. The equivalent resistivity
of the realizable effective material parameters is then calculated using (3). Figure 5
presents a graphical representation of the equivalent resistivity values, illustrating how
they change across r, with different line colors, visualizing material height.

()

(a) Single unit cell (b) Unit cell array

Figure 4. Unit cell of 2D structure with outer patch radius 3 mm. (a) Single unit cell. (b) Unit cell
array (with highlighted single unit cell).
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Figure 5. Selected equivalent resistivity curve for design process (r in mm).

The fabrication of this structure through additive manufacturing poses specific
limitations due to the effect of the print process on the bulk material properties [18] and
the minimum required size of the used nozzle (0.8 mm, as per manufacturer
recommendations), limiting the minimal wall thickness to 0.8 mm. Due to the unit cell size
of 7 mm, the maximum outer patch radius is then upper limited to 3.0 mm, hence resulting
in a maximum achievable resistivity of 2000 /0, while the minimum achievable
resistivity is approximately 75 (/o0 (see Figure 5). Consequently, the theoretically
optimal parameter set z0 = 0Q/0 and zf = 2250 Q/0, as shown in Figure 3, is not
realizable. On the other hand, it is possible to use the second optimal resistivity set, with
zo = 100 Q/0 and zr = 1500 Q/0.

The optimized ideal resistivity values are then transformed into a required unit cell
with specific material properties (e.g., permittivity), as defined by (3), which ultimately
enables the creation of a complete 3D structure with a progressive resistivity profile that
increases towards the outer regions. This is a significant departure from the ideal sheet
concept presented in Section 2.2 where a simplified 2D representation was used. The final
optimized values of outer patch radius and material thickness for the creation of each
hexagonal unit cell are presented in Figure 6.

Outer Patch Radius (mm)

28

22

Material Thickness (mm)

] _____IF

2
15
1
0.5
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Figure 6. Optimized outer patch radius (mm) and material thickness (mm) for each unit cell in the
structure.

The resulting manufactured 3D structure is a complex electromagnetic entity that can
be integrated into the antenna as an extended ground plane, as shown in Figure 7. To
ensure mechanical uniformity and facilitate secure attachment, an additional layer of
material is incorporated at the center of the structure (see Figure 7b).

(a) (b)

Figure 7. Model of implemented structure. (a) Side view. (b) Top view.

4. Structure Analysis
4.1. Analysis with Different Setups: Simulation

Next, the results of the antenna with and without structure are analyzed. Simulated
realized gain for all setups with the initial antenna, as mentioned in Section 2.2, is shown
in Figures 8 and 9, for L5 and L1 center frequency, respectively. The initial antenna setup
(a), as described, for E5a/L5 band, exhibits a realized RHCP gain of ~3.3 dBiC in the zenith
direction, accompanied by a gain roll-off of ~8 dB. Also, for the E1/L1 band, the antenna
achieves a realized RHCP gain of ~4 dBiC in the zenith direction, with a gain roll-off of
~10 dB.

Setup (a) RHCP (1.176 GHz) - Setup (b) LHCP (1.176 GHz)
- - == Setup (a) LHCP (1.176 GHz) Setup (¢) RHCP (1.176 GHz)
5 Setup (b) RHCP (1.176 GHz) Setup (c¢) LHCP (1.176 GHz)

Realized gain in dBi

Theta in °©

Figure 8. Simulated radiation pattern of initial antenna with different setups for L5 center frequency.

https://doi.org/10.3390/electronics15122651



Electronics 2026, 15, 2651

9 of 14

10

Setup (a) RHCP (1.575 GHz) - - - - Setup (b) LHCP (1.575 GHz)

- === Setup (a) LHCP (1.575 GHz) Setup (¢) RHCP (1.575 GHz)

5 Setup (b) RHCP (1.575 GHz) Setup (¢) LHCP (1.575 GHz)
0F

Realized gain in dBi
i
S

Ny N,
’ N INTAN
" v
" W
’ Wi
1 i
1 o
L i L L L

S W D D VD QDD
N P F S P F

Theta in °©

Figure 9. Simulated radiation pattern of initial antenna with different setups for L1 center frequency.

The modified antenna, which incorporates the addition of the optimized near-field
(NF) structure, is depicted in Figure 10. The diameter of the antenna setup has been
increased from 16 cm to 25 cm; however, this expansion was achieved without a
significant increase in overall weight due to the use of 3D printed material. This modified
antenna is a result of the design and optimization process discussed in the previous
section. Figures 11 and 12 show the near-field distributions of the initial and modified
antennas at the L5 and L1 center frequencies, respectively. It is clearly evident that, after
the integration of the proposed structure, the electromagnetic field intensity at the bottom
of the antenna is significantly reduced compared to the initial design. This suppression of
near-field energy minimizes the interaction between the antenna and nearby mounting
structures, thereby reducing sensitivity to the surrounding environment and enhancing
robustness in real-world installations.

Figure 10. Simulation setup of modified antenna.

50 50

10

40

n dB(V/m)

8
=

30

zcoordinate in mm

20

20

Ficld intensity in dB(V /m)

10 10

x-coordinate in mm x-coordinate in mm

(a) (b)

Figure 11. Near-field of the antenna at L5 center frequency. (a) Modified antenna. (b) Initial antenna.
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¢ in mm

x-coordinate in mm

(a)

z-coordinate in mm
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S S S S $
x-coordinate in mm

&
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10

Field intensity in dB(V/m)

Figure 12. Near-field of the antenna at L1 center frequency. (a) Modified antenna. (b) Initial antenna.

Similar to the initial antenna, the modified antenna is also tested using the three

different setups mentioned in Figure 2. Simulated realized gain for all three setups is

shown in Figures 13 and 14, for L5 and L1 center frequency, respectively. Figures show

that variations between the setups have reduced to a large extent. Additionally, the figures

show a notable reduction in backlobes, which is a key factor in minimizing GNSS

multipath effects.

10

- - - = Setup (a) LHCP (1.176 GHz)
Setup (b) RHCP (1.176 GHz)

Setup (a) RHCP (1.176 GHz) - - - - Setup (b) LHCP (1.176 GHz)

Setup (c) RHCP (1.176 GHz)
Setup (¢) LHCP (1.176 GHz)

Realized gain in dBi

Figure 13. Simulated radiation pattern of modified antenna with different setups for L5 center

frequency.
10
Setup (a) RHCP (1.575 GHz) - - - - Setup (b) LHCP (1.575 GHz)
- - - - Setup (a) LHCP (1.575 GHz) Setup (¢) RHCP (1.575 GHz)
5 Setup (c) LHCP (1.575 GHz)

Setup (b) RHCP (1.575 GHz)

=

Realized gain in dBi
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Figure 14. Simulated radiation pattern of modified antenna with different setups for L1 center

frequency.

The simulated initial antenna design had a cost function of 126, which served as a
baseline for evaluating the performance of the antenna. However, through the
modification of the antenna design with the inclusion of a near-field absorbing structure,
the cost function of the new antenna design has been significantly reduced to 41. This
represents an improvement of ~68% compared to the initial antenna design in simulation.

4.2. Analysis with Different Setups: Measurement

The next step in the evaluation of the antenna’s performance is to conduct
measurements in our in-house available MVG’s near-field semi-anechoic chamber, known
as Starlab. The initial antenna is measured in the Starlab chamber with all three defined
setups that were previously discussed in Section 2.2. Exemplary pictures of different
setups during measurements are shown in Figure 15, with no mount, a metal mount and
a plastic mount. Measured 2D realized gain patterns are shown in Figures 16 and 17, for

L5 and L1 center frequency, respectively.

(c)

Figure 15. Measurement of initial antenna, with mountings. (a) No mount. (b) Metal mount. (c)

Plastic mount.

10

Setup (a) RHCP (1.176 GHz) - - - - Setup (b) LHCP (1.176 GHz)
- - - = Setup (a) LHCP (1.176 GHz) Setup (c) RHCP (1.176 GHz)
5 Setup (b) RHCP (1.176 GHz) Setup (c) LHCP (1.176 GHz)
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Figure 16. Measured radiation pattern of initial antenna with different setups for L5 center

frequency.

The initial prototype antenna design exhibited a measured cost function of 268,
which was significantly higher than the simulated value of 126. Also, more oscillations
and differences are clearly visible in the radiation pattern plots. Several factors may have

https://doi.org/10.3390/electronics15122651
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contributed to this discrepancy, including imperfections in the manufacturing process,
feed lines, and the inclusion of a PCB with microstrip lines. Since this work focuses on the
design of the absorbing structure and not of the antenna per se, this is, however, not a
limiting factor.

10
Setup (a) RHCP (1.575 GHz) - - - - Setup (b) LHCP (1.575 GHz)
- - - = Setup (a) LHCP (1.575 GHz) Setup (¢) RHCP (1.575 GHz)
5 Setup (b) RHCP (1.575 GHz) Setup (¢) LHCP (1.575 GHz)
0F /////\i g

Realized gain in dBi

Theta in °

Figure 17. Measured radiation pattern of initial antenna with different setups for L1 center

frequency.

Next, the modified antenna is measured in the Starlab chamber, as shown in Figure
18. Obtained 2D realized gain patterns are provided in Figures 19 and 20, for L5 and L1
center frequency, respectively.

Figure 18. Measurement of modified antenna with no mount.

10 Setup (a) RHCP (1.176 GHz) - - - - Setup (b) LHCP (1.176 GHz)

- - - - Setup (a) LHCP (1.176 GHz) Setup (¢) RHCP (1.176 GHz)

5 Setup (b) RHCP (1.176 GHz) Setup (¢) LHCP (1.176 GHz)
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Figure 19. Measured radiation pattern of modified antenna with different setups for L5 center

frequency.
10 Setup (a) RHCP (1.575 GHz) - - - - Setup (b) LHCP (1.575 GHz)
- - - - Setup (a) LHCP (1.575 GHz) Setup (¢) RHCP (1.575 GHz)
5 Setup (b) RHCP (1.575 GHz) Setup (¢) LHCP (1.575 GHz)
0F N
2 ~
g
=
=8
é . \/,// vy
NN

Theta in °©

Figure 20. Measured radiation pattern of modified antenna with different setups for L1 center

frequency.

The integration of the absorbing structure with a tapered resistivity profile has led to
a significant improvement in the antenna’s performance, reducing the cost function to 123,
which is a reduction of approximately 54% to its initial value. Concurrently, the maximum
backlobe level has been suppressed by more than 5 dB compared to the original design,
demonstrating enhanced radiation pattern control and reduced sensitivity to near-field
disturbances.

5. Conclusions

In this paper, a novel structure was developed to minimize the dependence on
mounting structures by leveraging the concept of tapered resistive sheets. The designed
structure was realized using AM techniques, which enabled the creation of complex
geometries and control over the sheet’s effective properties. The measurement results
demonstrated that among the various mounting setups considered, the modified antenna
with the NF structure achieved a very good cost value improvement, with a remarkable
54% reduction in cost value. This achievement leads to a reduced impact of mountings on
the antenna’s performance in terms of gain amplitude and phase, as well as a decrease in
backlobe radiation, which in turn contributes to an improvement in GNSS multipath
performance.
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