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Abstract: Grounding is a critical factor in the performance of quarter-wave monopole antennas. Previous studies 

have explored finite, continuous grounding configurations with one- and two-dimensional variations in size for a 

433 MHz vertical monopole antenna, identifying optimal geometries that maximize directivity while minimizing 

material costs and grounding size. However, these findings are not directly applicable to mission-critical 

environments (e.g., space, airborne, underwater, or ground-based applications) where continuous metallic 

grounding may be unavailable. This study extends the investigation to discretized grounding configurations, 

specifically employing radial monopoles formed by metal rods arranged in sparse or dense radial patterns. Both 

flat planar and inclined configurations of radial rods are analysed, with a focus on understanding the influence of 

design parameters, such as radial length and inclination angle, on antenna directivity and radiation patterns—key 

factors affecting signal reception in wireless communication systems, particularly in applications such as the 

internet of things (IoT). Using the Method of Moments (MoM) for simulation, the study provides practical 

guidelines for optimizing the design of 433 MHz monopole antennas constrained by finite and discrete grounding 

structures. The results indicate that an elevated radial configuration, consisting of five radials inclined at 5° from 

the monopole plane (equivalent to 85° from the horizontal plane) with a radial length of 2.5 meters, achieves a 

directivity of 9.23 dBi at 433 MHz. This represents a significant improvement over the flat planar configuration, 

which achieves a directivity of 6.23 dBi under the same conditions. These findings are particularly relevant for 

mobile communication, Internet of Things (IoT) devices, and radiofrequency (RF) systems requiring high 

performance from vertical monopole antennas in challenging grounding environments. 

Keywords: Antenna directivity; Electromagnetics; Grounding in monopole antennas; Image theory; Internet of 

Things; ISM band; Radial monopole; 433 MHz 
 

1. Introduction 

The frequency spectrum from 410 MHz to 6 GHz has been integral to Long-Term Evolution (LTE) for 

fourth-generation (4G) wireless communication [1,2] and the sub-6 GHz band for fifth-generation (5G) 

New Radio (NR) [3,4], underscoring its strategic significance in both historical and current communication 

systems. Within the lower frequency range, the 433 MHz band, allocated for industrial, scientific, and 

medical (ISM) applications [5,6], holds particular importance. In this band, quarter-wavelength vertical 

monopole antennas [7,8] serve as critical, compact front-end devices for wireless communication systems.  
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The monopole antenna holds a significant place in the history of wireless communications, with its 

origins tracing back to the pioneering work of Guglielmo Marconi, often regarded as the father of wireless 

technology. Traditionally, the monopole antenna operates as a quarter-wavelength structure, with the 

height of the monopole above the ground plane serving as a critical design parameter. A key principle 

underlying its performance is image theory, which relies on the presence of an electrically large ground 

reference plane to create a mirror image of the radiating element, thereby enhancing its radiation 

properties. A comprehensive review of existing research on monopole antennas, including their 

theoretical foundations, can be found in [9,10]. Notably, the studies in [7] and [8] (our prior works) 

examine the critical role of ground planes, which electromagnetically replicate the other half of a dipole 

according to image theory [10,11]. These works investigate the performance metrics of a 433 MHz quarter-

wavelength monopole antenna, such as gain, radiation patterns, voltage standing wave ratio (VSWR), and 

impedance matching. The analyses compare these metrics across various grounding configurations, 

including differences in material conductivity and geometries, specifically one-dimensional variations [7] 

and two-dimensional variations [8] in the sizes of the grounding planes.  

It is important to note that the two foundational studies on the impact of monopole grounding were 

conducted using a continuous grounding plane with finite size and conductivity. In practical applications, 

particularly in constrained environments such as those found in Internet-of-Things (IoT) devices, the ideal 

continuous ground plane is often unavailable. In applications where continuous metallic grounding is 

unavailable (e.g., space, underwater, airborne, and ground-based scenarios), the insights derived from 

continuous grounding configurations are not directly applicable to discrete grounding structures for 

accurate performance prediction and informed decision-making. To address this limitation, a 

comprehensive investigation into discrete grounding configurations is essential. Discrete grounding offers 

potential advantages, including system miniaturization in terms of size, weight, and material cost. It is 

therefore crucial to explore the feasibility of replacing conventional continuous grounding planes with 

discrete or defected grounding structures. Specifically, the study must determine whether discrete 

configurations can achieve equivalent directivity or comparable gain without significant performance 

degradation. Addressing this research question and bridging the existing knowledge gap in the context of 

433 MHz radial monopole antennas is of strategic importance for advancing antenna design in 

constrained environments. 

Figure 1. Evolution of 433 MHz vertically oriented monopole antenna designs, transitioning from continuous 

grounding (square, rectangular, circular) in previous works to discrete radial grounding in this work. Note that the 

vertical monopoles are insulated from both the continuous grounding planes and the discrete radial structures. 

To address these limitations, radial ground configurations using discrete radial elements are 

employed. The performance of these configurations is influenced by several parameters, including the 

number and length of radial ground elements, the angle between radials, and their spacing relative to the 

monopole. Previous studies on the use of noncontinuous grounding solutions, such as radials [12,13], 

have primarily focused on frequencies in the low megahertz (MHz) range (e.g., 10 MHz [12]) or the 
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gigahertz (GHz) range [13]. However, there is a notable scarcity of research addressing the optimization of 

radial monopoles specifically for the 433 MHz Industrial, Scientific, and Medical (ISM) band, as defined 

by the International Telecommunication Union (ITU) and its Radio-Communication Sector (ITU-R). To 

address this gap, the present work investigates the performance of a 433 MHz vertical monopole antenna 

with radial grounding configurations, as illustrated in Figure 1. Radials, as a discrete alternative to 

continuous grounding planes, function analogously to meshes of a flat, continuous metallic plane, with 

the discrete elements interconnected via a small central metal disk, as depicted in Figure 1. The density of 

the radial rods, effectively forming the mesh, is determined by the number of radials employed (e.g., the 

example in Figure 1 shows a configuration with four radials). This study seeks to quantify the impact of 

these discrete grounding designs on antenna performance in the 433 MHz ISM band. 

As illustrated in the three-dimensional (3D) models in Figure 2, this study employs the same 

monopole geometry as reported in our previous works on monopoles with continuous (but finite) 

grounding [7,8], specifically maintaining the vertical monopole height (Hmono ) and the rod's cross-

sectional size (Wmono). In this work, however, the grounding is replaced with a radial wire configuration, 

with key parameters including radial length (Lradial), radial width (Wradial), number of radials (Nradial), and 

angular spacing (θradial) between adjacent radial rods. It is important to note that the vertical monopole, 

extending from the feed, is electrically insulated from the grounding structure. The primary objective is to 

quantitatively compare the radiating performance of the radial monopole antenna with that of the 

conventional monopole antenna featuring continuous (but finite) grounding, particularly the optimized 

configurations from [7] (one-dimensional variation of the grounding size) and [8] (two-dimensional 

variation of the grounding size). In addition to the flat planar radial arrangement, Figure 2 also shows an 

elevated radial configuration, where the radial rods are inclined at an angle (α) relative to the vertical 

plane, with 90° representing the planar (horizontal) configuration. 

Figure 2. Depiction of 2D and 3D models of 433 MHz monopole antennas (centre-fed and electrically insulated from 

radial grounding rods, which are interconnected via a small metal disk). Two radial arrangements are considered and 

compared in this study: a planar distribution at ground level and an elevated configuration with inclined angles.  

The paper is organized into six sections. Sections 2, 3, 4, and 5 present the variations in antenna 

directivity and radiation patterns (both 2D and 3D) as a function of the radial grounding parameters. The 

Method of Moments (MoM) [14,15] is used to solve the Green's Function [11] in free space, assuming all 

metallic components are perfect electric conductors (PEC). A summary of the workstation setup is 

provided in Table 1 below.  

Table 1. Computational workstation setup supporting this study 
Items Details 

CPU AMD Ryzen Al 9 HX 370 w/Radeon 890M 

GPU NVIDIA GeForce RTX 4060 Laptop GPU GDDR6 @ 8 GB (128 bits) 

Memory 32 GB LPDDR5X 7500 MHz 
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Specifically, Section 2 examines the impact of radial rod density (number of radials) in the planar 

grounding configuration. Section 3 explores the effect of radial length in the planar arrangement. Section 4 

investigates the influence of tilting the radials at inclined angles, resulting in a sloping ground 

configuration. Section 5 extends the numerical investigations by varying the number of radials (from 4 to 

32) and their lengths (from 0.05 m to 5 m, corresponding to 7.14λ), which presents a comprehensive 

analysis that integrates both two-dimensional and three-dimensional dependencies. This structured 

approach provides both theoretical and practical insights into the optimization of monopole antennas, 

with a focus on addressing the challenges posed by constrained grounding environments. Section 6 

synthesizes these findings (continuous vs. discrete, planar vs. non-planar) to inform comprehensive 

decision-making, such as how to design a compact 433 MHz monopole antenna without compromising 

antenna gain. These insights provide valuable guidance for future research endeavors. 

2. Impact of Radial Distribution Density on Antenna Directivity 

In this section, we fix the radial length at Lradial=2 m (corresponding to a grounding size of 4 m, as 

determined in the continuous square-shaped grounding optimization study for the 433 MHz monopole 

[7]), while examining the effect of varying the number of discrete radial rods, i.e., parameterizing Nradial 

from 4 to 32, on the maximum directivity obtained from the 3D radiation pattern. Two distinct monopole 

cross-sectional designs are compared, as represented by the black and red curves in Figure 3. These 

designs are identical in terms of monopole rod height (following the quarter-wavelength principle), 

differing only in the cross-sectional sizes, specifically the Wmono for the square-shaped monopole rod. The 

black curve corresponds to the monopole rod with Wmono=0.0099 λ (the same size as the optimized design 

in [7]), while the red curve represents a thinner monopole rod with Wmono=0.0024 λ. 

Figure 3. Simulated maximum directivity from the 3D radiation pattern as a function of the number of radial rods for 

two radial monopole designs with a grounding size of 4 m, differing in monopole cross-sectional sizes. 

As shown in Figure 3, for the Wmono=0.0099 λ design, the maximum directivity generally increases 

with the number (density) of radials, leveling off at approximately Nradial=18, where the maximum 

directivity saturates at 4.08596 dBi. In contrast, for the Wmono=0.0024 λ  design, a local maximum in 

directivity occurs earlier at Nradial =5, outperforming other radial configurations, although a similar 

increasing trend is observed from Nradial=16. In summary, the optimal number of radials for achieving the 

maximum directivity of 4.91148 dBi is 5. 
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3. Generalized Effect of Radial Length on Directivity and Radiation Patterns 

In this section, we maintain the optimal number of radial rods (Nradial=5) for the Wmono=0.0024 λ 

monopole design and investigate the effect of radial length (Lradial ) or grounding size (2Lradial ) on 

radiation patterns and directivity. The results are compared with those obtained from a square-shaped 

grounding plane of the same size (2Lradial) and a circular grounding plane with a diameter of 2Lradial. This 

comparison is conceptually significant, as illustrated in Figure 4 below, which shows the transition from 

continuous (square and circular) to discrete (radial rods) geometries in an area-reducing manner—first 

truncating the four edges of the square to form a circle, then removing most of the area from the circle to 

form radially distributed rods. 

Figure 4. 2D top view illustrating the evolution of planar grounding from continuous square (asymmetric) to 

continuous circular (symmetric), and from circular (continuous) to radial (discrete). 

Figure 5. Maximum directivity of 3D radiation pattern parameterized with the grounding sizes of three grounding 

options (square plane, circular plane, and radial rods). 

The Lradial in the square grounding configuration represents the shortest distance from the central 

feed point (where the vertical monopole is located) to the edge of the metal plane (ground). In other 

words, the benchmark for the asymmetric grounding geometry (i.e., the square grounding) is based on 

this shortest distance, defining the grounding size as 2Lradial. In contrast, for the circular and radial 

grounding configurations, this consideration is unnecessary, as the geometries are symmetric in the 
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grounding plane, and the grounding size is consistently treated as 2Lradial. The generalized results are 

presented in Figure 5, illustrating the grounding size parameterization ranging from 0.1 m to 7 m, which 

corresponds to a wavelength range from 0.14λ to 10λ. 

Resultantly, the square-shaped grounding configuration (providing the largest grounding area for 

the feature size Lradial) yields the highest directivity, followed by the circular configuration, and then the 

radial one. This trend is exemplified by the grounding size of 2.9 m (Lradial=1.45 m), corresponding to 

4.14λ. The difference in achievable directivity can be attributed to the grounding area, with square > 

circular > radial in terms of performance. Notably, at a grounding size of 5 m (7.14λ) with Lradial=2.5 m, 

the radial design (6.0279 dBi) outperforms the circular grounding design (5.52 dBi). To provide a broader 

perspective on the radiation patterns in both 3D and 2D (azimuth angle of 0°, abbreviated as az = 0°), 

Figures 6 and 7 present the results for the grounding sizes of 2.9 m and 5 m, respectively. 

Figure 6. Maximum directivity derived from 3D and 2D (az = 0°) radiation patterns of three monopole antenna 

designs at 433 MHz with a grounding size of 2.9 m, comparing square plane, circular plane, and radial configurations. 

Figure 7. Maximum directivity derived from 3D and 2D (az = 0°) radiation patterns of three monopole antenna 

designs at 433 MHz with a grounding size of 5 m, comparing square plane, circular plane, and radial configurations. 
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4. Impact of Elevated Radial Inclination on Directivity and Radiation Patterns 

While the sources of directivity improvement can vary—such as by increasing the metallic grounding 

area or deploying antenna arrays—these conventional methods often require additional space and incur 

higher costs. In this section, we explore a vertically tilted approach for arranging the radial rods, as 

illustrated in Figure 2. The optimized values of Nradial=5 (from Section 2) and Lradial =2.5 m (from Section 

3) are fixed, while the vertical tilt angle 𝛼 (shown in Figure 8) is varied from 90° (representing the planar 

solution analyzed in Sections 2 and 3) to 0° (vertical alignment with the monopole). The results are 

presented in Figure 9, where 90° ‒ 𝛼 represents the tilting angle relative to the horizontal plane. 

Figure 8. Schematic of vertically angled radials with an inclination of α degrees from the vertical plane. 

 

Figure 9. Directivity enhancement through vertically angled radials (𝛼 degrees from the vertical plane) at 433 MHz. 

As demonstrated by the numerical results in Figure 9, tilting the radials away from the vertical plane 

by 5° leads to a significant improvement in antenna directivity, increasing from 6.03 dBi (for the 

optimized planar design from Sections 2 and 3) to 9.23 dBi (with a 5° tilt from the vertical plane, or 85° 

from the horizontal plane). This enhancement in directivity mimics the behaviour of an antenna array, 

despite the fact that only a standalone monopole with vertically angled radials is used. This elevated 

radial grounding configuration provides an opportunity to optimize a compact and simple monopole 
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antenna without the need for arrays. To further support these findings, Figure 10 presents the 3D and 2D 

radiation patterns for two radial grounding configurations: one with a planar (non-tilted) arrangement 

and the other with an 85° tilt angle from the horizontal plane. 

Figure 10. 3D and 2D (az = 0°) radiation patterns of two radial monopole antenna designs at 433 MHz. Both designs 

use 5 radial rods with a radial length of 2.5 m, differing in tilting angles from the horizontal plane. 

5. Summary and Optimizations 

To summarize, the study formulates the evaluation of monopole antenna performance as an 

engineering optimization problem, focusing on maximizing directivity Dmax under varying configurations 

of radial ground elements. The analysis is conducted using 3D radiation patterns, encompassing both 

azimuth and elevation planes, and the vertically aligned angle 𝛼 is parameterized from 0° to 90° to 

represent the transition from the horizontal to the vertical plane. As shown in Figure 11, the value of Dmax 

depends significantly on 𝛼, ranging from 4.35 dBi at 𝛼=75° (worst case) to 9.23 dBi at 𝛼=5° (optimum case). 

These observations serve as the basis for further analysis of the effects of radial configurations. 

To ensure consistency in the evaluation, the monopole dimensions are fixed at Hmono of 0.17448 m 

(0.2520λ) and Wmono of 0.0017309 m (0.0024λ). The investigation explores the influence of two key 

parameters, i.e., the radial length (Lradial), and the number of radials (Nradial). To capture the dependency 

of Dmax on these parameters, two specific tilting scenarios are analysed: (1) Optimal tilting angle (𝛼=5°): 

Associated with the maximum directivity based on Figure 11; and (2) Worst-case tilting angle (𝛼=75°): 

Representing the lower boundary of performance.  

The computations are performed using MATLAB, with customized scripts to automate the 

parameterization and evaluation of radial configurations. Figure 12 illustrates the MATLAB code snippet 

employed for the case of 𝛼=5°, where radial lengths and numbers are systematically varied, and Dmax is 

computed from the corresponding 3D radiation patterns. The results obtained for these configurations are 

analysed to uncover trends and establish insights into the impact of radial length and radial number on 

directivity. This systematic approach provides a robust framework for optimizing monopole antenna 

designs, especially for constrained environments commonly encountered in IoT applications. 
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Figure 11. Quantification of the dependency of Dmax on radial tilting angle α (results adapted from Figure 9). 

Figure 12. MATLAB code for the multi-dependency study (a partial range of parameterization is illustrated). 
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The numerical analysis reveals the intricate relationship between the maximum directivity (Dmax ) of 

the monopole antenna and two key design parameters: the length of the radial ground elements (Lradial) 

and the number of radial elements (Nradial). 

As illustrated in Figure 13, directivity increases consistently with both the number and length of 

radial elements, confirming the theoretical expectation that larger and more numerous radials improve 

the antenna's radiation efficiency. Specifically: (1) Radial length (Lradial): Directivity improves as Lradial 

approaches an optimal value, typically near four wavelengths (4λ). Beyond this range, the behaviour 

becomes more complex and non-monotonic (saturated), as shown by the two-dimensional contour in 

Figure 14. This suggests that overly long radials introduce interference effects or other structural 

inconsistencies that counteract the expected gains; (2) Number of radials (Nradial ): Increasing Nradial 

enhances Dmax , although the marginal improvement diminishes as the number exceeds a practical 

threshold (e.g., beyond 24 radials). 

Figure 13. Maximum directivity (Dmax) of various radial conditions under 𝛼=5°: Dmax vs. Nradial and Lradial (in meters). 

This 3D visualization highlights the trade-offs in monopole antenna design. While longer radials and 

a greater number of radials generally lead to better directivity, practical limitations such as material costs, 

fabrication complexity, and spatial constraints necessitate careful optimization. For this study, Nradial was 

varied from 4 to 32, and Lradial was parameterized from 0.07143λ to 7.14λ (0.05 m to 5 m). The resulting 3D 

plots (Figure 13) and 2D contour (Figure 14) provide valuable insights into the multidimensional 

dependencies of Dmax , offering a comprehensive perspective for antenna optimization in constrained 

environments. 

To expand the results’ comparison with another tilting angle (α=75°), Figure 15 below illustrates the 

results of α=5° and α=75° in the same graph, both are parameterizing with the radial numbers and radial 

lengths. To validate these findings, prototypes of radial monopole antennas are being manufactured using 

advanced fabrication techniques, including 3D printing [16] and CNC machining [17]. The prototypes will 

undergo experimental testing in an anechoic chamber [18], where the radiation patterns and far-field 

characteristics will be characterized using network analysers [19]. This validation process will ensure the 

reliability and applicability of the simulation results to real-world IoT applications [20]. 
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Figure 14. Maximum directivity (Dmax) of various radial conditions under 𝛼=5°: Dmax vs. Nradial and the electrical 

length of Lradial/λ. 

Figure 15. Comparative study of 𝛼=5°and 𝛼=75°for radial geometry parameterization. 
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6. Discussions and Conclusions 

While advancements in wireless communication protocols are driving operating frequencies higher, 

from microwave to millimeter-wave and beyond (into terahertz and optical ranges), the 433 MHz ISM 

band remains critically important for Internet-of-Things (IoT) applications. This is primarily due to its 

ability to provide long-range coverage with cost-effective solutions. A fundamental component enabling 

433 MHz IoT is the antenna, particularly the quarter-wavelength monopole antenna, which traditionally 

relies on an electrically large metal grounding plane for effective operation based on image theory. 

However, most IoT devices operate in constrained environments, often lacking a continuous grounding 

plane. To address this limitation, the grounding structure must be adaptable and optimized for practical 

applications.  

This paper presents a comprehensive evaluation of 433 MHz monopole antennas with radial 

grounding solutions, focusing on the dependence of maximum directivity on the number of flat radials 

(Section 2), the length of the flat radials (Section 3), and the inclined angles of the sloping radials (Section 

4). The numerical results for maximum directivity and radiation patterns (both 3D and 2D) are 

benchmarked against continuous grounding solutions of varying shapes (square and circular, 

representing asymmetric and symmetric configurations, respectively). This comparison helps elucidate 

the nonlinear behaviour of the grounding area’s impact (relative to the guided wavelength) on monopole 

antenna performance. The optimized 433 MHz radial monopole antenna features 5 radial rods, each 2.5 m 

in length (forming a discrete grounding size of 5 m or 7.14 λ), with an 85° tilt from the horizontal plane. 

This configuration achieves a maximum directivity of 9.23 dBi at 433 MHz, representing a substantial 

improvement in signal reception compared to the non-tilted radial solution (6.03 dBi), the square-plane 

solution (6.64 dBi), and the circular-plane solution (5.52 dBi). Section 5 systematically analyses the effects 

of simultaneously varying radial number (4 to 32) and radial length (0 to 5 m, corresponding to 7.14λ). 

The investigation explores both two-dimensional (2D) and three-dimensional (3D) aspects of the problem, 

providing insights into performance optimization under constrained grounding conditions. 

Building upon these findings, future research will focus on further optimizing the radial monopole 

antenna design by exploring additional parameters beyond radial length, number, and tilting angles. 

Specifically, the influence of material properties and environmental factors on antenna performance will 

be investigated. Furthermore, the practical applicability of the proposed design in real-world 

communication systems will be assessed experimentally, particularly its integration into mobile, IoT, and 

other wireless technologies. In addition, future work will aim to reduce the overall antenna size while 

maintaining high performance, potentially through the use of advanced materials [21] or hybrid 

grounding configurations, to further enhance directivity and radiation efficiency.  
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