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I. INTRODUCTION 

The escalating demand for antennas with high data transmis-

sion rates and broad coverage extents is closely aligned with the 

prevailing trajectory of electronics towards wireless and automa-

tion paradigms. Nevertheless, while the advent of conventional 

coaxial antennas ostensibly met the initial requisites, the swift 

recognition of their limitation in confining signal propagation to 

short ranges precipitated a paradigm shift in favor of directed an-

tennas. Subsequently, a novel challenge emerged—the curtailed 

radial coverage that is intrinsic to directed antennas. To mitigate 

this challenge, a mechanical motor was introduced to facilitate 

rotational adjustments [1]. However, this measure incurred a 

substantial increase in the system’s overall mass, consequently im-

peding its efficacy. This was a result of the inherent lethargy of 

mechanical rotations, which paled in comparison to the rapidity 

of electrical switching mechanisms. In response, a multiple input 

multiple output (MIMO) antenna configuration emerged as a 

potential solution to this shortcoming, overcoming the con-

straints of its predecessors. In the current study, the proposed 

MIMO architecture entails the integration of four coaxially fed 

directional dielectric resonator antennas (DRAs), each radiating 

in alignment with the azimuth plane’s four cardinal directions. As 

a result, the aggregate gain is uniformly bolstered across all spatial 

orientations. 

MIMO employs many ports, some of which serve as the 
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Abstract 
 

This article presents a four-element directional multiple input multiple output (MIMO) rectangular dielectric resonator antenna (RDRA) 

equipped with strategically placed copper reflector plates to enhance port isolation. This design aims to achieve an extended coverage range 

without compromising the coverage area. The proposed MIMO antenna is 3D printed using biodegradable polylactic acid to ensure me-

chanical robustness and then integrated with the substrate to prevent mis-mounting issues. The proposed design exhibits good MIMO 

characteristics, registering a 3-GHz bandwidth (4–7 GHz) for |S11|≤-10 dB and a minimum radiation gain of 7 dBi for all four RDRAs. 

The antenna demonstrates a rotation of radiation patterns for different ports, thus enabling beam formation in specific directions. With a 

beam width of 71.2˚, the antenna covers all directions without any fade zones. The proposed 3D printed antenna offers simplicity, strong 

MIMO properties, and practicality for wireless communication systems, making it suitable for industrial, scientific, and medical band ap-

plications. 
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transmitter (Tx) while others perform the role of the receiver (Rx), 

to maximize the data transfer rate while also minimizing mistakes 

[2]. This method is adaptable and can be utilized in a variety of 

ways, such as by employing single antennas with various feeds or 

many antennas on a single substrate. Notably, these two methods 

are also the ones that are implemented most frequently. However, 

both are characterized by drawbacks related to isolating the ports. 

To address this challenge, extensive research has been conducted to 

increase the isolation between ports by, for instance, creating hybrid 

feeding mechanisms for the generation of orthogonal modes [3–6], 

using metallic elements as parasitic structures [7], employing 

metasurface shields [8], and using frequency selective surfaces 

(FSSs) [9] to reduce the displacement current between ports. 

Over the past few decades, DRAs have received substantial re-

search attention. Notably, they are volumetric structures built us-

ing non-conductive low-loss dielectric materials. Several forms of 

DRAs have been proposed in the open literature, including cy-

lindrical, rectangular, hemispherical, and triangular DRAs, 

among others. DRAs are growing in popularity in the research 

community, primarily due to their several advantages over planar 

microstrip antennas, such as wider impedance bandwidth, low 

loss, convenience of excitation, and so on [10–13]. Moreover, 

compared to planar antennas, DRAs possess a more flexible de-

sign due to their volumetric nature. 

The volumetric nature of DRAs also enables the efficient utili-

zation of available space. Their compact and three-dimensional 

(3D) form factor allows for the integration of multiple antenna el-

ements, thus facilitating the implementation of MIMO systems 

and beamforming techniques. Such arrangements significantly en-

hance the antenna’s capacity to support multiple data streams, im-

prove communication link performance, and enhance system reli-

ability. Additionally, the volumetric nature of DRAs enables the ex-

ploration of various dielectric materials characterized by diverse 

permittivity and loss tangents, ultimately offering enhanced control 

over antenna characteristics, including bandwidth, efficiency, and 

directivity. This versatility further encourages the adaptation of the 

antenna to different operating environments and the optimization 

of its performance to suit specific user requirements. 

With increasing electronic production over the years, the crisis 

involving dangerous e-waste is worsening [14]. Under such cir-

cumstances, adopting a biodegradable polymer can remedy the e-

waste problem without hindering market expansion. During its 

lifespan, a biodegradable substance does not deteriorate [15], but 

it degrades on using particular techniques under specific circum-

stances. It breaks down into biomass, inorganic chemicals, and 

water (H2O), carbon dioxide (CO2), or methane (CH4) when it 

comes in contact with naturally existing microbes, such as bacteria, 

fungus, and algae [16]. Notably, to create bio-based polymers, re-

newable resources, such as corn, potato, rice, soya, sugarcane, 

wheat, and vegetable oil, are used. Polylactic acid (PLA) is one 

such popular bio-based polymer material that is used in 3D print-

ers and is widely accessible as 3D printable filaments. 

Biodegradable plastics are among the most promising alterna-

tives to traditional petroleum-based plastics, which have several 

negative environmental effects—pollution of land, water, and air, 

as well as global warming. Among the various biodegradable plas-

tics available, PLA is not only widely available but can also be 

safely used and thereafter destroyed without harming the envi-

ronment [17]. Furthermore, in terms of the several qualities nec-

essary for industrial use—be it mechanical, physical, and electrical 

properties or biocompatibility and processability—PLA is similar 

to other common polymers, such as polypropylene and polyeth-

ylene terephthalate. Due to its unique properties, PLA has 

emerged as the most widely used biopolymer in a variety of sec-

tors, including the electronics, packaging, agriculture, automotive, 

and medical industries. Therefore, owing to its attractive traits, 

the proposed design uses PLA as the dielectric material for the 

antenna. Additionally, as a form of additive manufacturing, 3D 

printing is employed to efficiently create the antenna, layer by 

layer, with extremely high accuracy. In this context, the literature 

has already established that complex antenna shapes are achieva-

ble using 3D printing [18, 19]. 

This article proposes a four-port MIMO DRA with copper 

backing for Wi-Fi, WiMax, and 5G applications. It is designed 

using PLA as the dielectric material, which is printed alongside 

the substrate to reduce the dielectric resonator (DR) mounting 

error and feed error, considering that the feeding pin holes are 

already present in the printed structure. Furthermore, the com-

plete assembly is printed in its entirety, thus increasing its me-

chanical strength. To achieve high gain and a wide bandwidth, 

several parameters, such as pin height, DRA position, and copper 

backing height, were examined. Moreover, the proposed antenna 

bears a simple design and can be constructed easily. 

II. ANTENNA GEOMETRY 

Fig. 1 depicts the fundamental rectangular dielectric resonator 

antennas (RDRAs) that comprise the proposed MIMO antenna. 

Each RDRA is 26 mm tall (HD), 15 mm wide (WD), and 26 mm 

long (LD). Furthermore, each DRA is covered with a reflective 

copper layer having the following dimensions: length (LC) = 14 

mm, width (WC) = 0.1 mm, and height (HC) = 26 mm. Each 

DRA is separated from the others by a DRAGAP of 19 mm fed 

through coaxial cables. The pin height within each DRA (HP) is 

10 mm, while the distance between each pin and its correspond-

ing copper plate is 13.5 mm (CPGAP). 

This DRA assembly was mounted on a PLA (εr = 3.47 and 

tanδ = 0.005) substrate with length (LS), width (WS), and height 

(HS) of 80 mm, 80 mm, and 0.8 mm, respectively. The ground 
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plane, made of copper, had the following dimensions: length (LG) 

= width (WG) = LS = 80 mm and thickness = 0.035 mm. 

To ensure simple fabrication, the entire DRA and substrate 

assembly was 3D printed. 

III. PARAMETRIC STUDIES 

To attain the best outcome that meets the needs of the pro-

posed project, several DRA parameters were examined at various 

levels. A few of these parametric studies are described below. 

 

1. Pin Height Parametric Study 

The DRs, with dimensions of L = 15 mm, W = 15 mm, and 

H = 26 mm, were initially placed on the substrate (80 mm×80 

mm×0.8 mm). They were spaced apart by a DRAGAP of 25 mm 

and a CPGAP of 7.5 mm. Notably, the theoretical formula for ob-

taining the resonant frequency (𝑓௥) of an RDRA can be expressed 

as follows: 
 𝑓௥ = ௖ଶగ√ఌೝ ඥ𝑘௫ଶ + 𝑘௬ଶ + 𝑘௭ଶ, (1)

 

where 𝜀௥ is the dielectric constant of the DRs, 𝑐 is the speed of 

light in free space, and the symbols 𝑘௫, 𝑘௬, and 𝑘௭ represent 

the wave numbers in the x, y, and z directions, respectively.  

To boost the resonance frequency and bandwidth, the feeding 

pin height parameter was considered. According to the simulated 

findings presented in Fig. 2, at a pin height (HP) of 10 mm, it is 

possible to effectively create a band of 3 GHz for |S11| -10 dB, 

or from 4 GHz to 7 GHz, with the reflection coefficient (|S11|) 

dropping as low as -14 dB. 

The S-parameters are presented separately in Fig. 2 as three 

graphs to simplify the comprehension of the results. 

 Since |S11|, |S22|, |S33|, and |S44| are identical due to their elec-

tric symmetry, the reflection coefficients of the same ports, i.e., 

|S11|, |S22|, |S33|, and |S44|, are presented in the context of only 

| S11| in Fig. 2(a). 

 Similarly, since the electric symmetricity of |S21|, |S32|, |S43|, 

and |S14| are identical, isolation between the adjacent ports, i.e., 

|S21|, |S32|, |S43| and |S14|, are shown in the context of only |S21| 

in Fig. 2(b). 

 Isolation between opposing ports, such as |S31| and |S42|, is de-

picted with regard to only |S31| in Fig. 2(c). 

However, this MIMO antenna design exhibited deficiencies 

in some key parameters, such as directivity, gain, and other crucial 

properties, including mutual coupling, rendering it unsuitable for 

practical real-world use. The performance evaluation of the an-

tenna considered various metrics, such as the correlation coeffi-

cient (𝜌) presented in Fig. 3(a), diversity gain (𝐺௔௣௣) in Fig. 3(b), 

directivity in Fig. 3(c), and gain in Fig. 3(d). These figures pro-

vide a comprehensive overview of the antenna's operational char-

acteristics and limitations. 

It is evident that despite achieving impedance matching, the 

other vital variables failed to meet the required standards. To en-

sure effective MIMO operation, it is imperative to ascertain crit-

ical MIMO system characteristics (such as the correlation coeffi-

cient and diversity gain) that significantly influence the system's 

capacity to exploit spatial channel diversity. 

As depicted in Fig. 3(a) and 3(b), an inverse relationship was 

observed between the correlation coefficient and the diversity 

gain, indicating that a lower correlation value maximized system 

diversity. A lower correlation coefficient signifies reduced inter-

channel dependency, which enhances the MIMO system's ability 

to leverage independent transmission pathways, thereby improv-

ing overall performance. 

 

(a) (b) 

Fig. 1. MIMO antenna geometry: (a) top view and (b) side view.
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(a) (b) 

 

(c)  

Fig. 2. S-parameters for variations in the feed pin height (HP): (a) S11, (b) S21, and (c) S31. 

 

(a) (b) 

(c) (d) 

Fig. 3. Antenna parameters for variations in the feed pin height (HP): (a) correlation coefficient (ρ), (b) diversity gain (Gapp), (c) directivity, and (d) 

gain. 
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Careful evaluation and optimization of these crucial factors 

played a pivotal role in enhancing the performance of the pro-

posed MIMO antenna. By reducing the correlation coefficient 

and increasing the diversity gain, the antenna's total efficiency was 

improved, and its compatibility with reliable and effective MIMO 

communication systems was ensured. It was evident that achiev-

ing the desired antenna characteristics and meeting the specific 

performance requirements for MIMO applications demanded a 

methodical and precise approach incorporating cutting-edge de-

sign methodologies and sophisticated simulations. 

The following formula demonstrates the mathematical rela-

tionship between the correlation coefficient (𝜌) and diversity gain 

(𝐺௔௣௣): 
 𝐺௔௣௣ = 10 ∗ ඥ1 − |𝜌|ଶ. (2)

 

The observed values of 𝜌 ≈ 0.1 and 𝐺௔௣௣ < 10 within cer-

tain ranges of the operation signified inadequate MIMO perfor-

mance, posing concerns about the overall efficiency of the system. 

Additionally, both directivity and gain were below the threshold 

of 4 dB, further compounding the apprehensions surrounding the 

antenna's effectiveness. 

However, these issues were successfully addressed by imple-

menting a copper layer as a reflector, as elaborated in the next sec-

tion. The introduction of the copper reflector proved to be a 

pivotal solution in overcoming the above-mentioned shortcom-

ings and significantly improving the performance of the MIMO 

antenna. By leveraging the benefits of the copper reflector, effec-

tive improvements in directivity, gain, and other critical parame-

ters were achieved, thereby elevating the antenna's overall capa-

bilities to meet the required performance standards for MIMO 

applications. The next section delves into the specifics of this in-

novative solution, shedding light on the intricate design consid-

erations and demonstrating its positive impact on the antenna’s 

performance metrics. 

 

2. Copper Backing Height Parametric Study 

The second phase of the experimental process attempted to 

solve the various issues identified in the initial design, such as in-

adequate MIMO parameters, low directivity, and inadequate gain 

of the DRAs. To surmount these obstacles, a copper coating was 

applied to the walls of the DRAs, focusing especially on the wall 

coupling with the other DRAs. Interestingly, this led to an im-

provement in isolation, but it distorted the impedance matching, 

as concluded by examining the S11 in Fig. 4(a), S21 in Fig. 4(b), 

and S31 in Fig. 4(c). It was found that a copper coating height (HC) 

of 26 mm yielded the most favorable results for the intended ob-

jective of isolation, effectively mitigating previously identified de-

ficiencies. 

Copper is a highly conductive material that improves the 

(a) (b) 

 

(c)  

Fig. 4. Parametric results for variations in the height of the copper plate: (a) S11, (b) S21, and (c) S31.
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electromagnetic efficacy of antennas. Therefore, by applying a 

copper coating to the wall responsible for mutual coupling, the 

coupling effects between adjacent DRAs can be decreased. This, 

in turn, reduces signal interference and crosstalk, resulting in en-

hanced isolation between antenna elements. 

In addition, the copper coating served as a highly effective reflec-

tor—redirecting and concentrating the radiated energy in the de-

sired direction. As depicted in Fig. 5(a) and 5(b), the directivity and 

gain of the DRAs improved substantially, resulting in an overall per-

formance enhancement of the antenna system. Furthermore, Fig. 

5(c) and 5(d) show that the correlation coefficient (𝜌) and diversity 

gain (𝐺௔௣௣) exhibited identical patterns. 

The next section focuses on addressing the impedance mis-

match by improving DRA locations while retaining the copper 

backing. It attempts to achieve the coexistence of optimal imped-

ance matching and improved isolation by maximizing the indi-

vidual and group performances of the DRAs through their stra-

tegic placement, resulting in better |S11| values. 

 

3. Parametric Study of the DRA Position with Copper Backing 

While the introduction of copper coating resulted in a degra-

dation in impedance matching, it was effectively addressed by 

strategically relocating the DRAs. Through careful investigation, 

it was observed that impedance matching improved consistently 

as the feed pin-to-copper plating gap (CPGAP) widened, with the 

best performance achieved at CPGAP = 13.5 mm, offering a band-

width of 3 GHz. 

Fig. 6(a) illustrates the improved impedance matching achieved 

at a CPGAP of 13.5 mm. Remarkably, these enhancements were 

achieved while maintaining a low level of mutual coupling be-

tween the DRAs, as evident in Fig. 6(b) and 6(c), which depict 

scattering parameters S21 and S31, respectively. 

The next section presents a comprehensive analysis of the an-

tenna system's radiation patterns, directivity, gain, envelope cor-

relation coefficient (ECC), and diversity gain. In addition, it pro-

vides the measured data for validating the performance enhance-

ments achieved by the optimized DRA positions and the corre-

sponding CPGAP, thereby enhancing comprehension and appreci-

ation of the research outcomes of this study. 

IV. RESULTS AND COMPARISON 

After the successful creation of a prototype, the performance 

of the proposed four-port MIMO DRA with radiation diversity 

was meticulously evaluated. The fabricated model of the proto-

type antenna is depicted in Fig. 7, while the exhaustive results of 

the simulations and measurements of the S-parameters for the 

proposed design are illustrated in Fig. 8. 

(a) (b) 

(c) (d) 

Fig. 5. Antenna parameters for variations in the copper backing height (HC): (a) peak directivity (ρ), (b) peak gain, (c) correlation coefficient, and (d) 

diversity gain (Gapp). 
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The high level of agreement between the simulated and meas-

ured results within the frequency ranges of interest—ranging 

from 3.6 GHz to 6.6 GHz and encompassing a significant por-

tion of the ISM band—makes the proposed MIMO antenna an 

ideal candidate for modern Wi-Fi, Bluetooth, and other Inter-

net-of-Things devices where the ISM band is crucial. Notably, 

the copper coating used within the operational bandwidth effec-

tively reduced mutual coupling between ports, resulting in a 20 

dB isolation between ports. 

In addition to the aforementioned analyses, Fig. 9 depicts the 

measured and simulated gain and directivity of the MIMO an-

tenna. The MIMO antenna achieved a peak gain of approxi-

mately 8 dBi at 5.4 GHz—its resonant frequency (measured). 

These results offer crucial insights into the antenna's radiation 

characteristics, thus bolstering the design's efficacy and viability 

for a variety of real-world applications. 

In addition to isolation, other critical antenna properties, such as 

the correlation coefficient (𝜌) and diversity gain (𝐺௔௣௣), also had a 

substantial impact on the MIMO antenna's overall performance. 

As shown in Fig. 10, both the simulated and measured c oefficients 

of correlation (𝜌) remained astonishingly low—below 0.001—in-

dicating robust isolation between ports over the entire operating 

frequency range. Similarly, the diversity gain (𝐺௔௣௣) consistently 

maintained a value of 10 across the spectrum, further validating the 

robust isolation between the antenna's terminals. 

(a) (b) 

Fig. 7.  Fabricated model of proposed antenna: (a) front view and 

(b) back view. 

 

Fig. 8. Simulated and measured S-parameters of the proposed DRA. 
 

(a) (b) 

 

(c)  

Fig. 6. S-parameters for different variations of the DRA position: (a) S11, (b) S21, and (c) S31.
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Fig. 11 compares the simulated and measured normalized ra-

diation patterns at the resonant frequency, indicating the par-

ticular direction in which the beam forms when the antenna 

operates from the different ports. For instance, in the case of 

Port-1, the radiation is in the +X direction, i.e., ϕ = 0˚, θ = 

45˚, whereas for Port-2, the radiation is in the +Y direction, i.e., ϕ = 90˚, θ = 45˚. Furthermore, the radiation beam shifts to ϕ = 180˚, θ = 45˚ when Port-3 is active, while Port-4 fo-

cuses the beam toward ϕ = 270˚, θ = 45˚. 

The radiation patterns evidently indicate the direction in 

which the primary beam of the antenna is formed. Notably, the 

beam width, which measures 71.2˚, ensures wide coverage with-

out any fade zones. Furthermore, beamforming—a crucial tech-

nique utilized in this context—offers several significant benefits. 

The directed nature of a beam significantly improves link budg-

ets, thereby enhancing network performance as a whole. In ad-

dition, beamforming effectively mitigates inter-port interfer-

ence, contributing to the antenna system's overall effectiveness 

and dependability. Overall, this result demonstrates that beam-

forming has the potential to be an indispensable instrument for 

improving the performance and functionality of antennas in 

practical applications.  

 
Fig. 9. Comparison of the simulated and measured directivity and 

gain of the proposed DRA. 

 
Fig. 10. Comparison of the simulated and measured correlation co-

efficient and diversity gain of the proposed DRA.

XZ plane YZ plane XZ plane YZ plane 

(a) (b) 

XZ plane YZ plane XZ plane YZ plane 

(c) (d) 

Fig. 11. Normalized radiation pattern at 5.2 GHz: (a) Port-1, (b) Port-2, (c) Port-3, and (d) Port-4.
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Fig. 12 depicts the distribution of the electric (E-field) and 

magnetic (H-field) co mponents on the RDRA. Due to the elec-

trical symmetry of the antenna's structure, the field distribution 

of only one port is presented despite the fact that it is the same 

for all ports. The simulated distributions of the electric and mag-

netic fields at a resonant frequency of 5.2 GHz and a phase angle 

of 180° are illustrated in Fig. 13. This specific experiment sought 

to identify the mode in which the proposed antenna design was 

being stimulated. Fig. 13 shows that the direction of the fields in 

the RDRA is remarkably similar to that of the Quasi-TM111 

mode when compared to the matching rectangular resonator 

mode. The provided top view in the XY plane allowed us to com-

pare them, demonstrating that the direction of the fields is com-

parable, signifying the influence of the proposed design on mode 

characteristics. Overall, this analysis provides vital information on 

the ways in which antenna functions aid in predicting perfor-

mance and radiation characteristics at a specified frequency. 

Table 1 presents the results of a performance assessment of the 

proposed 3D printable MIMO antenna as compared to existing 

MIMO RDRAs on the basis of antenna parameters, MIMO 

characteristics, and antenna size. 

V. CONCLUSION 

This study built and investigated a novel four-port MIMO 

DRA for ISM band applications. Each RDRA was made direc-

tional using reflector plates, thus enhancing port isolation, and 

the antenna was fed through coaxial cables. The proposed an-

tenna achieved a bandwidth of 3 GHz (3.6–6.6 GHz) and a 

radiation gain above 5.5 dBi across the entire resonance range. 

(a) (b) 

Fig. 12. Distribution of the field magnitude in the RDRA at 4 GHz: (a) E-field and (b) H-field. 
 

(a) (b) 

Fig. 13. Distribution of the fields in the RDRA at 5.2 GHz: (a) E-field and (b) H-field. 
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Furthermore, since the antenna was combined with its substrate 

by employing 3D printing, mounting mistakes were practically 

non-existent, thus exhibiting increased mechanical robustness. 
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