
Progress In Electromagnetics Research M, Vol. 120, 123–134, 2023

5G Sub-6GHz Wideband Antenna with PSO Optimized Dimensions
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Abstract—In this paper, a rectangular patch antenna that covers the band from 3.2 to 5.7GHz to
support 5G New Radio (NR) sub-6GHz with high gain and efficiency is designed and implemented.
Particle Swarm Optimization (PSO) algorithm is used to get the dimensions of the antenna and slots.
The optimization goals are to reach the smallest dimensions of the antenna in the required bandwidth
keeping scattering parameter at port 1 |S11| below −10 dB, a gain of 4 dBi or higher, and efficiency
more than 90%, respectively. The resonance frequency of a microstrip patch is 4.45GHz. PSO using
the computer simulation tool (CST) software is used to design an antenna with desired frequency
response and radiation characteristics for 5G New Radio (NR) sub-6GHz. The antenna is designed
over an FR-4 substrate with a noticeable reduction in cost, simplicity in design, and a small overall size
of 23 × 15mm2. The antenna is with the partial ground. The antenna has two parallel stubs and EL
slots; the lengths of these slots control the desired bandwidth. A high agreement between the simulated
and measured results is noticed.

1. INTRODUCTION

The huge growth in mobile services’ subscribers around the world makes companies and research teams
pay attention to mobile base station costs and improve their electrical features such as bandwidth
and efficiency. Advanced radiation properties, reduction in size, and high efficiency are the main
important considerations for antenna design required to occupy a smaller possible space. Accordingly,
current literature is working on the improvement of cost-effective, lightweight, small size, and low-
profile antennas with the capability of wideband coverage with high efficiency [1–7]. Many optimization
techniques such as Genetic Algorithm (GA), Artificial Neural Network (ANN), and Particle Swarm
Optimization (PSO) are introduced in science, engineering applications, and communication systems
such as in [8]. Optimization techniques are used in antenna design to select the best element design and
dimensions regarding some criteria from a certain set of available alternatives. PSO was used in many
research efforts to develop a microstrip antenna [9–11]. For example, in [12], recent developments in using
PSO to improve side-lobe level and beamwidth in uniform and nonuniform antenna arrays for antenna
design applications are presented. In [13], the PSO of Log-Periodic Dipole Arrays (PDAs) is used to
show the performance of several radiation parameters. Several works employed PSO to solve different
electromagnetics problems such as the optimization of the Yagi-Uda antenna [14, 15]. An improved PSO
algorithm is introduced, in which the parameter inertia weight is dynamically controlled through PSO
optimization combined with Finite Difference Time Domain (FDTD) to design a broadband microstrip
patch antenna. In [16], a neural network is used for synthesizing an antenna array with 10 equally spaced
elements with Side Lobe Level (SLL) approaching −20 dB and getting the amplitude of each element.
In [17], a four-port MIMO array with high isolation between ports is proposed. The proposed antenna
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array has the dimensions of 46mm × 46mm × 1.6mm using an FR-4 substrate. In [18], the authors
introduce a single polarization antenna with an RO4350B substrate (εr = 3.48 and 0.76mm thickness)
that covers the band from 1.54 to 2.86GHz. In [19], an orthogonal printed dipole with an adjusted
integrated balun to cover the band from 1.6 to 2.7GHz is designed. It is fabricated on FR4 material
with a dielectric constant of 4.3, a total size of 1100× 150mm2, and a thickness of 1.5mm. In [20], the
authors use discrete PSO (DPSO) for return loss improvement and optimization of microstrip antenna
using GA for patch miniaturization. [21] introduces a square patch microstrip antenna suitable for the
frequency of 2.45GHz. [22] presents a dual-polarized multilayer antenna on an FR4 substrate with a
band ranging from 1.83 to 2.2GHz, while Elsherbini et al. [23] introduce a dual-polarized antenna on a
RO4300C substrate — increasing the cost of the antenna — to cover the band from 1.71 to 2.17GHz
with a noticeable size reduction compared to [22]. In [24], PSO is used to design and optimize the
proposed patch antenna using High Frequency Structure Simulator (HFSS). The antenna gain is set to
4.5 dBi at 5.2GHz. In [25], PSO is selected to design an antenna for WLAN/WIMAX with a gain of
3.4 dBi [26]. An antenna is designed to cover the band from 3.2 to 5.7GHz, but the gain and efficiency
of the antenna are 2.2 dBi and 75%, respectively. In this paper, the PSO is performed to optimize the
dimensions of the microstrip antenna with partial ground to support 5G New Radio (NR) sub-6GHz
n77/n78/n79 and 5GHz WLAN, in which the n77 (3.3 to 4.2GHz), n78 (3.3 to 3.80GHz), and n79 (4.4
to 5.0GHz) require a wideband coverage of at least 3.3GHz to 5.0GHz. The antenna covers the high-
frequency range extending from 3.2 to 5.7GHz. It is fabricated on an FR4 substrate with a dielectric
constant of 4.3 which reduces the cost of the antenna with simplicity in structure. After getting the
dimensions of the antenna from the PSO algorithm, the antenna is designed using Computer Simulation
Technology (CST) to ensure the results. The optimization goals are to reach the smallest dimensions
of the antenna in the required bandwidth keeping |S11| below −10 dB, a gain of 4 dBi or higher, and
efficiency more than 90%, respectively. Excellent agreement is obtained between the simulated and
experimental results. The best size achieved is (19.6× 12)mm2 with a thickness of 1.6mm.

This paper is organized as follows. Section 2 explains PSO algorithm. Section 3 describes the
antenna design and configuration. Section 4 shows the results and discussions. Finally, the conclusion
is shown in Section 5.

2. PARTICLE SWARM OPTIMIZATION

Many optimization approaches such as Genetic Algorithm (GA), Artificial Neural Network (ANN), and
Particle Swarm Optimization (PSO) are used in research, engineering, and communication systems.
Kennedy and Eberhart [27] were the first to introduce PSO in 1995. Because of its simple implementation
and fewer regulating factors, the PSO algorithm has gained a lot of attention from researchers in the
recent decade. PSO is a computer method for solving problems by iteratively trying to enhance a
candidate solution in terms of a quality metric. In terms of convergence, PSO is faster than GA [28–30].
PSO optimization is preferred because it is simple to construct and just takes a few parameters, and the
operator does not evolve or mutate, making it more efficient in some circumstances. The PSO is one
of the population-based stochastic optimization techniques. The PSO algorithm is superior in terms of
complexity, accuracy, iteration, and program simplicity in finding the target. For its search space, PSO
is more flexible in maintaining a balance between global and local searches. Because of the advantages
of PSO, PSO becomes a promising candidate for optimizing a wide variety of real-world optimization
problems and applications. In [31], a comprehensive survey on PSO with the benefits and drawbacks
compared to some optimization algorithms is presented. In [32], PSO is used to optimize the phase
distribution on the transmit array to decrease the side-lobe level of the antenna to operate at 28GHz.
In [33], PSO is used to synthesize the pattern of the antenna.

Each individual in PSO is treated as a “particle” with no volume or mass, which offers a possible
solution to a problem. These particles move at a constant speed through the search space. Their
velocities are dynamically modified based on information about each particle’s past best performance
and its neighbors’ best previous performances. The particles are expected to flow towards better
solution locations. Random initialization m-particles form a community in a D-dimensional target
search space, and it is assumed that the ith particle’s space position is Xi = (xi1, xi2, xi3, . . . , xiD),
i = 1, 2, . . . ,m. Each particle has a fitness value determined by its position vector, and to evaluate the
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particle Xi, the PSO algorithm finds the optimal solution by iteration. The velocity of each particle
in the search space is Vi = (vi1, vi2, vi3, . . . , viD). The best position of the ith particle is described as
Pi = (Pil, Pi2, Pi3, . . . , PiD), and the best fitness value is the appropriate fitness value Fi. The best
position of all the particles is considered as the global best position Pg = (pgl, Pg2, Pg3, . . . , PgD), and
the associated fitness value is the global best fitness value Fg. The algorithm adapted uses a set of
particles flying over a search space to locate a global optimum. During PSO iteration, each particle
updates its position based on its previous position and its neighbors’ positions.

vid = wvid + c1r1(Pid −Xid) + c2r2(pgd −Xid) (1)

xid = xid + vid (2)

where w is the inertia weight; the acceleration coefficients c1 and c2 are two positive constants; r1 and
r2 are two random variables in the range [0, 1]. The particle’s new velocity is calculated using Eq. (1)
based on its previous velocity, its best position, and the group’s best experience. In Eq. (1), the first part
is caused by the previous speed, called the “inertia” part, which represents the self-confidence motion
of the particle in the current state; the second part is the “cognition” part, which represents the private
thinking of the particle itself, which is the influence of the previous particle itself best information to the
next behavior; the third part is the “social” part, which shows the information sharing and cooperation
between particles, and the influence of group best information on the behavior of particles next step.
The position adjustment caused by particle interaction is represented by Eq. (2). The procedure of the
PSO algorithm is stated in the flow chart shown in Fig. 1. The fitness function |S11| has to be less than
−10 dB in the desired band as shown in Eq. (3). In our design, the inertia weight is 1. c1 and c2 are
equal to 2. The maximum number of iterations is 15, and the maximum number of solver evaluations
is 451 for the swarm size. The equation of optimization is

S11(f) = −20 ∗ log |Γ|, |Γ| <= 1, (3)

Figure 1. PSO algorithm schema.
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Γ = Zin−Zo
Zin+Zo

, where f is the frequency that is f ∈ (3, 5.7)GHz, Γ the antenna’s reflection coefficient, Zo

the coaxial feed’s characteristics input impedance of antenna = 50Ω for matching, and Zin the antenna’s
input impedance indicated in Eq. (11).

3. ANTENNA DESIGN AND CONFIGURATION

Figure 2 illustrates the proposed antenna using a CST simulator and fabricated on a substrate of FR4
material with a dielectric constant εr of 4.3 and a loss tangent of 0.002. The substrate has a thickness
of 1.6mm. EL slot and two stubs, which are printed on the front side, are inserted on the microstrip
rectangular patch antenna to increase the bandwidth. By the use of these two stubs that couple with
the partial ground, additional capacitive reactance is mitigated which improves the bandwidth of the
antenna. The dimensions of the antenna are determined by Equations (4), (5), and (6) and are used as
initial dimensions for the PSO algorithm.

Wp =
c

4fo

√
εr + 1

2

(4)

Lpatch =
c

4fo
√
εeff

(5)

εeff =
εr + 1

2
+

εr − 1

2

1√
1 + 12

h

wp

(6)

where Lpatch ranges from 10 to 14mm; Wp ranges from 10 to 13.5mm; Lstub ranges from 5.4 to 6.6mm;
Lfeed ranges from 6 to 8mm; WL ranges from 0.9 to 1.1mm; Le ranges from 2 to 4mm; and LL ranges
from 6.2 to 7.5mm as constraints on the dimensions of the proposed antenna, in which Wp < Wx,
LL < Lpatch, Lstub < Lfeed, and Lpatch < WY − Lfeed − Lc.

(a) (b)

Figure 2. The geometry of patch antenna, (a) front side, (b) back side.

Wp is the antenna’s width, Lpatch the antenna’s length, h the FR-4 substrate’s height, εeff the
effective permittivity, c the speed of light (3 ∗ 108m/s), and fo the center frequency (4.45GHz). The
geometric parameters of the antenna are listed in Table 1. This structure is designed for supporting the
following bands: 5G New Radio (NR), sub-6GHz, and 5GHz WLAN which covers the frequency range
from 3.2 to 5.7GHz with a center frequency of 4.45GHz. The dimensions of the printed microstrip
patch antenna with partially ground are mounted (at center) above a ground plane with dimensions of
15mm (in the x-direction) and 23mm (in the y-direction). There is a fabricated photo of the antenna
in Fig. 3. The equivalent circuit of the rectangular patch antenna is shown in Fig. 4.
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Table 1. Optimized parameters of the antenna using PSO in (Millimeters).

Lpatch 11 W p 12 Lstub 6 LL 7 

Lc 2 Le 3 Lfeed 6.6 W f 3.2 

W L 1 W x 15 W Y  23 Lground 3 

(a) (b)

Figure 3. Fabrication of antenna, (a) front side, (b) back side.

Figure 4. Equivalent circuit of the proposed antenna.

The patch antenna is represented as a parallel combination of resistance R1, capacitance C1, and
inductance L1. The values C1, R1, and L1 are calculated using Equations (7), (8), (9), and (10) where
R1 is 50Ω; L is the total length of the patch; and ωo is the angular center frequency [34].

C1 =
2Wfεr
Lhω2

o

(7)

L1 =
1

C1ω2
o

(8)

Cstub =
εoεrLstub ∗Wstub

h
(9)

So the impedance of the rectangular patch antenna can be written as

Zpatch =
1(

1

R1

)
+

(
1

jωL1

)
+ (jωCt)

, (10)

where Ct = C1 + Cstub. The EL slots can be represented as Rslot and Xslot as shown in Fig. 4. Due
to the change in the electrical size of the antenna that results from the slots, the resonance frequency
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will change, and the current will flow around EL slots. The currents densely flow in various directions,
and the bandwidth will increase due to the merging of these currents. The impedance of the proposed
antenna can be calculated from Eq. (11).

Zin =
Zpatch ∗ Zslot

Zpatch + Zslot
, Zslot = Rslot +Xslot (11)

In this paper, particle swarm is used to get the dimensions of the antenna in addition to the length
of stub and dimensions of EL slot to arrive at the objective of a bandwidth ranging from 3.2 to 5.7GHz
to serve the new radio sub-6GHz.

4. RESULTS AND DISCUSSION

The proposed antenna is simulated using the commercial CST 2019 and fabricated using the
photolithographic process as shown in Fig. 3. The antenna is fabricated on a substrate of FR4 material
with a dielectric constant of 4.3 and a loss tangent of 0.025. The substrate thickness of the antenna
is 1.6mm. The optimization goals are to reach the smallest dimensions of the antenna in the required
bandwidth keeping |S11| below −10 dB by inserting boundaries on the dimensions of an antenna as the
minimum and maximum values of the produced antenna’s dimensions are defined. The center frequency
of the antenna depends mainly on its length as shown in Fig. 5. As the length of the patch increases,
the band is shifted to the left side. The bandwidth of the antenna is controlled by the width of the
patch as illustrated in Fig. 6. Two parallel stubs are added as another controlling parameter on the
bandwidth as shown in Fig. 7 as the bandwidth is increased by reducing the length of stubs. The
corresponding vector current distributions of the proposed single antenna without EL slot, with EL
slot, and with stubs are shown in Fig. 8 at frequency of 4.5GHz. It is visualized that the currents are
flowing in only one direction as shown in Figs. 8(a), (b), whereas in Figs. 8(c), (d), the currents are
densely populated and flowing in various directions. In Fig. 8(c), the currents are populated and flowing
in various directions but not as in Fig. 8(d). The currents in Fig. 8(d) are more densely populated.
Therefore, the merging of these currents will result in widening the bandwidth, so the bandwidth in
Fig. 8(d) is greater than others. Fig. 9 shows the effect of EL slots and effect of stubs on the bandwidth
of the antenna. The gain ranges from 3 to 4 dBi while efficiency fluctuates around 90%, as plotted in
Figs. 10 and 11, respectively.

Figure 5. Simulated reflection coefficient for an
antenna with several values of Lpatch.

Figure 6. Simulated reflection coefficient for
microstrip patch antenna with several values of
Wp.

Figure 12 presents the simulated and measured reflection coefficients. The used inertia weight
equals 1. When inertia weight is changed to be 0.5, the bandwidth increases but on the expense of a
tangential return loss to −10 dB, and this will not be guaranteed in fabrication in addition to increase of
the dimensions of the antenna as shown in Fig. 13. The measured results of |S11| show that the antenna
can provide −10 dB to −25 dB within the required bandwidth. The antenna can provide bandwidth
from 3.2 to 5.7GHz. The impedance bandwidths obtained are wide enough to cover the bands of 5G
New Radio (NR) sub-6GHz and 5GHz WLAN. Using the PSO algorithm helps us get the smallest
dimensions of the antenna not to increase the cost of fabrication resulting from higher dimensions in
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Figure 7. Simulated reflection coefficient for microstrip patch antenna with several values of Lstub.

(a) (b)

(c) (d)

Figure 8. Vector current density of reference antenna at frequency = 4.5GHz, (a) with stubs and
without EL slot, (b) with EL slot and stubs, (c) with EL slot and without stubs, (d) without slot and
without stubs.

Figure 9. Simulated reflection coefficient for a
single antenna without EL slots or stubs, with EL
slots, and with EL slots and stubs.

Figure 10. Simulation and Measurement of
maximum gain over frequencies for the antenna.
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Figure 11. Simulation and Measurement of total
efficiency over frequencies for the antenna.

Figure 12. Simulated and measured the
reflection coefficient of the antenna.

Figure 13. Simulated reflection coefficient of the antenna at inertia weight = 0.5.

the required bandwidth. It took less time to give the final dimensions of the antenna as it is faster than
designing the antenna depending on trials to achieve the required bandwidth with high gain and high
efficiency.

The measured results of radiation pattern at 3.5, 4.5, and 5GHz are compared with the simulated
ones in Fig. 14, and good agreement is obtained. Due to fabrication defects and determining cable
losses, there are some discrepancies between simulated and measured results and also due to soldering
the SMA connector, but they are still within an acceptable level. The radiation pattern in the elevation
plane takes the figure of eight shape at all the operating frequencies and takes the shape of a circle
as an isotropic source in the other plane as shown in Fig. 14(d). The results of the radiation pattern
parameters of the antenna are shown in Table 2.

Table 2. Results of the radiation pattern of the antenna.

Frequency 

(GHz) 

Parameters at  Θ = 90 

plane 

Parameters at Φ = 90   plane 

HPBW MLM HPBW MLM 

3.5 88.8 1.76 dBi 89.4 2.73 dBi 

4.5 85.8 1.65 dBi 84.5 2.77 dBi 

5 83.1 1.68 dB 81 2.86 dBi 

Ο Ο

Ο

Ο

Ο

Ο

Ο

Ο

The radiation pattern was measured in the Science and Technology Center of Excellence, Egypt,
using a compact multiprobe antenna test station (STARLAB-18), VNA model: Agilent E8363B
(10MHz–40GHz).
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(a) (b)

(c) (d)

Figure 14. Measured and Simulated radiation pattern at Theta = 90◦, (a) f = 3.5GHz, (b)
f = 4.5GHz, (c) f = 5GHz, (d) Phi = 0◦.

Table 3. Performance comparison between the proposed design and previous studies.

Ref substrate BW 

GHz 

Size 

mm
3
 

Gain 

dBi 

 Efficiency

      %  

[18] Ro4350B 0.7 : 0.96 

1.71 : 2.7 

152 × 152 × 100 8 88 

[19] FR4 1.6 : 2.7 76 × 42 × 1.5 4 : 5  90 

[20] FR4 4.9 31.8 × 17.58 × 1.6 5.8 Not found   

[21] FR4 2.45 72 × 72 × 1.6 Not 

found
 

56 

[22] FR4 1.83 : 2.2 300 × 300 × 74.6 2.5 Not found   

[23] RO4300C 1.71 : 2.17 160 × 160 × 60 8 Not found   

[24] FR4 5.2 24 × 16 × 1.5 4.5 Not found   

[25] FR4 1.795 : 2.95 39 × 47.6 × 1.6 3.4 90 

[26] FR4 3.25 : 5.6 20 × 14 × 1.6 2.2 75 

Proposed 

design

 

FR4 3.2 : 5.7 23 × 15 × 1.6 4 90 

 

e   = 3.48r
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5. CONCLUSIONS

In this paper, Particle Swarm Optimization (PSO) algorithm is used to get the dimensions of the
antenna and slots. The optimization goals are to reach the smallest dimensions of the antenna in the
required bandwidth keeping S11 below −10 dB. A microstrip patch antenna with two stubs and EL
slots is investigated. The EL slots and two parallel stubs control the desired bandwidth. A prototype
of the antenna element with optimized dimensions that are produced from particle swarm has been
simulated using CST STUDIO SUITE ver. 2019. The antenna is fabricated on an FR4 substrate with a
dielectric constant of 4.3 which reduces the cost of the antenna. The optimization goals are to reach the
smallest dimensions of the antenna in the required bandwidth keeping |S11| below −10 dB by inserting
boundaries on the dimensions of an antenna as the minimum and maximum values of the produced
antenna’s dimensions are defined. The initial dimensions used in PSO are obtained from Equations
(4), (5), and (6). The antenna is simple in structure and covers the band from 3.2 to 5.7GHz to find
applications in the bands of 5G New Radio (NR) sub-6GHz n77/n78/n79 and 5GHz WLAN. It is found
that this topology can directly match a 50Ω feed. The antenna efficiency and gain approaches are 90%
and 4 dBi%, respectively. Table 3 summarizes the characteristics of the proposed antenna compared to
previous antennas discussed in the literature.
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