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This study presents a novel approach to the development and application of a rectangular patch antenna optimized for X-band 
satellite communication operations. The antenna’s performance is enhanced through geometry refinement and the strategic 
introduction of slots. A novel hybrid design is proposed, combining series and parallel patch antenna arrays in a four-element 
structure to improve gain, impedance matching, and directivity. These findings offer practical implications for satellite 
applications, spanning areas such as radar systems, telecommunications, and diverse radio wave applications, including cognitive 
radio. The simulation and measurement results show a close resemblance for both resonance frequencies at 9.5 GHz, indicating 
acceptable matching. In terms of the measured S11, two resonance frequencies with excellent matching at 9.018 GHz (S11 = -34.45 
dB) and 10.31 GHz (S11 = -21.2 dB). On the other hand, for the simulated S11, there is a resonance frequency at 9.5 GHz with 
good matching and an S11 value of -35.8 dB. These results indicate that our implemented antenna network is multi-resonant, 
demonstrating satisfactory matching for multiple frequencies within the X-band with only one antenna array.

1. INTRODUCTION 
Antenna networks and reconfigurable antennas represent 

dynamic areas of focus in antenna design research. Antenna 
networks comprise multiple antennas that collaborate to 
create specific radiation patterns, with applications in radar 
systems, wireless communication, and satellite navigation 
[1,2]. On the other hand, reconfigurable antennas possess the 
capability to modify their electromagnetic characteristics in 
response to external control signals [3,4]. This adaptability 
enables them to optimize performance across diverse 
electromagnetic environments [5]. 

Various techniques, including adjustments to antenna 
geometry, operating frequency, and material properties, can 
be employed to achieve reconfigurable antennas [6–8]. The 
combination of antenna networks and reconfigurable 
antennas offers flexibility and adaptability to changing 
environments, making them essential in navigation, 
surveillance, and communication systems, such as cognitive 
radio systems [9]. Cognitive radios' adaptability enables 
them to operate across diverse frequency bands, thereby 
enhancing spectrum resource utilization and facilitating 
coexistence among wireless systems [10,11]. 

Patch antennas' reconfigurability addresses limitations by 
enabling real-time adjustments to characteristics such as 
operating frequency, radiation pattern, polarization, and shape 
[12]. This dynamic adaptability empowers patch antennas [13] 
to effectively meet changing channel conditions, spatial 
coverage requirements, and user needs. The result is a 
substantial improvement in overall performance, particularly 
for satellite communication systems [14]. 

This paper presents a comprehensive study on the design, 
simulation, and implementation of a reconfigurable rectangular 
patch antenna array for use in X-band satellite communication. 

2. DESIGN OF THE RECTANGULAR PATCH 
ANTENNA 

This section delves into the geometry of the simulated 

antenna and its tuning for optimal performance at the target 
frequency of 9.5 GHz. It outlines the incorporation of 
notches and adjustments to the patch width, providing a 
detailed account of the modifications made to enhance 
matching characteristics. 

2.1 DESIGN OF THE RECTANGULAR PATCH 
ANTENNA 

The suggested antenna is a rectangular patch antenna 
resonating at 9.5 GHz, engineered for impedance matching 
to 50 Ω. It is crafted with an FR-4 type (LOSSY) substrate, 
featuring a relative permittivity (εr) of 4.3 and a thickness (h) 
of 1.6 mm, Fig. 1. The ground plane is constructed from the 
same material as the patch (Copper) and maintains an 
identical thickness (t) of 0.035 mm. 

 
Fig. 1 – Structure of a simple rectangular patch. 

The antenna dimensions were determined using the 
equations [15–17] outlined in Table 1: 

Table 1 
Parametric equations for a rectangular patch antenna. 

Antenna Parameters Equations 
Actual patch length 𝐿! = 𝐿"## − 2∆𝑙(1) 

Effective length 𝐿"## =
$

%&#!'(!"##)
 (2) 
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The results of the calculations are presented in Table 2. 

Table 2 
Dimensions of the proposed rectangular patch antenna. 

Parameters Dimensions 
Wg 22 mm 
Lg 18.52 mm 

Wp 9.69 mm  
Lp 6.92 mm 

Wa 
La 
h 
T 

3.13 mm 
5.8 mm 
1.6 mm 
0.035 mm 

2.2 NEW ANTENNA STRUCTURE 
At this stage, modifications were made by adding notches 

with a width of gpf = 0.5 mm and a length of fi = 2.11 mm. 
Additionally, the patch width was increased after a 
parametric study using the software (Wp = 11.27 mm) to 
achieve resonance at the desired frequency (9.5GHz). In this 
phase, we introduce apertures in the form of slots, each 
having a width (We) of 0.5 mm and a length (L) of 1 mm. 
These slots are spaced at intervals of a = 0.5 mm, as 
illustrated in Fig. 2. 

The Computer Simulation Technology (CST) Microwave 
Studio is employed for the 3D simulation of high-frequency 
components, making it ideal for our antenna design. Its 
versatility and effectiveness in handling various 
homogeneous structures ensure accurate results [18]. 

 
Fig. 2 – The new antenna structures. 

The S11 parameter serves as a key metric for evaluating 
antenna performance, with a lower value indicating better 
impedance matching between the antenna and the system [19]. 

Following the incorporation of the slots, a favorable match 
at a frequency of 9.5 GHz has been achieved, resulting in a 
reflection coefficient (S11) of -17.23 dB. 

 
Fig. 3 – Reflection coefficient of the new structure. 

The voltage standing wave ratio (VSWR) is less than 2, 
precisely at 1.61. A low VSWR signifies that the antenna is 
well-matched to the transmission line, indicating efficient 
power transfer from the transmission line to the antenna [20,21]. 

Figure 4 illustrates the antenna gain across different 
frequencies. At 9.5 GHz, the antenna exhibits a positive gain 
of 2.9 dBi. 

 
Fig. 4 – Maximum gain at 9.5 GHz. 

3. NOVEL HYBRID RECONFIGURABLE DESIGN 
PATCH ANTENNA IN X-BAND 

In contemporary wireless communication networks, the 
demand for antennas capable of operating across a wide 
range of frequencies has intensified. In response to this need, 
reconfigurable antennas are employed to mitigate costs 
associated with intricate hardware and systems. The 
augmentation of radiating elements offers the potential for 
achieving heightened gain, improved adaptability, or a 
combination of both attributes. Consequently, in this section, 
we explore the design of antenna arrays in parallel, series, 
and hybrid configurations, incorporating two and four 
elements. The objective of these designs is to investigate the 
potential enhancements they can bring to X-band satellite 
communications and reconfigurable antennas. 

3.1 DESIGN OF A TWO-ELEMENT PARALLEL 
In this section, we introduce the design of a two-element 

parallel antenna array in Fig. 5 and the design of a two-
element series antenna array in Fig. 6. 

 
Fig. 5 – Structure of a two-element parallel antenna array. 
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Fig. 6 – Structure of a Two-Element Series Antenna Array. 

The series antenna element is fed with a 50 Ω impedance. 
Therefore, the starting point of the feed line in the parallel 
antenna will be 50 Ω, followed by a 75 Ω line, and the input 
impedance of the two patches will be 100 Ω. 

3.2 ANALYSIS AND COMPARISON BETWEEN A 
TWO-ELEMENT SERIES AND A PARALLEL 

In this section, we present the simulation results for the 
reflection coefficient (S11) and the gain of the series and 
parallel designs of the two-element antenna array. 

 
Fig. 7 – Comparison between the reflection coefficient of a two-element 

series and parallel antenna array. 

Figure 7 illustrates the reflection coefficient S11 of a 
parallel antenna array, measuring -25.83 dB at the resonant 
frequency of 9.5 GHz and -22.64 dB at 8.57 GHz, and the 
reflection coefficient S11 of a series antenna array measuring 
-33.98 dB at the resonant frequency of 9.85 GHz.  

While the serial antenna array achieves excellent antenna 
adaptation [22] at -33.98 dB, this occurs at a different 
resonant frequency of 9.85 GHz. The parallel design exhibits 
suboptimal performance with a reflection coefficient of -
25.83 dB, but performs better at the desired frequency of 9.5 
GHz, indicating good impedance matching at the target 
frequency. 

 
Fig. 8 – Comparison between the maximum gain of a two-element series 

and parallel antenna array at 9.5 GHz frequency. 

Figure 8 shows that the parallel antenna array achieves a 
maximum gain of 7.07 dBi at the resonant frequency of 
9.5 GHz, which is significantly higher than the gain of the 
series antenna array, which measures only 2.36 dBi at the 
same frequency. This demonstrates that the two-element 
parallel design [23] offers superior performance in terms of 
gain compared to the series design at 9.5 GHz. 

4. DESIGN OF A FOUR-ELEMENT HYBRID ARRAY 
In this section, we introduce the design and analysis of a 

Four-Element Hybrid antenna network. The objective is to 
enhance both gain and S11 parameters by utilizing 
reconfigurable antenna arrays. The article outlines the design 
and simulation of two-element parallel and series 
configurations, aiming to leverage the advantages of each 
design. Subsequently, a four-element hybrid configuration is 
introduced, combining the strengths of both parallel and 
series designs. The discussion emphasizes the benefits of 
these configurations over a single antenna. The design of the 
antenna array shown in Fig. 9 utilizes the exact dimensions 
provided in Table 2. 

 
Fig. 9 – Network structure of four elements in a hybrid power supply. 

The results obtained from simulations are presented and 
discussed in this section, encompassing key parameters such 
as reflection coefficient, voltage standing wave ratio 
(VSWR), radiation pattern, and gain. The analysis examines 
the impact of Hybrid design reconfigurability on antenna 
performance, offering insights into how the introduced 
configurations affect the overall behavior and effectiveness 
of the antenna system. 

As illustrated in Fig. 10, the structure of the four-element 
hybrid antenna network demonstrates outstanding 
adaptation, exhibiting an S11 of -35.8 dB precisely at the 
required frequency. 

 
Fig. 10 – Reflection coefficient of the new hybrid structure. 

As depicted in Fig. 11, the voltage standing wave ratio 
(VSWR) is recorded at 1.03, which is less than 2. This 
indicates that the antenna is accurately matched to the 
desired frequency. 

 
Fig. 11 – VSWR of a four-element series antenna network with hybrid 

feeding. 
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Fig. 12 – Radiation pattern of the hybrid antenna at 9.5 GHz in 3D. 

 
Fig. 13 – Radiation pattern (phi = 0° and 90°) of the hybrid antenna at  

9.5 GHz in 2D. 

 
Fig. 14 – Gain of hybrid design at 9.5 GHz. 

The mentioned results emphasize that the hybrid four-
element array demonstrates a significant improvement in 
adaptation, achieving -35.84 dB, which is similar to that of 
the series' two-element array. Additionally, there is an 
increase in gain, measured at 6.376 dBi at f = 9.5 GHz, which 
is identical to that of the two parallel elements. 
Consequently, it can be inferred that the hybrid antenna array 
enhances both matching and gain compared to the basic 
single-element antenna. The antenna exhibits directivity, 
with a numerical aperture of 38.9 degrees at phi = 0 ° and 
45.5 degrees at phi = 90 °. 

4.1 COMPARISON RESULTS 
Table 3 provides a comparative summary for all results. 

Table 3 
Concise comparison of the results for the various antenna structures  

at 9.5 GHz 
Structure of Antenna S11 (dB) Gain (dBi) Dimensions (cm²) 

Single Antenna -12.52  2.90 4.07 
Two-Element Parallel  -25.83 7.07 15.28 

Two-Element Series  -33.98 2.36 5.80 
Hybrid Antenna -35.84 6.35 21.27 

 
According to this comparison, the four-element hybrid 

antenna array stands out as the most favorable configuration, 
delivering the best results for both the S11 parameter and the 
VSWR. It achieves a remarkable adaptation of -35.84 dB and 
a VSWR of 1.03, with dimensions of 21.27 cm². This is 
reasonable since the structure combines the dimensions of 
both the series and parallel configurations. Additionally, the 
network gain of the hybrid antenna is 6.35 dBi, which, while 
slightly less than the best result obtained from the two 
elements in parallel, remains highly commendable. In 
summary, based on these results, it can be concluded that the 
hybrid antenna array offers an excellent overall solution, 
effectively improving multiple parameters in a structurally 

reconfigurable antenna. 

5. EXPERIMENTAL RESULTS 
After the completion of the antenna arrays on both the 

upper and lower surfaces by the company ALMITECH 
located in Kouba, Algiers, Algeria, we proceeded with the 
assembly of the hybrid antenna array. To accomplish this, we 
conducted the soldering of SMA type connectors at 
designated locations to facilitate the excitation of the 
antennas. 

Reflection coefficient measurements of the antenna 
networks were conducted using the Agilent PNA (Network 
Analyzer) model N5222A at the Instrumentation and 
Metrology-AIT laboratory in the Assembly, Integration, and 
Test department of the Satellite Development Center in 
Oran. This two-port equipment enables measurements in the 
frequency range of 10 MHz to 26.5 GHz, with calibration 
performed between 2 and 3 GHz. The networks were 
characterized while connected using SMA-type coaxial 
cables. The following Figures respectively depict 
photographs, results, and comparisons of the four-element 
antenna arrays in a hybrid new design configuration. 

5.1 THE ANTENNA NETWORK WITH HYBRID 
DESIGN 

In the context of our study, we investigated the antenna 
network with a hybrid feed configuration. 

  
Fig. 15 – The Implemented Hybrid Antenna Network 

5.2 Measurement of Reflection Coefficients and Voltage 
Standing Wave Ratio (VSWR) 

The measurement setup for the antenna network is 
depicted in the following Fig. 16. 

 
Fig. 16 –Testing the Hybrid Antenna Network 

After the test, the following results are shown in Fig. 17. 

 
Fig. 17 – (a) Measured Reflection Coefficient S11 and (b) Voltage Standing 

Wave Ratio (VSWR) of the Hybrid Antenna Array. 



5 Mohammed Zakarya Baba – Ahmed, et. Al. 383 
 

A comparison was conducted between the results obtained 
from the analyzer and those from the electromagnetic 
simulation after exporting the analyzer results. Fig. 18 
illustrate the comparison between simulation and 
measurements for the hybrid antenna array. 

 
Fig. 18 – Comparison between the simulated and measured reflection 

coefficient of a hybrid antenna array. 

According to Fig. 18, the simulation and measurement 
results show a close resemblance for both resonance 
frequencies at 9.5 GHz, indicating acceptable matching. In 
terms of the measured S11, two resonance frequencies are 
observed with excellent matching at 9.018 GHz (S11 = -34.45 
dB) and 10.31 GHz (S11 = -21.2 dB). On the other hand, for 
the simulated S11, there is a resonance frequency at 9.5 GHz 
with good matching and an S11 value of -35.8 dB. These 
results indicate that our implemented antenna network is 
multi-resonant, demonstrating satisfactory matching for 
multiple frequencies within the X-band, with only one antenna 
array. This is an advantage compared to the study made in the 
reference [24]. The experimental results identified a multi-
resonance, like that in the two-element series and parallel 
antenna array, which was not initially captured in the hybrid 
antenna simulation. This finding proves beneficial for the 
reconfigurability of the four-element hybrid antenna. The 
ability to identify and leverage multi-resonance in the 
experimental results contributes to a more comprehensive 
understanding and optimization of the antenna system. 

 
Fig. 19 Comparison of simulated and measured VSWR of the  

antenna array. 

It is observed in Fig. .19 that the VSWR falls between 1 
and 2 at both frequencies, 9.018 GHz and 9.5 GHz, 
indicating good matching between the antenna and the 
transmission line.  

Upon analyzing Figs. 18 and 19, a slight frequency shift 
in the bandwidths of the hybrid antenna network is noticed. 
It is worth noting that the measurement results are in 
satisfactory agreement with the simulated results. 
Furthermore, the measured and simulated bandwidths are 
nearly identical. This observation demonstrates significant 
consistency between the experimentally obtained values and 

those predicted by simulations. However, the slight deviation 
between simulation and measurements could be attributed to 
manufacturing defects and/or measurement uncertainties. 
Despite these discrepancies, the measurement results for the 
hybrid antenna align well with the specifications outlined in 
our requirements document.  

The results obtained will enable us to study the 
reconfigurability of the antenna in various aspects, including 
PIN diodes, MEMS, and antenna matching, as mentioned in 
[25, 26], as well as with other technologies that leverage 
reconfigurability, such as cognitive radio [27]. 

5.3 COMPARISON WITH RECENT WORKS 
Table 4 compares the performance characteristics of the 

proposed antenna array to those of other previous works. 

Table 4 
A comparison of the suggested antenna and some published studies. 

References X-Band 
Frequency (GHz) 

S11 
(dB) 

Gain 
(dBi) 

VSWR 

[28]  9.49 -24.11 3.84 / 
[29] 7.17;8.3;10.82; 

11.3 
-30; -

22; -28; 
-35 

1.7; 3.61; 
4.01; 3.81 

1.06;1.16; 
1.08;1.04 

[30] 8.5;11.1 -10.79;  
-20.43 

2.49; 3.84 / 

References X-Band 
Frequency (GHz) 

S11 
(dB) 

Gain 
(dBi) 

VSWR 

[31]  
 

[32] 
Our hybrid 

antenna 
array 

 

10.8; 11.1         
9.7 
9.5 

    

-12.4;  
-21.34 

-26.5 
-35.84 

6.29; 5.5 
 

5 
6.35 

1.31; 1.98 
 

/ 
1.03 

 
Table 4 provides valuable insights into antenna 

performance across operating frequencies, reflection 
coefficient (S11), maximum gain, and VSWR. Previous 
references exhibit divergent measurements across different 
antenna types, all operating on reconfigurable antennas 
within the X-band. However, our reconfigurable hybrid 
antenna stands out by achieving an impressive -35.84 dB for 
minimal reflection at a resonance frequency of 9.5 GHz, 
coupled with a remarkable maximum gain of 6.35 dBi and 
an ideal VSWR of 1.03. These results underscore the 
substantial potential of our hybrid antenna array in satellite 
applications that necessitate the utilization of the X-band. 

5. CONCLUSION 
The current study focuses on simulating a reconfigurable 

printed antenna array for X-band satellite communications at 
a frequency of 9.5 GHz. Various modifications, including 
enhancements to the frequency reconfigurable structure, 
were implemented with the overarching objective of creating 
a reconfigurable printed hybrid antenna optimized for 
satellite applications. 

Using CST software, three reconfigurable patch antenna 
networks were designed: a two-element antenna network 
(series and parallel) and a four-element hybrid antenna 
network. All reflection coefficients are below -10 dB, and 
gains exceed 3 dB. 

All the proposed antennas were designed using CST 
software, ensuring they met the requirements of satellite 
applications. The antenna demonstrates the capability to 
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change its resonance frequency in the X-band for diverse 
applications. Finally, the implementation and measurements 
of the hybrid antenna network were conducted to validate the 
simulated results, contributing to the better optimization of 
printed antennas in the X-band for various satellite 
applications.  
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