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Abstract. This paper presents the design of a rectangular patch antenna in-
tended for 5G applications. Initially, the antenna was modelled on a Rogers
RT/Duroid 5880 substrate. Following optimisation of the structure’s dimen-
sions, the simulation results showed good performance at a frequency of
26 GHz. At this frequency, the antenna exhibits a reflection coefficient of -
43.7 dB, a bandwidth of 0.8 GHz and a maximum gain of 8 dBi. To improve the
antenna’s performance, split-ring resonators (SRRs) were added to the model.
Analysis of this modified structure shows an increase in bandwidth, which
reaches 2 GHz. The maximum gain also increases to 12.8 dBi. PIN diodes
were then incorporated into the design to control the radiation pattern. The use
of these components allows the system to be reconfigured and the main lobe to
be directed towards different angles. By switching the diodes between ON and
OFF, the electrical properties of the metasurface are altered. This change affects
the impedance and the surface current paths of the structure. Consequently, the
radiated beam is redirected towards the desired directions. All stages of mod-
elling and numerical simulation were carried out using CST Studio Suite 2022
software.

1 Introduction

Modern systems rely on fast connectivity. Antennas are the key parts in these systems. They
radiate and collect electromagnetic waves. Therefore, we design and optimize these antennas
to ensure clear communication.
5G technology requires high data rates, low latency and high connection capacity. To meet
these requirements, reconfiguring the antenna’s radiation pattern is extremely useful. This
technique allows the direction and shape of the beam to be adapted to the needs of the
application, which helps to resolve issues associated with the various uses of 5G.

Researchers are taking a keen interest in reconfigurable antennas [1]. The literature de-
scribes three main forms of antenna reconfiguration. These include frequency reconfiguration
[2], polarization reconfiguration [3], and radiation pattern reconfiguration [4, 5]. The latter
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type modifies its radiation pattern according to the operating frequency, environmental condi-
tions or user requirements. These antennas can alter radiation characteristics such as direction
or polarization.
The main properties of antennas with reconfigurable radiation patterns are:

• Beam Steering: The antenna can change the direction of its main lobe to target a specific
area, without the need to physically move the antenna.

• Pattern Adjustment: The radiation pattern can be modified to improve signal coverage
and reduce interference in challenging environments.

The use of millimeter-wave (mmWave) frequencies is very important for modern
telecommunications. However, these signals face challenges as they are highly sensitive to
obstacles and user mobility. Reconfigurable antennas offer a practical solution for maintain-
ing good signal coverage. Engineers use several methods to achieve this reconfiguration.
These include, for example, the use of diodes [6], varactor diodes [7] and RF MEMS [8].
Metasurfaces are also utilized [5, 9], as they are well known for their ability to control the
propagation of electromagnetic waves.

This work focuses on the development of a rectangular patch antenna optimized for
26 GHz operation. The aim is to reconfigure its radiation pattern to direct the main lobe
towards multiple directions. To achieve this objective, we use split-ring resonators (SRRs).
These elements enable precise control of wave propagation. SRRs are very useful as they
modify the characteristics of the electromagnetic field. In addition to the SRRs, we incor-
porate PIN diodes. These diodes offer several advantages: they have low losses, are small
in size, and allow for rapid state changes without the need for complex mechanical compo-
nents. This structure provides the antenna with greater flexibility and improves its overall
performance.

2 Antenna Design Procedure

We propose a rectangular patch antenna suitable for high-frequency 5G applications. It is
based on a Rogers RT/Duroid 5880 substrate (ϵr = 2.2, h = 0.252 mm). A metasurface
of split-ring resonators (SRRs) is integrated into the design. By placing diodes within the
SRRs, we steer the main radiation lobe to enhance both efficiency and gain.

2.1 Simple antenna without SRRs

Antenna dimensions were calculated using standard analytical formulas [7] to set the target
resonant frequency. Key parameters, including dielectric constant, substrate thickness, and
feed line width, were optimized to meet system specifications..

Wp =
C

2 fc
√
ϵr+1

2

(1)

ϵeff =
ϵr + 1

2
+
ϵr − 1

2
× (

1√
1 + 12(

h
Wp

)

) (2)

∆L = 0.412h
(ϵeff + 0.3)( Wp

h + 0.264)

(ϵeff − 0.258)( Wp

h + 0.8)
(3)

Lp =
C

2 fc
√
ϵeff
− 2∆L (4)

Where Wp is the width of the patch, Lp is the length of the patch, and h is the thickness
of the substrate. The symbols ϵr and ϵeff represent the relative permittivity and the effective
permittivity of the substrate, respectively. c is the speed of light, fc is the center frequency,
and ∆L is the effective length.

Figure 1 displays the structure of the initial antenna and the model obtained after adding
two slots. These slots were added to optimize the antenna behavior and tune it to the desired
frequency. These modifications increase the antenna directivity.
Figure 2 presents the simulation results following these two steps. More specifically, Fig-
ure 2a shows the reflection coefficient S 11, where a significant improvement is observed at
26 GHz. Figure 2b shows the gain curve, which illustrates the increase in gain achieved at
this same frequency. These results confirm the effectiveness of the modifications made to the
structure.

Figure 1. Geometry of patch antenna

2.2 Parametric sensitivity analysis

To ensure good performance and after calculating its dimensions using the necessary equa-
tions, it is essential to study and analyze each parameter, In this section, we analyze the
impact of specific antenna dimensions on the S 11 reflection coefficient and gain. We first
evaluate the patch width sensitivity. As shown in Figure 3a, a width of 4.42 mm results in
an optimal reflection coefficient of −43.7 dB at the 26 GHz frequency. In contrast, Figure 3b
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(a) (b)

Figure 2. Simulation results for the various steps: (a) Reflection Coefficient; (b) gain

Table 1. dimensions of the patch antenna

parametrs Wp Lp Wf a b
Value (mm) 4.42 3.74 0.73 0.6 1.1

illustrates that variations in Wp values have a minor effect.
Next, the influence of patch length Lp is investigated. Figure 4a,b demonstrate how different
length values impact the reflection coefficient and gain. A length of 3.74 mm is found to
provide the best performance for both parameters.
Finally, Figures 5a,b and 6a,b show the effect of dimensions a and b on the reflection coeffi-
cient and the gain. For dimension a, a value of 0.6 mm yields the best performance. Similarly,
for dimension b, a value of 1.1 mm provides a good balance between the reflection coefficient
and the gain. These results confirm that the design parameters were chosen correctly.

(a) (b)

Figure 3. Simulation result: influence of Wp on: (a) Reflection Coefficient; (b) gain

After analyzing the results of the study,These results were obtained following a series of
simulations conducted using CST Studio software. the impact of specific antenna dimensions
on both the reflection coefficient and gain was clearly identified. This analysis enabled the
determination of the optimal values that ensure maximum antenna performance. Table 1
provides a detailed summary of these optimal dimensions, as determined through simulated
and analytical results.

(a) (b)

Figure 4. Simulation result: influence of Lp on: (a) Reflection Coefficient; (b) gain

(a) (b)

Figure 5. Simulation result: influence of a on: (a) Reflection Coefficient; (b) gain

(a) (b)

Figure 6. Simulation result: influence of b on: (a) Reflection Coefficient; (b) gain

The obtained values significantly enhanced the antenna’s performance. However, the pri-
mary objective of this work is to achieve a more substantial improvement in performance,
while also readjusting the radiation pattern of the antenna and steering the main lobe in vari-
ous directions. To this end, we propose the integration of a metasurface.
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2.3 Metasurface array design

The advent of 5G technology has presented the field of wireless communication with a mul-
titude of challenges, notably the effective control of electromagnetic waves. In this context,
metasurfaces emerge as a promising solution due to their exceptional capabilities in manip-
ulating electromagnetic fields. Figure 7a illustrates the design of Split-Ring Resonators that
will be employed for the reconfigurable beamforming of the antenna radiation pattern. Fol-
lowing simulation, Figure 7b demonstrates that the unit cell resonates strongly at 26 GHz,
with a reflection coefficient of −57.13 dB.

(a) (b)

Figure 7. (a) Geometrie of unit cell; (b) Simulated Reflection Coefficient of unit cell

In order to reconfigure the antenna’s radiation pattern and precisely orient the main lobe
towards the target direction, a metasurface has been strategically integrated into its structure.
Specifically, a matrix of Split Ring Resonator (SRRs) unit cells, arranged in a 7 × 2 con-
figuration, is incorporated at the ground plane level. Additionally, two more-unit cells are
positioned near the radiating element (patch), as illustrated in Figure 8.

Figure 8. Geometry of proposed antenna

3 SIMULATED RESULTS AND DISCUSION

Before incorporating the metasurface, the antenna achieved a reflection coefficient of
−43.7 dB at 26 GHz, with a bandwidth of 800 MHz.. After the metasurface was incor-
porated, a significant increase in bandwidth was observed, reaching approximately 2 GHz

(Figure 9).

Figure 9. reflection coefficient without and with SRR

Our objective is to reconfigure the antenna’s radiation pattern and steer the main lobe
in various directions. To achieve this, Split Ring Resonators are utilized, as they play a
fundamental role in modifying the antenna’s radiation characteristics. As sub-wavelength
metamaterials, SRRs exhibit unique electromagnetic properties when exposed to an incident
field. Their operation relies on the excitation of localized magnetic and electric resonances.
When strategically integrated into the antenna, SRRs enable local modifications of the
electromagnetic boundary conditions.

To steer the main lobe in multiple directions, we integrated PIN diodes into our antenna,
as shown in Figure 8. The ON or OFF state of these diodes allows us to modify the radiation
pattern. The combination of PIN diodes and SRR cells is an effective method for dynamically
controlling the beam. When a diode is ON, its impedance is low, and it short-circuits the
metasurface. Conversely, when the diode is OFF, its impedance becomes high, allowing the
SRR to function normally as designed.

The equivalent linear circuit of a PIN diode is depicted in Figure 10. In this study, the
MA4AGFCP910 diode PIN is employed [10].In the CS T model, the PIN diode is repre-
sented by equivalent RLC lumped-element circuits for both the forward- and reverse-biased
states. The corresponding parameter values are listed in Table 2..

Figure 10. Equivalent circuit of PIN diode (a) reverse bias (b) forward bias
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Table 2. RLC Equivalent Circuit Model Parameters of the PIN Diode

parametrs CT Rp Rs L
Value 0.018pF 15KΩ 5.2Ω 1nH

Table 3. Operating states of the proposed antenna

Operating states PIN diode states Beam direction Gain (dBi)B1 B2 B3 XY-plan YZ-plan
State 1 OFF OFF OFF – 0◦ 12.8
State 2 OFF ON ON 90◦ 41◦ 9.56
State 3 ON OFF ON 0◦ 17◦ 8.2
State 4 ON ON OFF 180◦ −17◦ 8.2
State 5 ON OFF OFF 270◦ −41◦ 9.56

Figure 11a illustrates the antenna’s radiation pattern in the yz plane before integrating
the SRRs. It is evident that the main lobe is directed towards an angle of 0◦. In the xy
plane (azimuth-plan), the radiation pattern exhibits omnidirectional behavior, meaning the
radiation is distributed uniformly in all directions within the plane, as shown in Figure 11b.

(a) (b)

Figure 11. (a) yz-plan radiation pattern of antenna without SRR; (b) xy-plan radiation pattern of
antenna without SRR

To modify the antenna’s radiation pattern and control the orientation of the main lobe, we
adjust the state of the PIN diodes (ON or OFF). For the three block of the PIN diodes under
consideration, we focus on five specific states. Table 3 summarizes the five switching states
together with the corresponding main-lobe directions in the xy (azimuth) and yz (elevation)
planes.

Analysis of the radiation patterns in the yz-plane (Figure 12) clearly shows that we can
change the direction of our antenna’s main beam. For state 1 (Figure 12a), the lobe is oriented
at 0◦ and the maximum gain of 12.8 dBi, indicating very good directivity. When we switch to
state 2 (Figure 12b), the lobe shifts to 41◦ with a gain of 9.56 dBi. For state 3 (Figure 12c), the
lobe is positioned at 17◦ with a gain of 8.2 dBi. Symmetrically, state 4 (Figure 12d) steers the
lobe at −17◦ (343◦) with the same gain of 8.2 dBi. Finally, for state 5 (Figure 12e), the lobe
is at −41◦ (319◦) with a maximum gain of 9.56 dBi. These results confirm that our antenna
can direct its beam, .with a tunable gain between 8.2 and 12.8 dBi, depending on the selected

state. This flexibility in beam steering, while maintaining high gain, makes this antenna ideal
for applications such as target tracking or coverage adaptation.

(a) (b) (c)

(d) (e)

Figure 12. Simulated yz-plane radiation patterns: (a) State 1 ; (b) State 2 ; (c) State 3 ; (d) State 4 ; (e)
State 5

The analysis of the radiation patterns in the xy-plane, presented in Figure 13 for states 2,
3, 4, and 5, demonstrates the ability of the antenna to direct the main lobe in the azimuthal
plane. In state 2 (Figure 13a), the main lobe is oriented at 90◦, indicating maximum
directivity in that direction. When the system transitions to state 3 (Figure 13b), the main
lobe is directed toward 0◦. State 4 (Figure 13c) positions the main lobe at 180◦, which is
the opposite direction of state 3. Finally, state 5 (Figure 13d) directs the main lobe toward
270◦. These observations show that the antenna can scan its main beam over 360◦ in the
xy-plane, with steps of approximately 90◦ between successive states. This characteristic
makes the antenna very useful for applications requiring sequential omnidirectional coverage
or targeted azimuthal scanning.

Table 4 compares the proposed antenna with several previously published studies. The
results show that our design provides strong performance, making it highly practical for wire-
less communication systems, particularly 5G. It reaches a high gain of 12.8 dBi, which im-
proves signal strength and extends the coverage area. The antenna also covers a wide band-
width of 2 GHz, showing that it can easily operate across multiple frequency bands. The main
advantage of this design is its reconfigurable radiation pattern. The antenna can steer its main
lobe in several different directions. This feature directs the signal more effectively toward the
user and reduces interference in complex environments. By combining these features (high
gain, wide bandwidth, and beam steering), this design proves to be a reliable choice for the
demands of future 5G networks.
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The analysis of the radiation patterns in the xy-plane, presented in Figure 13 for states 2,
3, 4, and 5, demonstrates the ability of the antenna to direct the main lobe in the azimuthal
plane. In state 2 (Figure 13a), the main lobe is oriented at 90◦, indicating maximum
directivity in that direction. When the system transitions to state 3 (Figure 13b), the main
lobe is directed toward 0◦. State 4 (Figure 13c) positions the main lobe at 180◦, which is
the opposite direction of state 3. Finally, state 5 (Figure 13d) directs the main lobe toward
270◦. These observations show that the antenna can scan its main beam over 360◦ in the
xy-plane, with steps of approximately 90◦ between successive states. This characteristic
makes the antenna very useful for applications requiring sequential omnidirectional coverage
or targeted azimuthal scanning.

Table 4 compares the proposed antenna with several previously published studies. The
results show that our design provides strong performance, making it highly practical for wire-
less communication systems, particularly 5G. It reaches a high gain of 12.8 dBi, which im-
proves signal strength and extends the coverage area. The antenna also covers a wide band-
width of 2 GHz, showing that it can easily operate across multiple frequency bands. The main
advantage of this design is its reconfigurable radiation pattern. The antenna can steer its main
lobe in several different directions. This feature directs the signal more effectively toward the
user and reduces interference in complex environments. By combining these features (high
gain, wide bandwidth, and beam steering), this design proves to be a reliable choice for the
demands of future 5G networks.
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(a) (b) (c) (d)

Figure 13. Simulated xy-plane radiation patterns: (a) State 2 ; (b) State 3 ; (c) State 4 ; (d) State 5

Table 4. Comparison of our antenna with recent works

Ref fr (GHz) Ant. size (mm2) S11 (dB) Reconf. Max.Gain (dBi) BW (GHz)
[11] 38.67 6.1 × 26 −47.82 NO 8.03 2.35
[12] 38 12 × 12 −30 NO 5.5 3
[13] 28 ; 38 7.5 × 8.8 −27.3 NO 5.86 1.06
[14] 28 ; 38 112 × 52 −39.2 YES 8.3 3.3 ; 1.2
[15] 28 12 × 16 −24.2 YES 5.9 -
This work 26 4.42 × 3.74 −43.7 YES 12.8 2

4 Conclusion

In this work, we designed a rectangular patch antenna using Rogers RT/Duroid 5880
as the substrate. We built this design step by step to fit the needs of 5G networks. We
added split-ring resonators (SRRs) to improve the antenna performance and to control
electromagnetic waves better. We also integrated PIN diodes into the structure. The final
antenna works well at 26 GHz. It has a reflection coefficient of -43.7 dB, which shows very
low losses. Finally, the design provides a wide bandwidth of 2 GHz and a maximum gain of
12.8 dBi.

The main advantage of our design is the ability to change the direction of the main beam.
We can steer the main lobe in different directions by configuring the PIN diode states. The
gain stays stable during these changes, with values between 8.2 dBi and 12.8 dBi. This
feature, Providing high gain along with wide bandwidth, makes the antenna very useful for
advanced wireless applications. Because it allows the signal to be directed as needed, it is a
practical and effective solution for 5G, especially for beamforming and MIMO applications.
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Figure 13. Simulated xy-plane radiation patterns: (a) State 2 ; (b) State 3 ; (c) State 4 ; (d) State 5
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[15] 28 12 × 16 −24.2 YES 5.9 -
This work 26 4.42 × 3.74 −43.7 YES 12.8 2

4 Conclusion

In this work, we designed a rectangular patch antenna using Rogers RT/Duroid 5880
as the substrate. We built this design step by step to fit the needs of 5G networks. We
added split-ring resonators (SRRs) to improve the antenna performance and to control
electromagnetic waves better. We also integrated PIN diodes into the structure. The final
antenna works well at 26 GHz. It has a reflection coefficient of -43.7 dB, which shows very
low losses. Finally, the design provides a wide bandwidth of 2 GHz and a maximum gain of
12.8 dBi.

The main advantage of our design is the ability to change the direction of the main beam.
We can steer the main lobe in different directions by configuring the PIN diode states. The
gain stays stable during these changes, with values between 8.2 dBi and 12.8 dBi. This
feature, Providing high gain along with wide bandwidth, makes the antenna very useful for
advanced wireless applications. Because it allows the signal to be directed as needed, it is a
practical and effective solution for 5G, especially for beamforming and MIMO applications.
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