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ABSTRACT: A single-layered monopole wideband combinational reconfigurable antenna for 4G and 5G applications is presented in this
paper. Coplanar waveguide (CPW) feeding method is utilized to get a single-layered structure. The three characteristics of this antenna
are reconfigurable: frequency, polarization, and radiation pattern. This antenna consists of a parasitic element attached to a rectangular
ring antenna. An RF-PIN diode is used to connect this parasitic element to the ring antenna. Additionally, two parasitic elements are
connected to the ground plane of the proposed antenna via a pair of RF-PIN diodes. The suggested antenna functions in seven distinct
states using these three RF-PIN diodes. The suggested antenna operates at frequencies of 3.24-3.52 GHz, 2.78-2.94 GHz, and 2.54—
2.9 GHz with an omnidirectional radiation pattern in states 1, 2, and 5. In states 3 and 4, it has an end-fire radiation pattern in the left
and right directions of the proposed antenna, covering a wide frequency band of 2.47-3.57 GHz. Lastly, the suggested antenna operates
in dual bands at frequencies of 2.49—2.9 GHz and 3.6-3.76 GHz in states 6 and 7. It offers reconfigurability of polarization at the higher
band. The suggested antenna is made of glass epoxy FR-4 material. For verification of the suggested antenna, the prototype is designed

and tested. The simulated and experimental results agree quite well.

1. INTRODUCTION

sing wireless technology is essential to the progress of civ-
Uilization in the modern day. As a result, the field of an-
tenna technology has advanced quickly. The demand for flex-
ible and versatile antenna systems has increased significantly
as a result of the ongoing development of wireless commu-
nication technologies like 4G and 5G. Reconfigurable anten-
nas have emerged as a potential solution, allowing for dynamic
changes to their properties to accommodate various commu-
nication standards and applications. Reconfigurable antennas
have the benefit of being able to adapt to changing circum-
stances and user needs. By adjusting parameters such as res-
onant frequency, polarization, and radiation pattern, a singular
reconfigurable antennas can successfully eliminate the require-
ment for several conventional antennas, making the system as
a whole lighter, more compact, and less complicated. In the
context of 4G and 5G networks, where the increasing demand
for bandwidth, data rates, and seamless connectivity necessi-
tates deploying flexible and effective antenna systems [1], this
feature shows substantial benefits. Modern reconfigurable an-
tenna design has advanced largely because of advances in actu-
ation technologies and materials, such as PIN diodes, varactor
diodes, and microelectromechanical systems (MEMSs).

For different wireless standards, there is plenty of literature
available on single-parameter reconfigurability, including fre-
quency [2-7], radiation pattern [8—13], and polarisation [14—
17]. These antennas can only have one parameter, making them
insufficient for the use with 4G and 5G networks. Researchers

* Corresponding author: Manoj Kumar Meshram (mkmeshram.ece@iitbhu.ac.in).

doi:10.2528/PIERB24091803

are working on hybrid or combination reconfigurable antennas
to address these issues. This indicates that many characteris-
tics, such as frequency and radiation pattern [18-21], frequency
and polarisation [22-24], and radiation pattern and polarisa-
tion [25], can be changed in a single antenna. Certain finding
can be adjusted in terms of frequency, radiation pattern, and
polarisation [26, 27]. Nevertheless, these antennas have a com-
plex structure and a lot of switching components. CPW-fed ap-
proach is one of the ways to simplify the structure and lower
the cost of the antenna [28].

The purpose of the suggested work is to address the afore-
mentioned issues. A CPW-fed combination reconfigurable an-
tenna with all three characteristics is included in the proposed
antenna and can be reconfigured over the whole S-band. Wide
bandwidth and reduced circuit complexity are two benefits of
CPW-fed antennas [28]. With just three RF-PIN diodes needed
to cover 4G and 5G applications, the structure is in low profile
and simple to integrate into any application. 2.52-2.60 GHz for
4G (2.5 GHz), 3.31-3.46 GHz for 5G (3.4 GHz [n77 and n78]),
and 3.66-3.72 GHz for 5G (3.7 GHz [n77 and n78]) ranges are
the bands for which this antenna is useful.

The proposed antenna has the following outcomes:

(i) A single-layered antenna is reconfigurable in all three
properties of antenna frequency, radiation pattern, and po-
larization with the lowest number of diodes.

(il) 4G and 5G applications can benefit from this recom-
mended antenna. It covers the 5G band in a state of op-
eration (state 1), the 4G band independently in state 5, and
the 4G and 5G combination in states 6 and 7.
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FIGURE 1. (a) Proposed antenna geometry. (b) Fabricated antenna prototype. (c) Measurement setup of proposed antenna.

(iii) All three forms of reconfigurability can be achieved with
the proposed antenna without needing a complicated
mechanism.

(iv) To the best of the authors’ knowledge, this is the first time
a combinational reconfigurable antenna having reconfig-
urability in three properties frequency, polarization, and
radiation pattern based on CPW has been suggested.

(v) The suggested antenna is small, lightweight, and simple to
use.

2. ANTENNA DESIGN METHODOLOGY AND WORK-
ING PRINCIPLE

2.1. Proposed Antenna Geometry

A single-layer FR-4 substrate €, = 4.4, tand = 0.02) with a
thickness of 1.6 mm is used in this design of the recommended
antenna for 4G and 5G applications. A 0.035-mm thick copper
material with a conductivity of 5.96 x 107 S/m is employed. The
combinational reconfigurable antenna (CRA) is shown in Fig. 1
to three parameters: polarization, radiation pattern, and fre-
quency. Table 1 displays the CRA’s optimal dimensions. Ini-
tially, a rectangular ring microstrip antenna is designed. Equa-
tions (1)—(4) [29] are used for the initial design.

e+1 e —1 h\ %
Ep = —5— + 5 <1+12W>

(M

18

TABLE 1. Proposed antenna-optimized dimensions.

Parameter | Dimensions (mm) | Parameter | Dimensions (mm)
L1 45 W1 36
L2 22 w2 26
L3 9 W3 18
L4 13 w4 15.4
L5 19 W5 2.8
L6 18 W6 2.8
c
Jfo = 77— )
2L, /Ereff
c
L = ————-2AL 3)
2](0\/5;’@?r
Erefr+0.3) (% +0.264
AL = 04125 Eer +03) (5 ) @)

(ere — 0.258) (% +0.8)

W is the width of an outer ring, ¢ the speed of light in a vac-
uum, and L the length of the ring’s outer perimeter. f; is the
resonant frequency, and AL is the extension of the length due
to the fringing effect at the edges of the patch. Standard design
equations for rectangular patch antennas can be modified for a
ring structure by adjusting the perimeter and area.

A parasitic element is present in the rectangular ring antenna
of the proposed antenna, and two parallel parasitic elements
are present in the ground plane. The RF-PIN diode (D3) con-
nects the parasitic element to the rectangular ring antenna, and
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FIGURE 2. Evolution of antenna geometry.
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FIGURE 3. Various states of operation of the proposed antenna (a) Reflection Coefficient (S11) (b) Axial Ratio.

two RF-PIN diodes (D1 and D2) provide the connection of two
parallel parasitic elements to the ground plane. A capacitor of
50 pF is used in the feed line to block the DC supply. The pro-
posed antenna is designed using the coplanar waveguide fed
(CPW) technique.

E = V1-k2 5)
ki = S 6
LTSaw ©
sinh(ma/2h)
ko = sinh(mwb/2h) D
T (0 < k < 0.707)
Kk _ )L ®)
K’(k‘) a -2(1+\/17)_
S e
L (0T0T<k<1)
57”7]. K(kQ) K/(kl)
of = 1
= T K (k) K (k) ©)
30m K'(ky)
Zoep = (10)
P ey K(k)
c [b?—a?
k= bV e —a? (D
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Equations (5)—(11) [30] can be used to determine the character-
istic impedance of a symmetrical double-strip CPW line on a
substrate with a limited thickness. Different parameters in the
given equations are explained as follows: Zocp is the charac-
teristic impedance of the CPW line, Sc the width of the central
conductor, W the separation between the central conductor and
ground plane on two sides, h the thickness of the substrate, and
e, the relative dielectric constant of the substrate. K (k) is de-
scribed as the elliptical integral of first order with argument &
or the complementary argument k', where a, b, and c are the
width of the feed line, the separation of the feed line from cen-
tre, and the total width of the ground plane, respectively.

2.2. Evolution of Geometry

Figure 2 displays the CRA’s systematic development. As seen
in Fig. 2(a), a straightforward monopole rectangular ring an-
tenna is considered in the first design phase using the CPW-fed
approach. Following that, as seen in Fig. 2(b), two parasitic el-
ements of size 22 x 0.5 mm? were added to the ground during
the second phase of design, changing the ground’s size. In the
third phase of the design, a parasitic element of size 9 x 2.8 mm?
is positioned in the centre of the rectangular ring antenna to
achieve the polarisation reconfigurability requirement, as illus-
trated in Fig. 2(c). As illustrated in Fig. 2(d), three parasitic el-
ements are linked to the ground plane and the rectangular ring
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TABLE 2. Various states of operation of proposed CRA.

Operating D1 D2 D3 Frequency covered Radiation Condition of
State (GHz) Pattern Reconfigurability
State 1 OFF | OFF | OFF 3.24-3.52 Omnidirectional Frequency
State 2 OFF | OFF | ON 2.78-2.94 Omni-directional Frequency
Directional Radiati
State 3 OFF | ON | OFF 2.47-3.57 rectiona aciation
(left hand end-fire) Pattern
Directional Radiati
State 4 ON | OFF | ON 2.47-3.57 | oieciona aciation
(right hand end-fire) Pattern
State 5 ON ON | OFF 2.54-2.9 Omni-directional Frequency
State 6 ON | OFF | ON 2.49-2.9/3.6-3.76 Directional (.lower frequency)/ Frequency, -RaCFiation Pattern
(Dual band) end-fire (higher frequency) and Polarization (RHCP)
State 7 off | oN | on 2.49-2.9/3.6-3.76 Directional (.lower frequency)/ Frequency, .Rad.iation Pattern
(Dual Band) end-fire (higher frequency) and Polarization (LHCP)
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FIGURE 4. Variation in reflection coefficient (S11) and axial ratio with L3 in states 6 and 7.
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FIGURE 5. Variation in reflection coefficient (S11) and axial ratio with T/ 3.
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FIGURE 6. Current distributions at various states of operations. (a) State 1 (3.5 GHz). (b) State 2 (2.9 GHz), (c) State 5 (2.7 GHz). (d) State 3
(3.5 GHz), (e) State 4 (3.5 GHz). (f) Current distribution for state 6 (RHCP at 3.73 GHz). (g) Current Distribution for state 7 (LHCP at 3.73 GHz).

antenna via three RF-PIN diodes to obtain different reconfig-
urability conditions.

The suggested antenna is functional in seven states. Fig. 3(a)
depicts the variation in the reflection coefficient (S ) as a func-
tion of altering the diode states, and Fig. 3(b) shows the axial
ratio attained at states 6 and 7.

Various states of operation by changing the condition of RF-
PIN diodes are shown in Table 2.

21

2.3. Parametric Study

Table 1 displays the optimised dimensions of the suggested an-
tenna. To obtain all three reconfigurable conditions — fre-
quency, radiation pattern, and polarization — in the suggested
antenna, a parametric study was carried out utilising a variety of
parameters. It is found that in order to achieve polarisation re-
configurability in the suggested antenna, length L3 is a crucial
element. Figs. 4(a) and (b) display the reflection coefficient
and axial ratio performance at state 6. The symmetry causes
the identical result to be seen in state 7. It has been noted that
the ideal axial ratio is reached at L3 = 9mm. W3 is an addi-
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FIGURE 7. Equivalent value of RF-PIN diode BAR64-02V at OFF and ON state, (b) and (¢) External biasing Circuit used for RF-PIN diode.

tional parameter that influences the intended antenna’s perfor-
mance. As seen in Figs. 5(a)—(c), the antenna’s performance
under various operating situations is observed. The variation
in states 1, 2, and 5 is depicted in Fig. 5(a). It is noted that
whereas impedance matching improves in state 1 as W3 grows,
it does the opposite in state 5. It also has an impact on state
2’s impedance matching, as seen in Fig. 5(a). The optimised
outcome with W3 = 18 mm is taken into consideration. As
observed in Figs. 5(b)—(d), W3 has no effect on the axial ratio
in states 6 and 7 or the impedance matching of states 3, 4, 6,
and 7.

2.4. Reconfigurability Principle

The proposed antenna is based on the concept of a switchable
director/reflector [31]. This indicates that, with the aid of RF-
PIN diodes, the two parasitic elements that are linked to the
ground plane function as a director and a reflector, respectively,
depending on their connection to the ground. The parasitic el-
ement connected to the ground functions as a reflector and the
other element as a director while the D1 diode is in the ON state.
The radiation pattern is orientated in the director’s direction as
a result of this effect. Two RF-PIN diodes are used in the sug-
gested antenna to link the two parasitic elements to the ground
plane. RF-PIN diode circumstances dictate that the radiation
pattern is directed toward the director. In stages 3 and 4, pat-
tern reconfigurability is attained. The size of the ground plane

22

affects the current distribution when both parasitic elements are
connected to or detached from it simultaneously. This effect
leads to the achievement of frequency reconfigurability in states
1, and 5. To accomplish polarisation reconfigurability, an ad-
ditional parasitic element is affixed to the rectangular ring an-
tenna in the proposed antenna. The states that lead to polari-
sation reconfigurability are states 6 and 7. Fig. 6 displays the
current distribution for every operational state.

As seen in Figs. 6(a), (b), and (c), the current is distributed
symmetrically over the radiating structure in states 1, 2, and
5. As illustrated in Figs. 6(d) and (e), the current is distributed
asymmetrically in the ground plane based on the ON/OFF con-
ditions of the RF-PIN diodes and finds the directed radiation
pattern in states 3 and 4. According to Figs. 6(f) and (g), in
states 6 and 7 at a frequency of 3.73 GHz, the current is spread
anticlockwise in state 6 to cause the right hand circular polar-
ization (RHCP) condition to occur, and in state 7 to cause the
left hand circular polarization (LHCP) condition to occur be-
cause current moves in clockwise direction, due to one para-
sitic element in the centre and one on the left and right sides,
respectively.

2.5. Method for Switching

Numerous semiconductor switches have been employed in re-
configurable antennas. Semiconductor switches include varac-
tor diodes, PIN diodes, and MEMS switches. Because of their
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FIGURE 8. The Simulated and experimental results of proposed antenna in state 1, 2, and 5. (c) State 1 (3.5 GHz), (d) State 2 (2.9 GHz), (e) State 5

(2.7GHz), (f) State 1 (3.5 GHz), (g) State 2 (2.9 GHz), (h) State (2.7 GHz).

strong isolation, fast switching, and low cost, RF-PIN diodes
are the best choice for achieving complete reconfigurability in
a single antenna [27]. The suggested circuit model for the RF-
PIN diode BAR 64-02V [33], which is utilised in the suggested
antenna layout, is depicted in Fig. 7(a). The RF-PIN diode pro-
vides 2.3-ohm resistance in the ON state and 0.13 pF capaci-
tance in the OFF state, as illustrated in Fig. 7(a).

23

3. RESULT AND DISCUSSION

The electromagnetic (EM) full wave simulator HFSS Version
19.1 [32] is used to simulate the proposed antenna. As seen in
Figs. 7(b) and (¢), an external circuit is employed to bias the RF-
PIN diodes. All of the suggested antenna’s operational states
are displayed in Table 2. An anechoic chamber is used for all
measurements, including those of the axial ratio, radiation pat-
tern, and reflection coefficient. There was a 5-met gap between
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FIGURE 10. Simulated and experimental results of proposed antenna in state 6 and 7. (c) State 6 (2.67 GHz), (d) State 6 (3.73 GHz), (e) State 7
(2.67 GHz) (f) State 7 (3.73 GHz) (g) State 7 (2.67 GHz) (h) State 7 (3.73 GHz) (i) State 7 (2.67 GHz) (j) State 7 (3.73 GHz)

the source and the tested antenna. By varying the states of three
RF-PIN diodes, the analysis of all seven states of operation can
be simplified as follows.

3.1. Operating States 1,2 and 5

The three RF-PIN diodes are all in the OFF state in state 1.
In state 2, the other two diodes are in the OFF state, and only
the D3 diode is in the ON state. Only D1 and D2 of the RF-PIN
diodes are in the ON state in state 5, while D3 is in the OFF state.
As seen in Figs. 6(a)—(c), in 1, 2, and 5 operating states, the
current flows symmetrically in the radiating structure, and the
radiation pattern is omnidirectional at frequencies of 3.5 GHz,
2.9 GHz, and 2.7 GHz, respectively.

Figure 8(a) displays both measured and simulated reflection
coefficients. Figs. 8(c)—(e) depict the 3-D radiation patterns of
states 1, 2, and 5, while Figs. 8(f)—(h) depict the simulated and
measured 2-D radiation patterns in the E- and H-planes. As
seen in Fig. 8(b), the peak gains in states 1, 2, and 5 are 3.18 dBi,
2.45 dBi, and 2.41 dBi, respectively, and the radiation efficien-
cies are 86%, 88%, and 86.7% observed.

3.2. Operating States 3 and 4

The suggested antenna covers a wide band frequency range
from 2.47 to 3.57 GHz and gives the end-fire directed radiation
pattern across the entire band when the RF-PIN diode, either
D1 or D2, is ON, and D3 is OFF under both situations. This
is because of the idea of the director and reflector, as seen in
Figs. 9(c)—(d). Fig. 9(a) displays the measured and simulated

26

reflection coefficients at states 3 and 4. Figs. 9(c)—(d) depicts
the 3-D directed radiation patterns at 3.5 GHz in states 3 and
4. Figs. 9(e)—(f) show the measured 2-D radiation patterns at
3.5GHz in the E- and H-planes. As illustrated in Fig. 9(b), the
suggested antenna’s peak gain in states 3 and 4 is 4.75 dBi, and
its radiation efficiency is 92%.

3.3. Operating States 6 and 7

The proposed antenna provides the polarisation reconfigurabil-
ity in operating states 6 and 7. Under these two circumstances,
the RHCP is accomplished at a frequency of 3.73 GHz due to
the asymmetric current distribution in the radiating structure in
state 6, and LHCP occurs due to asymmetric current distribu-
tion in state 7. Because of the parasitic presence in the ground
plane, the antenna resonates in the dual frequency bands of
2.49-2.75 GHz and 3.6-3.75 GHz, providing the direction ra-
diation pattern. Fig. 10(a) displays the simulated and measured
reflection coefficients of states 6 and 7. Figs. 10(c)—(d) and
(g)—(h) depict the 3-D radiation patterns in states 6 and 7 at fre-
quencies of 2.67 GHz and 3.73 GHz. Figs. 10(e)—(f) and (1)—(j)
show the simulated and measured 2-D radiation patterns in the
E-plane and H -plane at frequencies of 2.67 GHz and 3.73 GHz.
As seen in Fig. 10(b), the radiation efficiencies are 82% and
78%, respectively, and the peak gains are 2.92 and 3.71 dBi.
RHCP/LHCP polarisation reconfigurability is attained in states
6 and 7 at frequency 3.73 GHz. Fig. 10(k) shows both measured
and simulated axial ratios under these two situations. Figs. 10(1)
and 10(m) show the LHCP/RHCP gains in state 6 and 7. It is
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TABLE 3. Comparative analysis of proposed antenna with existing antennas.

No. of
References Dimensions (mm?®) | No. of layers/Copper layer switching Reconfigurability
Elements

[3] 80 x 80 x 7.6 Multi-layer 04 Frequency

[18] 200 x 83 x 3.36 Multi-layer 30 Frequency and Radiation Pattern

[22] 35 x 35 x 1.6 Double-sided copper layer 02 Frequency and Polarization

[24] 25.56 x 25.56 x 1.6 | Double-sided copper layer 04 Frequency and Polarization

[26] 60 x 50 x 1.6 Double-sided copper layer 05 Frequency, Pattern and polarization

[27] 36 x 30 x 1.6 Double-sided copper layer 04 Frequency, Pattern and polarization
I::::::ls:: 36 X 45 X 1.6 Single-sided copper layer 03 Frequency, Pattern, and Polarization

clearly observed that RHCP dominates in state 6, and LHCP
dominates in RHCP.

Table 3 shows a comparative analysis of the proposed an-
tenna with the existing reconfigurable antennas. The suggested
antenna is single-layered and uses fewer diodes to achieve all
reconfigurability properties and a wide range of applications.

4. CONCLUSION

This study introduces a single-layered CRA for 4G and 5G ap-
plications. This antenna offers three reconfigurable parame-
ters: polarisation, radiation pattern, and frequency. With just
three diodes, the proposed antenna has achieved such three-
parameter reconfigurability. Three RF-PIN diodes are used to
enable the seven distinct operating modes. It is observed that
in radiation pattern reconfigurability, this antenna shows omni-
directional, left-handed end-fire, and right-handed end-fire ra-
diation patterns in a wide range of frequencies. Polarization
reconfigurability is also achieved in LHCP/RHCP mode at a
frequency range of 3.71-3.75 GHz. All states have good agree-
ment between the simulated and measured results. The exis-
tence of lumped components causes some fluctuation in the
outcome. This antenna is appropriate for all 4G and 5G ap-
plications since it uses the CPW feed for feeding purpose.
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