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ABSTRACT

This work presents a compact reconfigurable antenna
based on fractal geometry. The investigation discusses the
challenges of lower antenna gain and bandwidth, critical
for efficient data propagation in 5G systems, particularly
for low-profile devices. Its goal is to develop a small,
multiband antenna capable of operating in all current and
future 5G bands and improve bandwidth and gain for mm-
wave and sub-6 GHz applications. The proposed design
covers the sub-6 band (2.8, 3.9, 4, 6.2) GHz and the mm-
wave band (24.4, 27.1, 28.5, 29.3, 30.6, 33.9, 34.6, 35.2,
38.8,44.4, 45.1, 59.7, 61.5, 62.3, 65.2, 67.4 and 69.5) GHz
with S11 less than -10 dB. A maximum gain of 12.8 dB and
aradiation efficiency of 94% are achieved. A partial ground
plane with a 50 Q feed line is used in this design. The
antenna is printed on a Roger RT 5880 substrate with a
relative dielectric constant 2.2 with a total dimension of
35x32.5x0.8 mm?®. The proposed design is simulated using
CST software, ensuring accurate calculations and
performance evaluation.

1. Introduction

5G devices running in the Sub-6 GHz band can
provide enough coverage for suburban and rural
areas. Therefore, there is a trade-off between the
considerably faster millimeter wave speeds in
limited regions and the more extensive coverage at
slower speeds of Sub-6 GHz. However, in specific
scenarios (such as densely populated cities), it is
more advantageous to employ both the millimeter
wave and Sub-6 GHz bands to reap the benefits of
5G fully [1]. Reconfigurable antenna (RA)
technologies are gaining traction as workable.

solutions because of their ability to adjust to ever-
changing wireless operating conditions and system
needs [2]. Through structural adjustments, the RAs
may adjust the antenna's current distribution and
performance factors, including resonance
frequency. [3], polarization [4], and radiation
pattern [5], to meet unique needs [6], [7]. Generally
speaking, several methods can be employed to
achieve  this reconfiguration functionality,
including the use.
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of varactor diodes [8], FET [9], PIN diodes [6], and
RF-MEMS (Micro-Electro-Mechanical Systems)
[10], which are devices that, by acting as switches
and permitting modifications to their properties,
can alter the physical configuration of microwave
circuits [11]. One of the initial design examples of
a reconfigurable wearable antenna implemented
on a fabric substrate for 5G sub-6 work on the
MID band (3 - 5.5GHz) of 5G communications
was reported by [12]. In another approach, [13]
has presented a compacted (44x44x3.2mm?)
frequency reconfigurable microstrip antenna
that uses electrical switching with PIN diodes for
the WiMAX (3500 MHz- 3910 MHz) and high-
frequency LTE (3500 MHz and 2600 MHz) bands.
Extending this objective, [14] presented a
procedure to model a PIN diode RF switch using
a full-wave EM solver, HFSS. The antenna
demonstrates a -10 dB impedance bandwidth
from 500 MHz to 6 GHz in the ultra-wideband
mode and 1.125 GHz to 2 GHz in the narrowband
mode. Next, in [15], a substrate layer of FR-4-
based low-profile material with a total dimension
of 80.3 x 80.3mm? has multiband frequency
tunability with a maximum frequency tunability
of 100 MHz. In a recent development [16] a
reconfigurable antenna design was designed for
5G applications using CST Microwave studio; the
antenna is printed on (25x29x1.6 mm?®) FR-4
substrate (er=4.3) operates in (3.8-5.1) and (5.9-
7.76) GHz. However, the selected band suffered
from limited propagation, small gains of 1.2 dBi,
and a single linear. In [17] the configuration of a
micro-strip monopole patch antenna (printed
antenna) (size of antenna 60x 45x1.6/FR-4
substrate) was proposed and assigned Lumped
RLC boundary as a diode in the antenna to make
it reconfigurable antenna. However, the antenna
uses the co-axial probe to feed design for feeding
purposes. A low-cost and immediately
deployable 5G system for 60 GHz central
frequency is presented in [18]. 5G applications
primarily inspired the creation of these
millimeter-wave band patch antennas. For
example, the Rogers RT/Duroid5880 antenna,
which measures 18x11.25x0.787 mm?, can
switch frequencies between 28 GHz and 38 GHz
or both bands; regarding the work documented
in [19]. However, the proposed antenna requires
more active elements and 14 RF PIN diodes for
reconfigurability. According to [20], a low-profile
printed antenna measuring 31 x 27 x 1.6 mm?
that can be adjusted for frequency and pattern
was created in three different ways. Handheld 5G
devices can use the proposed antenna for sub-6
GHz 5G bands 2.6, 3.5, 4.2, 4.5, and 5 GHz.
However, the complex design only covered sub-6

GHz, relying on eight PIN diodes for
reconfigurability. A frequency reconfigurable
antenna  suitable for millimeter wave
applications, four frequencies are produced in
[21] using the proposed antenna, which is
49.84GHz, 31.65GHz, 31,4GHz and 45,45GHz.
However, it includes a narrow bandwidth.
Reported in [22] a reconfigurable antenna that
operates in dual band 2.4 and 28 GHz frequency
band for 5G Applications. The total size of the
antenna was 30 x26.5x1.6 mm?® and was printed
on a FR-4 substrate. However, this research
compares the bandwidth obtained from its
different states, which range from 32.5 MHz to
2.57 GHz. In this study, a fractal frequency
reconfigurable antenna with an overall size of
35x32.5x0.8 mm? using a PIN diode acts as the
switch between the two patch elements to enable
different configurations. The main advantage of
the proposed reconfigurable antenna is that it can
resonate in two bands (mm-wave and sub-6
band). The proposed reconfigurable antenna
uses a single antenna that radiates at multiple
different frequencies; instead of two or three, it
will be under two conditions: ON and OFF for pin-
diodes in the partial ground.

2. Design steps.

Fractal geometries possess two  significant
characteristics: self-similarity and space-filling.
Fractal geometries, when used in antenna design,
enable the antenna to operate at several frequencies
and have size-reduction capabilities [23]. Utilizing
fractal ideas in antenna element design offers the
advantages of reduced dimensions, the ability to
operate across several frequency bands, and broad
bandwidth capabilities. Figure 1 illustrates each step
in designing the reconfigurable antenna (a, b, and c)
with total dimensions 35x%32.5x0.8 mm?®. The
antenna is created using Rogers RT/5880 material,
which has a relative permittivity (er) 2.2 and a
thickness (h) of 0.8 mm. Step (a) necessitated the
utilization of a rectangular patch antenna, as
depicted in Figure 1(a). The sub-6 band is not
covered, and the antenna works only in the mm-
wave spectrum. Step (b) streamlined specific patch
components, resulting in a frequency of 3.1 GHz
within the sub-6 band, as shown in Figure 2.
However, the antenna's performance in the mm-
wave band was unstable.
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Figure 1: Proposed steps for antenna design.

Step (c¢) involved designing a fractional antenna
capable of operating at exact frequencies for both
bands as shown in Figure 2 and Figure 3. It covers
the frequencies of 2.8 and 6.2 GHz within the sub-6
band and different frequencies, including 24, 27.3,
30.9, 33.9, 35.2, 443, 61.2, and 672 GHz. A
microstrip line with a width of 2.2 mm and an
impedance of 50 Q is used for feeding. The
reconfigurable antenna achieved significant
enhancements with the addition of a ground slit,
enabling it to operate in two unique modes: partial
and full ground mode. Switches can be used to
control the ON and OFF states [24].

Return loss (dB)
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Figure 2: Return loss performances for sub-6 band.
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Figure 3: Return loss performances for mm-wave band.

3. Proposed setup.

Figure 4 shows the suggested antennas for the
combined band operations of future 5G
application. A reconfigurable antenna is designed
based on fractal geometry. with an overall
dimension of (35 x 32.5 mm?), five switches are
added to the patch, and three to the ground to
generate multi-band operation.
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Figure 4: Proposed reconfigurable antenna.

Table 1 provides an overview of the suggested
design components of the reconfigurable antenna.
Figure 5 illustrates the operation of the pin diode
switch mode

It forms an RL series circuit with an inductor (L)
and a low-value resistor (RL) when activated.
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Deactivating the switch simulates an RLC circuit
using a parallel combination of an inductor (L), a
high-value resistor (Rh), and a capacitor (C). For
this study, we utilize the Skyworks SMP1345-
079LF pin diodes, which have RL = 1.5Q, L =
0.7nH, and C = 0.15pF as specified in the datasheet
[25].

Table 1: The set-up antenna dimensions.

Parameter Symbol Value
(mm)
Width of substrate Ws 325
Length of substrate Ls 35
Highest of substrate Hs 0.8
Width of ground Wg 325
Length of ground Lgl 4
Length of ground Lg2 27
Highest of ground Hs 0.035
Length of feed Lf 3.75
Width of feed Wf 2.2
L L
Rs ¢ R ——— Rg
(a) ON state. (b) OFF state.

Figure 5: PIN-diode equivalent circuit.

The antenna is designed with two configurations,
partial and full ground plane, as shown in Tables
2 and 3. The partial ground is created when S6,
S7, and S8 are OFF, while it is full ground when
the switches are ON. Four states are selected for
each configuration depending on the switches
(S) case. State-1, in which only S1 is ON, in
state-2, only S2 is ON, while S5 and S6 are OFF
in state-3, and state-4, all the switches are ON.
In state-1, the minimum size of the suggested
antenna is shown. For this reason, the antenna
starting to operate at a high frequency of 28.5,
34.6, and 65.1 GHz. For state-2, the proposed

antenna resonates at 27.1, 34.8, 45.1 and 65.6
GHz. In state 3, The antenna has a single-band
characteristic; it operates at 3.9 GHz in the sub-
6 band. The antenna covers the third band within
the mm-wave band at 28.7, 35.2 and 65.2 GHz,
respectively. On the other hand, the large size of
the antenna is happened in state-4 and covers
two separate bands: 2.8 and 4 GHz within sub-6
band, and 28.8, 34.6, and 65.3 GHz in mm-wave
band.

Table 2: Simulated values of proposed antenna (config.1).

All diodes in the ground (S6, S7, S8) OFF

State-1 State-2 State-3 State-4

SrelSre| 28] 2|8
v v v v
S1
v v v v
S2
v v v v
3
v v v v
S4
v v v v
S5
v v v v
S6
@ g 285 271 23897 248
T e ' 34.8 . 28.8
< & 34.6 352
=g oSl 45.1 P 34.6
: 65.6 . 65.3
= o
T E 6.15 6.58 113 11.4

In contrast, four states in full ground case, are
chosen for each configuration. In state-1, the
suggested antenna operates at 34.2, 38.8, 44.4,
59.7, and 69.5 GHz frequencies, achieving a
maximum gain of 12.8 dB (at 59.7 GHz). In
state-2, the antenna covers the frequency bands
of 29.3, 34.1, 44.4, and 62.3 GHz. For state-3,
the antenna covers 24.4, 27.2, 30.6, 33.9, 35.6,
44.3,61.5, and 67.4 GHz with a high gain of 11.2
dB. While in state-4, the same antenna covers
two bands: 2.8 and 6.2 GHz for the sub-6 band
and 24, 27.3, 30.9, 33.9, 35.2, 44.3, 61.2, and
67.2 GHz for the mm-wave bands.
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Table 3: Simulated values of the proposed antenna (config.2).

All diodes in the ground (S6, S7, S8) ON

State 1 | State 2 State 3 State 4

clSle|l2 1912198
Zz|3|z|3|Z2 |22 |3
v v v v
S1
v v v v
2
v v v v
s3
v v v v
S4
v v v v
S5
v v v v
S6
2.8
24.4 6.2
5 34.2 272 24
< 38.8 293 30.6 273
2 444 34.1 339 30.9
< 59.7 44.4 35.6 339
o 69.5 62.3 443 352
) 61.5 443
67.4 61.2
67.2
25 12.8 10.3 112 11.3
Z 5 =

Figure 6 illustrates the simulated return loss for all
states in the sub-6 bands for the proposed antenna
in configuration-1 with return loss less than -17.8, -
15.35, and -10.7 dB at 3.9, 2.8, and 4 GHz,
respectively.

0
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4
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Return loss (dB)

16 4t _______ — state-3
b b e stated

-18 1 f f f f . ‘ r

1.5 2 25 3 35 4 45 5 55 6

Frequency / GHz

Figure 6: Simulated (S11) results for configuration 1 in sub-6
band.

On the other hand, Figure 7 displays the act of the
S11 parameter for the millimeter-wave bands. In

state-1, the antenna operates at frequencies of 28.5,
34.6, and 65.1 GHz, with values less than -32, -12.6,
and -15.3 dB, respectively. In state-2, the antenna
operates at frequencies of 27.1, 34.8, 45.1, and 65.6
GHz, and it has a return loss of less than -14.6, -11.8,
-16.8, and -15. dB, respectively. The highest
bandwidth in this state was 4.4 GHz (at 65.6 GHz).
At state-3, the proposed antenna covers 28.7, 35.2,
and 65.2 GHz, with S11 parameter values of -27.3,
13.69, and -12.5 dB, respectively. witha 5.1 GHz (at
65.2 GHz) maximum bandwidth. Finally, at 28.8,
34.6, and 65.3 GHz, the return loss for the multiple
band (state-4) reveals losses with respective values
of -26.3, -13.6, and -12.6 dB, respectively. In this
state, the highest bandwidth was 3.6 GHz (at 65.3
GHz).
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Figure 7: Simulated (S11) results for configuration 1 in
mm-Wave band.
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Figure 8: Simulated (S11) results for configuration 2 in sub-6
band.

Figure 8 shows how the proposed antennas
estimated S11 parameters work in the sub-6 band for
config. 2. At2.8, 6.2 GHz, the suggested antenna has
return loss values of -22 dB. Figure 9 illustrates the
act of the S11 parameter for the millimeter-wave
frequency bands. Each of the four different states
operates in multiple frequency ranges. The
suggested antenna operated in the 24.4,27.2, 29, 34,
30.6, 33.9, 35.6, 38, 44.3, 59.7, 61.5, and 67.4 GHz
frequency bands with S11 characteristics below -12
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dB and could reach -43 dB at the center frequency.
The highest bandwidth in these states was 10.1GHz
(at 61.2GHz).

0 '
514
-10 -1
-15 - |
20 ¢
25
30 4
35
40
-45

Return loss (dB)

— state-4

20 25 30 35 40 45 50 55 60 65 70
Frequency / GHz

Figure 9: Simulated (S11) results for configuration 2 in mm-
wave band.

Figure 10 shows the spatial arrangement of the
antenna's current distribution over multiple
frequency bands. At configuration 1. The lower end
of the feedline emits electromagnetic waves at 28.5,
35, 45.1, and 65 GHz because the surface has a
higher electric current density. The current
distribution on the surface shows a higher
concentration in lower frequency compared to
higher frequency bands. The antenna operates
throughout a broad spectrum of frequencies,
including 2.8, 3.9, 4, and 6.2 GHz. It also changes to
frequencies of 30.9, 33.9, 35.6, and 38.8 GHz at
configuration 2 (Figure 11), and the surface currents
show a different behavior in resonant height. The
surface currents illustrate that the resonant length
reduces as the frequency expands, confirming the
inverse relationship between frequency and resonant
length.

(a) State-1 at 28.5 GHz.

wartace cur_A3121) (1]
ey 45701 G
P

ITTN

(b) State-2 at 45.1 GHz.

surface our...3.9651) [1]
Frgeency 35651 Ghe

(d) State-4 at 2.8 GHz.

Figure 10: Antenna surface current diagrams at different states
for config.1.
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(a) State-1 at 38.8 GHz
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(d) State-4 at 30.9 GHz.

Figure 11: Antenna surface current diagrams at different
states for config.2.

In 5G wireless systems, high gain is important
because it directly reflects the power that the antenna
emits through its radiation patterns [26]Figure 12
illustrates the realized gain in the sub-6 band for both
configurations; the maximum simulated gain is
around 3 dB for 6.2 GHz. Figure 13 and Figure 14
display the gain within the mm-wave band for
config.1 and config.2, respectively. Config.2 (state-
1) exhibits the maximum gain of 12.8 dB at the mm-
wave band since the ground was with total
dimension in it.

state-3 (Gnd-OFF)
state-4 (Gnd-OFF)
state-4 (Gnd-ON)

1.5 2 25 3 35 4 45 5 55 6 65
Frequency / GHz

Figure 12: Gain of the suggested antenna for both
configurations in the sub-6 band.
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Figure 13: Gain of the proposed antenna for con Fig. 1
in the mm-wave band.

)

z

2

=

Q

= : ; ;

g :

= | —— state-1

5 y tate-2

& state-2
| —— state-3
| —— state-4

20 25 30 35 40 45 50 55 60 65 70
Frequency / GHz

Figure 14: Gain of the proposed antenna for config.2 in the mm-
wave band.

Figure 15 describes the radiation pattern of the
proposed reconfigurable antenna in the first four
states at config.1 Figure 16 shows the radiation
pattern in the other four states at config.2. These
patterns exhibit a directional radiation pattern that
is significant for 5G applications, particularly at
various frequencies.
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0 — farfield (f=28.2) [1]

Phi= 90 30 30 Phi=270

3 Frequency = 28.2 GHz

150 Main lobe magnitude =  3.13dB
180 Main lobe direction = 43.0 deg.
Angular width (3 dB) = 69.1 deg.
Side lobe level = -1.2dB

Theta / Degree vs. dB
(a) State-1 at 28.5 GHz.

Farfield Realized Gain Abs (Phi=90)
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(b) State-2 at 45.1 GHz.
0
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Phi=270

Phi= 90
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120 1N 120

3 Frequency = 3.9651 GHz
150 Main lobe magnitude =
180 Main lobe direction = 170.
Angular width (3dB) = 7
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(c) State-3 at 3.9 GHz.

farfield (f=65.394) [1]
Phi=270

Phi= 90 30

120

Frequency = 65.394 GHz

Main lobe magnitude =  7.33 dB
180 Main lobe direction = 36.0 deg.
Angular width (3 dB) = 13.7 deg.
Side lobe level = -2.3 dB

Theta / Degree vs. dB

(d) State-4 at 65.5 GHz.

Figure 15: E-plane for some resonant frequency at config.1.
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150 Main lobe magnitude =  2.53 dB
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(e) State-1 at 34.2 GHz.

farfield (f=29.345) [1]
Phi=270

90

120

. Frequency = 29.345 GHz
150 Main lobe magnitude =  9.94 dB

180 Main lobe direction = 3.0 deg.
Angular width (3 dB) = 31.4 deg.

Side lobe level = -5.8 dB

150

Theta / Degree vs. dB

(f) State-2 at 29.3 GHz.
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0 — farfield (f=24.41) [1]
30 Phi=270

Phi= 90 30

90

1200 N\ A/ 10

. Frequency = 24.41 GHz

150 Main lobe magnitude = 5.18 dB
180 Main lobe direction = 164.0 deg.
Angular width (3 dB) = 14.3 deg.
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150
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(c) State-3 at 24.4 GHz.

0 — farfield (f=30.944) [1]
Phi=270

120
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150 Main lobe magnitude =  8.39 dB
180 Main lobe direction = 21.0 deg.
Angular width (3 dB) = 18.2 deg.
Side lobe level = -5.2 dB

Theta / Degree vs. dB

(d) State-4 at 30.9 GHz.

Figure 16: E-plane for some resonant frequency at config.2.

The voltage standing wave ratio (VSWR) measures
the power reflected. It is considered to have a
positive return-loss value since it captures a greater
number of radio waves than it rejects [27]The
opposite is true, with a lower return-loss value.
Figure 17 shows VSWR in state-1 (config.1) at 28.2
GHz, while Figure 18 shows VSWR in state-1
(config.2) at 59.8 GHz. This indicates satisfactory
impedance matching, with a value below two
considered suitable.

VSWRI : 1.0103575

20 25 30 35 40 45 50
Frequency / GHz

Figure 17: VSWR of proposed antenna at config. 1.

VSWRI : 1.0248584

1

S50 55 60 65

20 33 40 45

Frequency / GHz

Figure 18: VSWR of proposed antenna at config.2.

Many researchers have suggested and created
antenna configurations for different frequency
ranges and purposes, as seen in Table 4. The
configurations include individual antennas, arrays of
antennas, wideband antennas, multiband antennas,
and several other antennas. In terms of size, the
proposed antenna is more compact than other
antennas reported in [16], [17],. The most prominent
distinction, as compared to other candidate antennas,
is the ability of the proposed antenna to operate in
combination bands, which are more than the number
of bands achieved in all reported works [19],[21],
[28] .
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Table 4: Comparison of the suggested antenna with other reference antennas.
Ref Antenna size Substrate (€r) Resonance frequency (GHz) Frequency Max gain (dB)
(mm2) b quency z reconfigurable X8
[16] 25%29x%1.6 FR-4 (€r=4.3) (3.8-5.1) and (5.9-7.76) GHz frequency 1.2 dBi
[17] 60x 45 x1.6 FR-4 (€r=4.4) 1.95 to 19.33GHz frequency -13dB
R 28 GHz and 38 GHz or tuned
[19]  18x11.25 x0.787 ogers une 6.72 dBi
RT/5880 (€r=2.2) both bands reconfigurable
1.8,2.1,2.6,3.5,4.8,5.0,5.6, 190-1400
[20] 31x27x1.6 FR-4 (er =4.3) 6.4.6.5 GHz frequency MHz
Rogers 49.84, 31.65, 31,4 and 45,45
[21] 5x4x10 RO3003 (3) GHz Frequency 2.43
[22] 30 x 26.5 x1.6 FR-4 (er=4.4) 2.4,28 frequency = -—--—-
R 3003
[28] 100x 6 x0.5 oger=3) (er around 27 GHz. frequency 8
Range (630
[29] 37x35%1.6 FR-44.3 2,2.45,3.1 and 3.4 GHz frequency MHz-5 8GHz)
RT Duroid (r Frequency
[30] - —22) 5.2,5.8 GHz and Polarization 204MHz
2.8,3.9,4, 6.2 GHz in sub-6 band
24.4,27.1,28.5,29.3,30.6, 33.9,
Our Roger 5880 RT 34.6,35.2,38.8,44.4,45.1, 59.7,
35x32.5x%0.8 frequency 12.8 dB
work (Er=2.2) 61.5,62.3,65.2,67.4 and 69.5

GHz in mm-wave band
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