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Abstract: Among antennas for Industrial, Scientific and Medical (ISM band) applications at 433 MHz, quarter-wave
monopole is a reasonably good trade-off between size, gain, and cost. The electrical performance of the monopole
is largely dependent on the quality of the ground plane (size and conductivity), which exhibits a practical limit on
the achievable gain as most industrial user environments can provide only a finite ground plane of finite electrical
conductivity. Establishing traceability in understanding the performance degradation due to such limits due to the
grounding dimension and conductivity is becoming mandatory. To this end, this work leverages universal
MATLARB in place of off-the-shelf software (HFSS or CST) for the quarter-wave monopole antenna simulation at
433 MHz parametrised with the ground plane’s dimension with respect to the wavelength (A). Results indicate that
by enlarging the ground plane’s size from 0.14 A to 14 A, the gain (directivity for PEC) from the 3D radiation pattern
rises from 1.79 dBi, then starts levelling off at 6.7 dBi (5.78 A), until saturating at 7.49 dBi (13 A). The radiation
efficiency and gain of various grounding conductivity scenarios (e.g., gold, aluminium, steel) are also quantified to
inform antenna designers and engineers for commercial, industrial, defence and space applications.

Keywords: antenna gain; antenna grounding; antenna modelling; antenna simulation; antenna optimisation; ISM
band; MATLAB; monopole antenna; 433 MHz

1. Introduction

Antennas have long been deployed as key components underpinning wireless communications,
ranging historically from radar and detection applications oriented for military use cases [1], to nowadays
4G and 5G communications [2], and towards future satellite internet [3] rollout and 6G [4,5]. For more than
a century, research into antennas has continuously been captivating researchers from electrical and
electronic engineering, as well as materials science [5]. Across the spectrum, compact microstrip antennas
at 2.4 GHz have extensively been designed and reported [6], as the frequency dominates the wireless
applications in human life (e.g., Wi-Fi, Bluetooth, audio-visual devices, radio control, car alarm, and
microwave oven).

Comparatively, 433 MHz of the Industrial, Scientific, and Medical (ISM) band has received very limited
attention in terms of device configurations and optimisation possibilities. The wavelength (~70 cm) indeed
results in huge challenges for antenna miniaturisation (to be as compact as 2.4 GHz devices) whilst
upholding a decent gain. Monopole or Yagi antennas are the mainstream solutions at the frequency of 433
MHz, though planar solution (e.g., microstrip patch) is possible at the cost of a big panel size (e.g., ~30 cm
by 30 cm). Note that miniaturised antennas (e.g., F-inverted [7], fractal [8], photonic bandgap [9], and
various bending methods [10,11]) have enabled compact devices at different down-scaling levels, however,
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the achievable gain is unacceptably insufficient (normally going negative, e.g., -15 dBi at 433 MHz as
reported in [11]) and hence struggling to meet the working range requirements for most wireless remote
applications. The push to develop smart sensor networks (e.g., surface acoustic wave sensors array) at 433
MHz (instead of the congested 2.4 GHz), coupled with the absence of experimental proof of reasonably
compact antennas with decent gains at this frequency, means that engineering the basic antenna structure
is of ongoing research and development interest.

Fundamentally and electromagnetically speaking, the first two key elements of an antenna are the
antenna length and impedance matching. While the importance of an antenna’s wire (or patch) size and
impedance balance is well recognised, there is little work to base the 433 MHz monopole antenna’s
performance improvement on the grounding plane.

For a quarter-wave monopole antenna (geometry shown in Figure 1 below), a perfect ground plane
indicates a perfectly conducting ground with an infinitely large radius, i.e., no leakage and no edge effects.
However, such assumptions are unrealistic as the ground plane should always be limited in both area and
conductivity. Nevertheless, it is expected that with a bigger ground size, more energy is diverted to a

.. feeding

interface

specific direction, i.e., higher directivity.

feeding location

Figure 1. Schematic plot of a quarter-wave monopole antenna model with a zoomed-in monopole rod interface
illustrating the feeding position at the geometry centre

On the contrary, the general effect of electrically small ground planes, as well as imperfectly conducting
earth grounds, is to tilt the direction of maximum radiation up to higher elevation angles. However, there
appears to be limited traceable data to validate and quantify the practice. Nevertheless, for an extreme case
that the ground plane is completely not available (i.e., antenna on the earth with highly resistive dry soil),
using counterpoise such as radial wires [12] bent downwards demonstrates to partially simulate the ground
plane equivalent to a half-wave dipole, though such configuration is out of the scope of this study that
assumes a solid ground plane in place.

The structure of the paper encompasses the following sections. Section 2 introduces the modelling
methods and assumptions. Section 3 reports the results and analysis, including sub-chapter 3.1 concerning
the effect of the grounding plane’s dimension on directivity, as well as sub-chapter 3.2 regarding the effect
of the grounding plane’s conductivity on directivity and gain. Section 4 summarises the novelty and
limitations that inspire future investigation.

2. Modelling Methods and Assumptions

Among off-the-shelf software candidates for antenna (and array) simulations, HFSS and CST are
arguably the most eminent tools. A range of solvers in HFSS are available, differing in the computation
methods, (e.g., FEM, IE, SBR+ Solver, FEBI, IE-Region, DDM, FA-DDM, Transient, CMA, and Eigenmode
solvers), while CST is eminent in its time (or frequency) domain solvers based on finite integration
techniques (FIT). Compared with HFSS [13] and CST [14] based simulations conducted in our previous
works, the MATLAB Antenna toolbox employed in this paper is based on the frequency-domain Method
of Moment (MoM) approach, which exhibits a series of advantages, i.e., suitability for quick prototyping,
quasi-open source (in low cost), flexibility (in coding and tuning parameters), fast (in particular for array
simulations), availability to run programmes online (via the cloud), and ease of communication among
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engineers with diverse technical backgrounds. It is well worth noting that existing papers using MoM-based
MATLAB codes for antennas development are largely concerning microstrip patch antennas [15,16] at 2.4
GHz, whereas quarter-wave monopole antennas have seldom been reported. In particular, there is a lack of
study into 433 MHz monopole using MATLAB, hence the topic is highly motivated to be researched
specifically with MATLAB in this work.

Mathematical modelling equations governing this field are well known in the literature [17-19], based
on which the most common quarter-wave monopole at 433 MHz is investigated in this work by scripting
in MATLAB to model and simulate the grounding dimensional effect on the key performance of the
antenna’s gain. A symmetric square-shaped metal ground plane is employed and meshed into two-
dimensional (2D) triangles, as depicted in the following Figure 2. The zoomed-in region represents the
central cylindrical rod of the monopole with a height (length) of a quarter wavelength as per the classic
image theory. The continuous surfaces of the metal grounding plane and the antenna rod (vertically placed)
are discretized into various adaptive sizes of triangular meshes with the surface current calculations
approximated by Rao-Wilton-Glisson [20] basis functions. Note that the non-uniform meshes distribution
captures the need for accurately characterize the surface current field of higher gradients, i.e., larger number
(and hence finer sizes) of triangular meshes are dedicated to edges, corners and feeding interfaces of the
monopole. In the case for dielectrics meshing (out of the scope for this study), three-dimensional (3D)
tetrahedrons will be attempted for volumetric meshing. In the current work, however, no dielectrics present
for the monopole, hence the metals discretization by surface meshing suffices.

NumTriangles : 3384
NumTetrahédra : 0
NumBasis : 4985
MaxEdgeLength - 0.1052
MeshMode

z(m)

y (m) i /‘\ < 1.5
2 ~ x(m)

Figure 2. Meshing visualisation for the entire ground plane (top-view) of the quarter-wave monopole antenna model
with a zoomed-in monopole rod region (see top right)

To formulate a more detailed understanding of the physics underpinning the grounding dimensional
size (area) effect, parameterization of the grounding dimension (area) is firstly performed on a square-
shaped grounding plane by only varying the size of the width (and hence the length at the same time),
based on which more complex grounding configurations can be targeted and investigated in the future
work. To gain fundamental knowledge of the grounding’s size effect, the antenna under test is intended to
be free from using any special medium (such as tunable dielectrics [21]) or structure (such as metamaterials
or photonic bandgaps). Note that conductivity of the ground plane is another independent topic to research,
for which we will report in section 3.2. In section 3.1 on studying the ground plane’s area effect, we firstly
assume a perfect electric conductor (PEC) by default in MATLAB for the ground plane, in which case
material losses due to the ground plane can be ignored, i.e., no metal loss and no dielectric losses. With the
assumed radiation efficiency of 100%, the antenna’s gain problem can thus be reasonably converted to the
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directivity investigation interchangeably (regardless of the reflection loss due to impedance mismatch and
polarization mismatch loss, though critical in the link calculation but out of scope for this specific study).
Note that in MATLAB, the directivity is characterized in the far field at 100 wavelengths away from the
antenna.

3. Results, Analysis and Discussions
3.1. Effect of Grounding Plane’s Dimension on Directivity

Results of the 3D radiation pattern and 2D directivity pattern are illustrated in Figure 3, for the
grounding dimension of 1 A (wavelength), 3 A, and 10 A, respectively. The complete results of directivity
versus the grounding plane’s size are recorded and shown subsequently in Figure 4. Subject to installation
limitations, Figure 4 indicates the impact of expanding the ground plane’s dimension from 0.14 A to 14 A.
The gain (used interchangeably as directivity for PEC) as obtained from the 3D radiation pattern increases
from 1.79 dBi and starts levelling off at 6.7 dBi (5.78 A), until it reaches the fully saturated value of 7.49 dBi
(13 A).

Ground dimension: 0.7m*0.7m (A) Ground dimension: 2.1m*2.1m (34) Ground dimension: 7m*7m (104)
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Figure 3. 3D radiation patterns (top row) and 2D pattern (az=0, see bottom row) obtained and analysed at 433 MHz
for the quarter-wave monopole (PEC) antenna with exemplary grounding sizes of A, 3 A and 10 A (from left to right,
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Figure 4. Simulation results of maximum (max.) directivity versus grounding plane size at 433 MHz of the quarter-
wave monopole antenna (PEC)
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Furthermore, Figure 5 below probes into antenna metrics in terms of lobes visualisation and
measurement, including (but not limited to) half-power beamwidth (HPBW), first-null beamwidth (FNBW),
front-to-back ratio (F/B), side-lobe level (SLL), maximum main lobe at a specific angle, as well as the
maximum back lobe at a corresponding angle (the results of which are detailed within the red box of Figure
5).

Directivity (dBi)
90

240 300
270

Figure 5. Antenna lobes metrics analysed at 433 MHz for the quarter-wave monopole (PEC) antenna with a ground
plane scale of 3 A

Impedance matching is tuned by modifying the feeding position (e.g., the distance away from the
centre point), while the resonating frequency is tuned by varying the antenna dimension (length). Figures
6 and 7 report the impedance and reflection loss from 425 MHz to 442 MHz, respectively. The current
intensity distribution is plotted in Figure 8. Note that the results of Figures 5-8 are all based on a monopole
antenna with a ground plane scale of 3 A by way of illustration. The results visualised in Figure 9 below
demonstrate that the near fields of electric (E) and magnetic (H) vector fields can independently exist.

Impedance
40 P :
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Figure 6. Impedance vs. frequency results illustration of a quarter-wave monopole (PEC) antenna with a ground
plane scale of 3 A
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Figure 7. Return loss vs. frequency results illustration of a quarter-wave monopole (PEC) antenna with a ground
plane scale of 3 A

Figure 8. Current distribution plot at 433 MHz of the quarter-wave monopole (PEC) antenna with a ground plane
dimension of 3 A

Electric (E) and Magnetic (H) Field
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Figure 9. Near-field visualisation of the electric and magnetic fields at 433 MHz for the monopole antenna with a
ground plane dimension of 3 A
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3.2. Effect of Grounding Plane’s Conductivity on Directivity and Gain

Another main contribution of this research is to quantify the impact of the grounding plane’s electrical
conductivity on the directivity and gain of a single monopole antenna, respectively. The same quarter-wave
monopole antenna topology as above is investigated by varying the ground plane’s materials (ranging from
PEC, silver, copper, gold, aluminium, tungsten, zinc, brass, iron, steel, and lead), whilst maintaining the
same geometry and dimension. Here the square grounding plane’s dimension is selected as 4 m (i.e., the
saturating threshold size as observed from section 3.1) to minimise the unstable effect due to the ground
plane’s area and also to reduce the computation burden. The script is briefed in Figure 10 below. Similar to
section 3.1, both the maximum directivity from the 3D radiation pattern and the directivity at the 2D plane
of az=0 (azimuth) are analysed and illustrated in Figure 11.

#effect of ground plane conductivity on directivity and gain

m = metal('steel")

pc=monopole( 'Conductor',m, 'Height',@.1627, "Width',0.0869, 'GroundPlanelLength’,4, 'GroundPlaneWidth’,4,...
'Feedoffset',[@ 0], 'Tilt', @, 'TiltAxis',[@ 1 @])

show (pc)

Z=1impedance(pc,433e6)

RL=returnLoss(pc,433e6)

E=efficiency(pc,433e6)

#%current(pc,433e6)

figure

pattern(pc,433e6)

figure

pattern(pc,433e6,0,0:1:360) %az=0,elevation from @ to 360

pattern_max = max(max(pattern(pc,433e6)))

T = table(Z,RL,pattern_max,E)

writetable(T, 'steel.txt")

Figure 10. Scripting in MATLAB for the quarter-wave monopole antenna’s modelling, calculations, and patterns

visualisation
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Figure 11. Simulated maximum (max.) directivity at 433 MHz of the quarter-wave monopole antenna with diverse
grounding conductors of the same device dimension

As distinct from the concept of an antenna’s gain, directivity is independent of dielectric and metal
ohmic losses. Accordingly, the directivity results in Figure 11 have nothing to do with the various metal
losses due to different finite conductive materials utilised. However, the conductivity of the grounding
material does affect the directivity by tilting the maximum radiation pattern and hence the maximum
radiation intensity. The newly derived results of gain versus materials of different finite conductivity are
presented in Figure 13 by multiplying the directivity (Figure 10) with the obtained antenna efficiency
(Figure 12).
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Figure 12. Simulated antenna efficiency at 433 MHz of the quarter-wave monopole antenna with diverse grounding
conductors of the same device dimension

i L . 857971 6.5725 6.55544 6.55452 8.52773

6.21614
6.01993

5.36018

4.58735

3.09822

Antenna Gain (dBi)

0+ L
PEC silver copper gold aluminiumtungsten zinc brass iron steel lead
Grouding Material

Figure 13. Simulated gain at 433 MHz of the quarter-wave monopole antenna with diverse grounding materials of the

same device dimension

Benchmarking the results of the ideal PEC grounding (infinite conductivity with a radiation efficiency
of 100%), the degradations of antenna gain due to using copper, aluminium, zinc, brass, or steel grounding
are all less than -0.2 dBi at 433 MHz. However, the degradations are higher for those based on silver (-0.5
dBi), gold (-0.7 dBi), tungsten (-1.3 dBi), and becoming significant for those grounded with iron (-2.1 dBi)
and lead (-3.6 dBi) at 433 MHz. The implications of such quantified performance degradation due to the
grounding materials can inform decision-making in a wide range of commercial applications such as the
optimisation of materials for vehicular antennas [22-24].

In addition to the conventional vehicular antenna application that can be foreseen, the insights are also
transferrable towards emerging industry applications at 433 MHz such as wireless passive monitoring of
instrumentation and process control for chemistry and nuclear power plants. This work also demonstrates
the added value of cost-effective synergy leveraging the availability of a universal software platform (i.e.,
MATLAB) for antenna hardware research and development.

Limitations do exist as the quarter-wave monopole studied in this work is squarely symmetric by
geometry (essentially a one-dimensional parametric representation instead of two-dimensional). Future
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work could investigate possibilities of cylindrically symmetric by geometry, as well as more non-uniformly
shaped grounding (e.g., triangular, rectangular, elliptical), the results of which will inform follow-up
iterations of experiments (fabrication, assembly, and measurement) for the antenna’s performance
optimisation.

4. Conclusion

This work quantifies the effects of the grounding plane on the directivity (and gain) of quarter-wave
monopole antennas at 433 MHz. Method of Moments-based MATLAB programmes are developed, the
simulations from which are replacing those from off-the-shelf software such as Ansys HFSS and CST.
Various facets of grounding characteristics are investigated, including the grounding plane’s area and
conductivity. The results are of both fundamental and practical importance for antenna device design and
materials selection at 433 MHz. Furthermore, the new quantitative data obtained in this work is insightful
for understanding the performance limits of monopole antennas in service or prior to calibration, inspired
by which a more proper calibration or compensation action can be taken for continuing performance gains
towards the maximally achievable operation.
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