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1 Introduction 

With the ever-increasing demand for wireless services and the 
emergence of 5G technology alongside the Internet of Things 
(IoT), it is anticipated that data exchange among users of these 
systems will significantly increase [1]. Among the key 
components in communication systems capable of meeting the 
demands of 5G technology is the antenna. Antennas are 
designed in two configurations: single-element and multi-
element. Most antenna designs presented in the research 
literature are based on a single-element structure. However, 
single-element antennas have performance limitations in terms 
of parameters such as gain and bandwidth.  MIMO (Multiple-
Input Multiple-Output) antenna systems have emerged as an 
efficient solution for meeting the high-speed requirements of 
modern communication networks. In this configuration, 
multiple antenna elements are arranged on a single substrate, 
with each element fed by its dedicated port. All ports can 
operate simultaneously on the same carrier frequency, with 
each port responsible for transmitting a portion of the system's 
data [2, 3]. Various designs of MIMO antennas with diverse 
features have been presented in research articles and sources 
[4-6]. Two-element [7, 8], four-element [4, 9-10], six-element 
[11], and other configurations can be used in MIMO antenna 
design. One of the most widely used MIMO designs is the 
four-element system. A four-element MIMO antenna can be 
organized in a linear or rectangular configuration. In one 
notable MIMO design, researchers in reference [9] proposed a 
single annular ring patch that can act as a single radiator for 
four ports; in other words, a four-element MIMO antenna was 
designed using a single radiator. Generally, a MIMO antenna 
system is built so that each port can be a single-element 
antenna or an array of antennas. In reference [12], a two-port 
MIMO system is presented where each port includes a four-
antenna array with a corporate feed network. Recently, the 
concept of Massive MIMO systems has been employed for 
MIMO antennas with a very large number of elements, 
representing an important component of future wireless 
technology [13, 14]. Regarding the operational frequency 
band, some MIMO designs have considered lower frequency 
bands, i.e., below 1 GHz [15, 16]; however, certain frequency 
bands have attracted more attention from researchers due to 
their importance, including sub-6 GHz bands [12, 17, 18]. For 
example, in reference [18], a four-port antenna is proposed 
where the four ports are located at the four corners of a flexible 
substrate with a shared ground plane in the center between 
them. Each antenna port was designed as four octagonal loops 
between two conductive layers with a T-shape. The antenna 
structure was equipped with L-shaped and E-shaped 
conductive elements optimized for the antenna's operation in a 
wide frequency band (2.37 to 5.85 GHz).  In addition to single-
band MIMO antennas, multi-band MIMO antennas can also be 
designed [19, 20]. In reference [21], a reconfigurable dual-
band antenna operating in the ranges of 1.3 to 1.8 GHz and 1.8 
to 2.6 GHz is investigated. Tri-band MIMO systems can be 

found in references [22, 23]. Furthermore, Ultra-Wideband 
(UWB) MIMO antennas have been introduced in references 
[24, 25]. In this design, we also utilized 4 modified U-shaped 
elements on the front of the antenna and an integrated claw-
shaped parasitic element on the back of the antenna to achieve 
our goals. The antenna size is 16mm×12mm×1mm; its small 
size is very notable and, as a multi-band antenna, it can have 
various applications. 

2 Initial Patch Dimension (Width & 
Length): 

The starting point for a rectangular patch antenna operating at 
the fundamental TM₁₀ mode is calculating its width (W) and 
length (L). The width primarily affects the input impedance 
and radiation efficiency, while the length is directly tied to the 
resonant frequency. 
1. Patch Width (W): 

 𝑊𝑊 = 𝐶𝐶
2 𝐹𝐹𝑟𝑟  √∈𝑟𝑟

� 2
∈𝑟𝑟+1

 Eq 1 

where `c` is the speed of light, `fr` is the target resonant 
frequency, and `ϵr` is the dielectric constant of the substrate. 
2. Effective Dielectric Constant (ϵ_eff): Due to fringing fields, 

the patch appears to be on a substrate with an effective 
dielectric constant. 
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        Eq2 
where `h` is the substrate thickness. 
3. Length Extension (ΔL): Fringing fields make the electrical 

length of the patch slightly longer than its physical length. 
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            Eq3 

4. Patch Length (L): 
𝐿𝐿 = 𝑐𝑐

2𝑓𝑓𝑟𝑟�∈𝑒𝑒𝑒𝑒𝑒𝑒
− 2∆𝐿𝐿                        Eq4 

2.1 Design and shape 

 
Figure 1: Front layout of the antenna indicating the design 

parameters. 
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Figure 2: back layout of the antenna indicating the design 

parameters. 

The dimensions specified in the figure are as follows: 
Ws =10mm , Ls =9mm , wf=1.91mm ,Lf=6mm, 
Ws1=9mm, ws2=7mm ,ws3=5mm ws4=3mm 
Ws5=0.5mm ,ws6=0.5mm ,LS1=8mm 
LS2=6mm ,LS3=4mm,LS4=2mm,L4=3.5mm 
G1=4mm ,G2=12mm , L1=9 mm, 
L2=7.5mm,L3=5.5mm,L5=1.9mm 
L6=7.2mm,w1=0.5mm w2=0.5mm 
W3=10mm, w4=8mm,w5=6mm,w6=4mm 
W7=0.4mm. 
As you can see, in the image on the left, there is an antenna 
with a square design featuring modified U-shaped slots, the 
final dimensions of which are provided in top Additionally, 
behind the antenna in Figure 1, we have a partial ground plane 
with specific dimensions. On the back of the antenna, there is 
a modified fork-shaped element that is not connected to the 
ground plane and acts as a parasitic element to enhance the 
received signal strength of the antenna. All dimensions are 
listed in top. 

3 Result 

As you can see, the evolution of the antenna is presented in 
Figure 4. In the figure 3, the blue curve corresponds to the 
simple antenna structure (Antenna I), the brown curve 
corresponds to the second antenna structure with the two U-
shaped slot design (Antenna II), and the black curve in the S11 
diagram corresponds to the final structure, which exhibits 
multiple resonances (Final Antenna). Next, we proceed to 
examine the current distribution plots and the radiation pattern 
of the antenna at the receiving frequency . 

 
Figure3: Antenna Design Evolution: From Simple to Final Model. 

 
Figure4: VSWR plots showing the design evolution from the initial 

simple antenna to the final optimized structure 

As shown in Figure 5, the progression toward multiband 
operation is evident in the S11 characteristics. The initial 
simple antenna (blue curve) exhibits single-band behavior. 
The incorporation of two U-shaped elements (red curve) 
modifies the response, while the final design (black curve) 
achieves multiband performance. 

 
Figure 5: The S11 parameter graph illustrates the evolutionary 

process of multiband signal reception from the initial antenna to the 
final design 

The surface current distribution in Figure 6 reveals that the 
elements with the highest current density (shown in red) are 
the primary drivers of the antenna's performance at the target 
frequencies. A key example is visible in Figure 6, where the 
strong current concentration on the partial ground plane and 
the fork-shaped slot directly facilitates resonance at 6.9 GHz. 

 
Figure 6: The behavior of the antenna in the current distribution plot 

at different frequencies. 

The radiation pattern of a microstrip antenna serves as a 
fundamental indicator for evaluating the performance of these 
antennas for modern communication systems. At the specified 
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frequency bands of 2.5, 3.8, 5.4, and 6.9 GHz, the radiation 
characteristics are influenced by three key factors: waveguide 
effects due to the antenna's structure, dielectric losses in the 
substrate, and the complex coupling behavior between 
radiating elements. These characteristics make far-field 
radiation pattern analysis critical for optimizing 
communication links.   

 
Figure 7 : Radiation pattern (E-plane and H-plane) of the antenna in 

question at 3.8Ghz and 6.9Ghz operating frequencies. 

 
Figure 8 : Radiation pattern (E-plane and H-plane) of the antenna in 

question at 2.5Ghz and 5.4 Ghz operating frequencies. 

The most significant features of the radiation pattern for 
communication applications include a configurable 
beamwidth, which enables a strategic balance between wide-
area coverage and high-directivity links across the different 
bands. For instance, a wider beam at 2.5 GHz is suitable for 
broader coverage, while a narrower beam at 5.4 and 6.9 GHz 
is ideal for high-capacity point-to-point connections. Low side 
lobe levels in these antennas are essential for reducing 
interference in dense communication environments and can be 

achieved through the optimization of the patch geometry and 
array configuration. Precise control of polarization 
(linear/circular) provides the necessary flexibility to adapt to 
different communication protocols and mitigate polarization 
mismatch in urban and indoor environments. Gain is a central 
characteristic of these antennas, directly influenced by the 
optimized design of the patch structure and ground plane, 
which is critical for ensuring strong signal strength and link 
reliability across the target frequencies. In this research, the 
impact of structural parameters, including substrate material 
and thickness, patch geometry, and array configuration on the 
radiation pattern characteristics at 2.5, 3.8, 5.4, and 6.9 GHz is 
thoroughly investigated. Furthermore, considering practical 
applications, the stability of the radiation pattern under varying 
environmental conditions (such as changes in humidity and 
temperature) and its effect on signal integrity and data transfer 
rates is a key focus of the analysis.  The proposed antenna 
design demonstrates a robust and versatile radiation pattern 
across the operational bands. It achieves a highly focused main 
lobe with high gain, making it exceptionally suitable for high-
throughput point-to-point communication links. 
Simultaneously, the design can be configured to provide a 
wider beamwidth for applications requiring broader sector 
coverage, such as in public Wi-Fi access points or cellular 
network base stations. This adaptability ensures reliable and 
efficient data transmission for a wide range of communication 
scenarios, from long-range backhaul links to dense urban user 
access. 

3.1 Parametric Evaluation 

Since the handle needs to be added in a parasitic form, we must 
find a suitable and optimal size for it. Therefore, we will 
conduct a parametric study of the fork handle length . 
The black graph represents the final simulation results of our 
antenna, where we set the fork handle size at 7.2 mm. By 
incrementally increasing this length parameter, we compared 
the obtained results with the original antenna, but the initial 
outcomes were unacceptable.First, we added 1 mm to the 
handle (represented by the +1 mm graph). We continued this 
process progressively until reaching 3.5 mm. To avoid 
cluttering the graph, only three cases are displayed. However, 
we can definitively state that the 7.2 mm length remains the 
optimal choice for all four received frequencies of the fork we 
added, as shown in the figure 10. 

 
Figure 9: A view of the fork-shaped antenna parasitic element. 
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Figure 10: S11 Parameter Comparison Chart for Fork Handle Length 

By comparing the patch thickness of the antenna from 0.8 mm 
to 2.4 mm, we observe frequency shift, gain enhancement at 
one or two frequencies, and attenuation at other frequencies. 
When comparing the proposed thickness of 1 mm with 0.8 
mm, as can be seen in Figure 11, one of our nulls is enhanced 
while the other three are attenuated. Compared to 1.6 mm, 
although there is significant gain enhancement at the two 
middle frequencies, frequency shift is observed at the other 
two frequencies. In comparison with the original work using 
2.4 mm thickness, only one frequency is enhanced, while the 
other frequencies experience attenuation along with frequency 
shift. 

 
Figure 11: A table comparing S11 versus antenna thickness 

  
Figure 12: A View of back and top antenna and parameter we 

comparison. 

A parametric study of the mentioned antenna element was 
conducted by comparing the notch width at the front and 
increasing the width of the claw-shaped arms at the rear. 
According to Figure 13 (S11 parameter), increasing the notch 

width and the width of the claw-shaped arms enhances the 
lower frequencies and attenuates the higher frequencies. 
Furthermore, the bandwidth in the lower frequency range 
increases slightly, accompanied by a minor frequency shift. In 
this part of the study, all parameters of the U-shaped slot were 
increased. The width of the claw arm was also increased. In 
the next part of our parametric study, we will only examine the 
width of the claw arm, which is shown in Figure 13 . 

 
Figure13: S11 plot comparing the width of the U-shaped slots 

 
Figure13: S11 parameter plot versus the width of the U-shaped 

parasitic element. 

A performance comparison was conducted between the 
primary design with a width of 0.5 mm and other widths. 
Compared to the 0.5 mm width, the 0.6 mm and 0.7 mm 
variants exhibited signal gain at the first two resonant 
frequencies but introduced attenuation at the two subsequent 
frequencies.Similarly, when benchmarked against the 0.5 mm 
width, the 0.8 mm and 0.9 mm configurations resulted in 
attenuation at both the first and third frequencies.The 1 mm 
width demonstrated a more pronounced gain across the first 
three frequencies compared to the 0.5 mm baseline. However, 
at the fourth frequency, its performance degraded, showing a 
frequency shift of 0.1 GHz accompanied by an attenuation of 
2 dB. 

4 Conclusion 

This paper presents a compact, four-port MIMO antenna 
designed for multi-band operation in modern wireless systems. 
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The final design, featuring four modified U-shaped radiators 
and an optimized claw-shaped parasitic element, successfully 
achieves resonant frequencies at 2.5, 3.8, 5.4, and 6.9 GHz. A 
parametric study confirmed the optimal dimensions for robust 
performance. The antenna exhibits favorable radiation patterns 
with stable gain and directivity across all bands, making it a 
suitable and efficient candidate for 5G and IoT applications 
where small size and multi-band functionality are critical. 
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