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Abstract: This paper presents a new design and analysis of a reconfigurable antenna with a switchable slot held using PIN diodes for 
multifunction reconfiguration, including frequency multiplexing. The performance of the proposed antenna in terms of reflection 
coefficient spectra and radiation patterns is evaluated. From the results obtained, it is observed that the antenna can be operated for 
different frequencies: 1.8 GHz, 2.7 GHz, 3.1 GHz, 3.3 GHz, 4.1 GHz, 5.1 GHz, and 5.4 GHz. A maximum gain of 11.1 dBi is also significantly 
achieved at 5.1 GHz. Moreover, this antenna is designed to provide a high Q-factor and low-frequency ratio (FR) for using the spectrum 
efficiently. Upon the advantage of spatial diversity, multiple independent data streams can be transmitted over the same frequency 
simultaneously. All results obtained in this work were produced based on the simulation process using CST Microwave Studio 
simulator software at different switching scenarios.

Keywords: Reflection coefficient, gain, microstrip patch, modes, Metasurface

Večžarčni metapovršinski nadzor na podlagi 
frekvenčno nastavljive antene
Izvleček: Prispevek predstavlja novo zasnovo in analizo nastavljive antene s preklopno režo z uporabo diod PIN za več funkcijsko 
nas-tavljivost, vključno s frekvenčnim multipleksiranjem. Ovrednotena je zmogljivost predlagane antene v smislu spektrov koefi-cienta 
odboja in sevalnih vzorcev. Iz dobljenih rezultatov je razvidno, da lahko antena deluje na različnih frekvencah: 1,8 GHz, 2,7 GHz, 3,1 
GHz, 3,3 GHz, 4,1 GHz, 5,1 GHz in 5,4 GHz. Pri frekvenci 5,1 GHz je doseženo tudi največje ojačenje 11,1 dBi. Poleg tega je ta antena 
zasnovana tako, da zagotavlja visok faktor Q in nizko frekvenčno razmerje (FR) za učinkovito uporabo spektra. S pred-nostjo prostorske 
raznolikosti je mogoče hkrati prenašati več neodvisnih podatkovnih tokov na isti prosti frekvenci. Vsi rezultati, pridobljeni v tem 
delu, so bili pridobljeni na podlagi postopka simulacije z uporabo programske opreme CST Microwave Studio pri različnih scenarijih 
preklapljanja.

Ključne besede: Odbojni koeficient, ojačanje, mikrotrakasta krpica, meta površina
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1 Introduction

After years of building high-efficiency transceivers to 
compensate for signal loss at the ends of a radio chan-
nel, designers are now beginning to realize that they 
have reached the practical limits of transceiver ef-
ficiency as they prepare to introduce the 5th genera-
tion (5G) technology [1-3]. 5G communication systems 
must meet a wide range of needs, such as extremely 
high data rates, high mobility, and low latency unavail-
able in preexisting networks [4]. 5G technology has 
some outstanding qualities, which are boosting its 
adoption. One of the most notable advantages of 5G is 
its high data speeds, which surpass 20 Gbps - substan-
tially faster than 4G LTE’s 1 Gbps peak. Furthermore, 
5G has tremendous mobility, allowing users to main-
tain lightning-fast speeds even when on the move. 
Moreover, another major feature of 5G is its incredibly 
low latency, which is expected to be as low as 1 mil-
lisecond, significantly lower than the 50-millisecond 
delay of 4G. This near-instant reaction time allows for 
real-time applications such as self-driving cars, which 
require quick communication. The combination of high 
data speeds and low latency makes 5G a major change 
in modern connection. Overall, 5G has greater perfor-
mance in areas like data rates. Tele-education, virtual 
reality offices, social media, telemedicine, e-govern-
ance, e-commerce, and many other emerging high-
data-rate applications will necessitate these standards 
[5]. A high-gain antenna array is highly desired for such 
a wide range of applications[6]. Multiple-input multi-
ple-output (MIMO) antennas are utilized to meet the 
vast need for high-volume data transmission across the 
communication channel because of their exceptional 
characteristics, including immunity to multipath fad-
ing, low consumption of power compared to data rate, 
and fast data utilization [7, 8]. 

Resource allocation in 5G networks can be a complex 
optimization problem requiring efficient algorithms 
[9]. One of the most popular approaches is distributed 
optimization, which involves multiple nodes in the net-
work collaborating to solve the optimization problem 
[10]. One such algorithm is the Alternating Direction 
Method of Multipliers (ADMM) [11]. ADMM is a distrib-
uted optimization algorithm well-suited for resource 
allocation problems in communication networks. It is 
advantageous when the optimization problem can be 
decomposed into smaller sub-problems [12].

In the context of resource allocation in 5G networks, 
ADMM can allocate radio resources such as bandwidth 
and power to different users in the network [13]. The 
problem can be formulated as a constrained optimization 
problem, where the objective is to maximize the network 
throughput subject to constraints on the available re-

sources [14]. The ADMM algorithm involves the following 
steps: Decompose the problem into smaller sub-prob-
lems, each of which can be solved by individual nodes 
in the network [15]. Each node solves its sub-problem in-
dependently and then communicates the solution to its 
neighbors [2]. The neighboring nodes exchange informa-
tion and update their solutions accordingly [16, 17]. The 
process is repeated until convergence [18].

Contemporary portable wireless communication devic-
es need multi-functional antennas adaptable to chang-
ing system requirements. The Reconfigurable antennas 
have received substantial consideration in recent years 
due to their capability to change electromagnetic wave 
frequency, polarization, or radiation pattern[19, 20]. In 
an advanced wireless communication system, multiple 
antennas are deployed for various application-specific 
tasks[21]. As a result, the system becomes complex and 
bulkier. The advanced portable device requires a single 
radiating structure to operate at multiple frequencies. 
This led to the development of multiband antennas. 
These antennas offer only fixed performance and can-
not be tuned to the user’s request. In such scenarios, 
the concept of frequency reconfiguration provides an 
excellent solution. This allows the radiating structure to 
switch at a frequency based on the antennas, which are 
significant in 5G and cognitive radio communications 
technologies[22].

Reconfigurable antennas can be reconfigured regard-
ing operating frequency, polarization, or radiation pat-
tern [7]. Due to the 5G technology demand in beam 
steering and beam shaping, radiation pattern recon-
figurable antennas are vital and are being researched 
extensively. In 5G technology, the mid-band frequen-
cies are defined from 1 to 6 GHz ,being widely used in 
many wireless technologies, particularly the Internet of 
Things applications[23]. Using the mid-band frequen-
cies, low power consumption can be maintained when 
communicating within a short range of network de-
vices [24]. However, the effectiveness of such systems 
depends on the level of multipath and interference 
[25]. Thus, reconfiguration of the radiation patterns 
of antennas will enable the enhancement of signal 
strength and transmission efficiency [6]. Pattern recon-
figuration antennas are one of the critical technologies 
for modern telecommunication applications. Pattern 
reconfigurability is essential with the ability to change 
the current source distribution on the antenna struc-
ture by performing the radiated energy as the beam 
to the dedicated or specific directions that eventually 
helps improve the communication’s data throughput 
[26, 27]. The reconfigurable pattern antenna could 
avoid noise sources by directing null toward interfer-
ence and radiating the main beam to the desired di-
rection for better coverage improvement. This antenna 



79

has advantages with its compact size, small power con-
sumption, and increasing functionality to resolve the 
burden on today’s transmission systems within a con-
fined space[28]. This paper presents a simple, compact, 
low-cost, parasitic, composite right/left-handed (CRLH) 
resonator-based reconfigurable antenna exhibiting fre-
quency and pattern diversity. The proposed antenna is 
suitable for steering omnidirectional radiation patterns 
into bi-directional and unidirectional end-fire radiation 
patterns for multiple frequencies. 

2 Antenna configuration

In this work, a reconfigurable antenna is structured 
based on a truncated patch with slots to realize a pri-
mary patch antenna to couple the electromagnetic en-
ergy inductively to a second patch antenna based on a 
fractal geometry of a novel structure. As seen in Figure 
1, four PIN diodes are proposed to the primary antenna 
patch to adapt and adjust (reconfigure) an individual 
radiator’s fundamental operating features to their en-
vironment by altering their operating frequencies, im-
pedance, radiation pattern, and polarization separate-
ly. The second patch of the antenna is introduced to 
increase the antenna bandwidth through the effects of 
the inductive coupling. However, raising the proposed 
Meta surface (MTS) increases the antenna gain at the 
desired frequencies.

Figure 1: layout of the antenna structure.

The first antenna layer is a microstrip patch with four 
slots, as seen in Figure 2. These slots are proposed to 
reduce the effects of surface wave fringing and miti-
gate the phase retardations from the patch edges. 
The second layer is designed as a ring of interdigitated 
capacitors connected to eight fractal patches by T-
shaped stubs. The fractal patch also has the advantage 
of controlling the input impedance matching at the de-
sired resonant frequency through capacitive coupling 
by directing current to each unit cell. In addition, the 
proposed MTS is invoked to direct antenna radiation in 
a specific direction with minimal reflections by gently 
transferring electromagnetic energy into its free space. 
This combination realizes the advantages of increasing 
the antenna bandwidth and gain. In this way, antenna 

gain is maximized while maintaining the original ra-
diation pattern characteristics of the base station an-
tenna but increasing radiation efficiency and gain. The 
antenna is printed on a Taconic RF-30 (lossy) substrate 
with 280×280 mm2 of εr=4.4 and 1.6 mm thickness. 
The entire antenna system height is fixed to 70 mm for 
maximum gain. The rest of the proposed antenna di-
mensions are listed in Table 1.

Figure 2: The proposed antenna structure with geo-
metrical details.

Table 1: Overall dimensions of the proposed antenna.

Parameter Value 
(mm) Parameter Value 

(mm)
Aa 35.81 Ac 5.58
Az 18.03 As 29.44
Ab 55.08 Ax 83.53
Ao 13.72 Ak 82.77

3 Description of antenna layers

The antenna design process and critical parameters 
leading to the results are elucidated in this section. The 
outcomes were assessed utilizing CST software em-
ploying the Finite Integration Technique (FIT) tailored 
for microwave devices. A time-domain solver was used 
in the analysis for wideband or multiband antennas. All 
dimensions are expressed in millimeters, with the fre-
quency range extending from 0 GHz to 6 GHz, and a 
parasitic layer is utilized in the suggested design. The 
study shows that the proposed design enhances gain 
bandwidth by mitigating conduction and ground plane 
capacitance losses and suppressing surface waves by 
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incorporating electromagnetic band gap (EBG) defects. 
The simulation and analysis processes are segmented 
into the following parts. 

3.1 Patch antenna (first layer)

This section presented a parametric study to realize 
the effects of the proposed shape of the patch on the 
antenna performance. At this step of design illustrated 
in Figure 3(a), multiple bands of a traditional rectangu-
lar patch are obtained, 9 bands from 3 GHz to 5.7 GHz. 
Meanwhile, a maximum gain of 11.5 dBi at 4.8 GHz is 
observed. Then, it is medicated by cutting the edge of 
the rectangle, as depicted in Figure 3 (b). Next, in Figure 
3(c), the patch structure includes cutting 4 slots from 
the corners of the radiators with different dimensions. 
Figure 4(a and b) displays the results of the reflection 
coefficient and gain obtained. It is observed that multi-
ple bands are achieved from 2.6 GHz to 5.9 GHz with 15 
bands, and the maximum gain is 11.0 dBi at 4.9 and 5.1 

GHz, the results in current distribution enhancements 
that improve the antenna. All modeling has the exact 
dimensions.

(a)

(b)

Figure 4: The parametric study of patch antenna (First 
Layer) a) reflection coefficient of antenna b) the gain of 
patch antenna.

3.2 The CRLH (second layer)

This section introduces the effects of the second layer 
of the proposed antenna on the antenna performance 
by increasing the number of facts (see Figure 5 (a and 
b). The reflection coefficient and gain spectra are calcu-
lated and presented in Figure 6(a and b). Based on the 

Figure 3: The modeling of patch antenna a) the rec-
tangle patch b) the cutting edge of rectangle c) the 
antenna proposal.

(a)

(b)

(c)

Figure 5: The CRLH structure (second layer) a) the 8 
Fractal   b) 12 Fractal.

(a)

(b)
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recorded results of mode 1, the reflection coefficient is 
reduced, and it sometimes shows a gain enhancement, 
as shown in Figure 5 (a). Next, in mode 2, further im-
provement in the reflection coefficient and gains are 
significantly observed. On the other hand, the radia-
tion pattern in mode 2 does not originate at 1.9 GHz, 
whereas in mode 1, the radiation pattern is exhibited. 
On the other hand, the reflection coefficient of mode 1 
has 12 multiband frequencies from 2.7 GHz to 5.5 GHz 
and 9 multiband frequencies in mode 2 from 2.6 GHz to 
5.6 GHz. Furthermore, gain results in mode 2 are more 
improved than mode 3, where at the frequency of 3.1 
GHz, the gain value attained to 6.37 dBi, and 3.1 GHz in 
mode 2, the gain is 8.14 dBi.

(a)

(b)

Figure 6: The CRLH structure (second layer) a) reflec-
tion coefficient results in b) gain result.

3.3 The MTS structures

This section considers the effect of the proposed MTS 
on the antenna performance with variation in the dis-
tance between the antenna from MTS and the second 
layer near and far between them (see Figure 7), which 
is also listed in Table 2. Mode 1 shows a minimized re-
flection coefficient than the rest modes and provides 
efficient gain at 4.4 GHz as well. Also, the gain in mode 
2 is equal to 14.8 dB, where the MTS near the second 
layer is found as 25.33 mm with a similar value of the 
reflection coefficient in the case of mode 1. In addition, 
the gain decreases at mode 2 as compared with other 
modes, where the maximum gain at 3 GHz is 11.8 dBi. 
In mode 3, the MTS are far from the second layer with 
60.25 mm. The reflection coefficient also still has the 
same value as mode 1. In the meantime, the gain value 
that is produced at this mode shows less than that at 
mode 1 and better than the gain at mode 2. The overall 
results are demonstrated in Figure 8.

Table 2: The distance between MTS and the second 
layer in all cases

Case Value (mm)
Mode 1 40.28
Mode 2 25.23
Mode 3 60.25

Figure 7: Distances of the MTS structure a) case 1 b) 
case 2 c) case 3

Figure 8: The result of MTS a) the Reflection coefficient 
of antenna b) the gain

(a)

(b)

(c)

(a)

(b)
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Moreover, the radiation pattern at 4.4, 3.1, and 3.3 GHz 
are clearly illustrated in Figure 9.

(a)

(b)

(c)

Figure 9: The radiation pattern of antenna at a) 4.4 GHz 
b) 3.1GHz c) 3.3 GHz

The methodology of the antenna design and the ob-
taining results are depicted in Figure 10.

The proposed antenna performance based on the first 
layer is compared to the one based on the second layer 
of the fractal geometry and MTS layer, as seen in Figure. 
11. The antenna performance in terms of the reflection 
coefficient spectrum is shown for each layer. A signifi-
cant variation in the reflection coefficient spectra is 
found due to the individual introduction of each layer. 
The proposed antenna offers several frequency reso-
nance modes with excellent matching of reflection co-

efficient magnitude below -10dB. Such achievements 
are attributed to the introduction of fractal geometry. 
The proposed structure is designed and analyzed us-
ing CST microwave studio. To excite the radiating struc-
ture, a 50Ω discrete port is assigned. The performance 
parameters, i.e., return loss, gain, and surface current 
plots, are obtained using the standard boundary condi-
tions in the CST microwave studio and powered by the 
circular patch. Therefore, a series of simulations were 
performed, as shown in Table 3—the PIN diode resist-
ance and capacitance in the ON and OFF conditions. By 
controlling the biasing of the PIN diodes, the distribu-
tion of the antenna surface current will be modified; 
this will deflect the direction of the antenna radiation.

Figure 10: Flowchart of the antenna design  

Start  

Design the patch and substrate  

Design the CRLH circle and MTS with 

different super substrate distances 

Design a unit of feed position   

Increase gain 

Minimize 

reflection

Design MTS array and optimize the 

performance of antenna  

Beamform of antenna and gain control  

End  
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Figure 11: Reflection coefficient results 

In the simulation environment, a parallel lumped RLC 
model with R, L, and C values shown in Figure 12 (a & b) 
mimics diodes ON and OFF states. It can be seen from 
Figure 12 (a) that in the ON state, an equivalent circuit 
having a series combination of 3Ω resistor and 2.6e-10 H 
inductor is modeled using parallel RLC boundary condi-
tions. On the other hand, in the OFF state, a series com-
bination of 0 H with a similar combination of 20 kΩ resis-
tor and 0.04 pF capacitor, as depicted in Figure 12 (b), 
is modeled using RLC boundary conditions. The ON and 
OFF states of PIN diodes change the electrical length of 
the radiator to allow the appropriate low current den-
sity. Consequently, the ON and OFF states of pin diodes 
matched the impedance at different frequency bands 
at a time. They resulted in frequency reconfigurability at 
multiband depending upon the RF current.

The proposed antenna achieved reconfigurability by 
changing the diodes’ switching process to offer an 
open and short circuit behavior between radiating 
patches. The antenna has five operating modes, each 
with a unique resonant frequency scheme. The condi-
tions of the PIN diodes at each mode and respective 
deep bands are detailed in Table 3. Compared to other 
types of diodes, Varactor diodes are preferred to use in 
this work for the capability of producing voltage-con-
trolled variable capacitance in radio frequency or RF 
circuits. These diodes also produce very little noise and 
are offered at a reduced cost.

The presented results in Table 2 illustrate that the pro-
posed antenna has different operating modes. In Figure 
13, the three studied cases show a maximum outcome 
variation. The obtained reflection coefficient indicates 
that the proposed antenna offers a wideband recon-
figurability. For this, the antenna’s best performance is 
achieved when all diodes are switched OFF.

Figure 13: Results of reflection coefficient for the three 
cases.

On the other hand, the antenna far-field radiation pat-
terns are evaluated using an electromagnetic simulator 
from case 8. Figure 14 demonstrates the simulated ra-
diation patterns generated by using the CST software. 
The main antenna beam is observed to be steered ac-
cording to the switching conditions.

Table 3: The statues of the antenna reconfiguration.

Gain/dBiFrequency/GHz
Status of Pin diodesCase no.

P4P3P2P1
1.82,6.51,5.821.7,2.6,4ONONOFFOFF1
2.23,2.8,5.992.7,2.8,3.3ONOFFONOFF2

2.18,4.69,7.452.7,3.1,4.1OFFOFFONON3
4.93.1OFFONOFFON4

5.05,6.08,7.67,9.87,9.623.1,3.3,4.1,5.1,5.4OFFOFFOFFOFF5
7.684OFFONOFFOFF6

2.48,2.81,2.7,2.8,3.1,4.1ONONONON7
0.19,2.23,5.27,5.95,7.2,11.1,8.811.8,2.7,3.1,3.3,4.1,5.1,5.4ONOFFOFFOFF8

2.81,5.322.8,3.1OFFONONON9
0,1.24,4.971.8,2.7,3.1ONONOFFON10

Figure 12: The RLC model operation of antenna: (a) 
OFF and (b) ON
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Figure 14: The antenna radiation pattern at different 
frequency bands.

To compare the proposed performance with other 
studies and with previously published research in the 
literature, Table 4 shows that the proposed antenna has 
a pattern-reconfigurability and enhanced gain and re-
alizes a significant size reduction with less design com-
plexity.

4 Conclusion

This work proposes a reconfigurable antenna con-
trolled using four PIN diodes for modern applications, 
including direct frequency multiplexing applications. 
This antenna is designed to operate for different fre-
quency bands with acceptable gain. The antenna per-
formance is very effective in the PIN diode switching 
change. The characteristics of each case are studied 
and discussed based on the simulation results ob-
tained. The proposed antenna can be operated with 
the following frequencies: 1.8 GHz, 2.7 GHz, 3.1 GHz, 
3.3 GHz, 4.1 GHz, 5.1 GHz, and 5.4 GHz. Additionally, 
the antenna achieved an agreement gain of up to 11.1 
dBi at 5.1 GHz and 8.81 dBi at 5.2 GHz. Compared with 

other related published papers, this antenna exhibits 
less complexity and is highly efficient for different ap-
plications.
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