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OPEN A common grounded ultra-

wideband diversity/MIMO antenna
with high inter-element isolation

Shailesh!, Garima Srivastava?, Sachin Kumar®*?, Deepti Sharma“, Bhawna Goyal® &
Naglaa F. Soliman®**

An ultra-wideband (UWB) multiple input multiple output (MIMO) antenna with two ports, a low profile
of 0.3541x 0.7341, with good isolation is suggested. The antenna is designed to be compact and
single-sided by using modified Koch fractal-based radiators in conjunction with coplanar waveguide
(CPW) feeding. A slotted octagonal ground plane and an octagonal modified Koch fractal radiator
with CPW feeding make up the basic antenna, which achieves a UWB response. MIMO capacity is
achieved by placing two identical parts in opposite directions in a 180° rotational arrangement, which
successfully realizes the diversity performance. The ground connection and strong isolation between
the elements are established by a meander line construction positioned in the center. The antenna
maintains an efficiency of over 86% and shows a peak gain of 6.1 dB. Additionally, it maintains
acceptable MIMO diversity parameters like envelope correlation coefficient of less than 0.05, diversity
gain of almost 10 dB, channel capacity loss of less than 0.4 bps/Hz, total active reflection coefficient
of less than 10 dB, and mean effective gain ratio of 0 dB over the operating band, while achieving

an impressive 10 dB impedance bandwidth (IBW) spanning (126.48%) from 3.24 to 14.39 GHz. Its
exceptional performance is shown by the respectable outcomes of S-parameters and MIMO diversity
evaluations, as well as a thorough time-domain study. Due to its high data rates, scalability, spectrum
efficiency, and ease of integration, the UWB MIMO antenna could be suitable for internet of things-
based security system for smart offices.

In smart office networks, the internet of things (I0T) gadgets keeps opening up new opportunities'. Nowadays,
a potted plant can sense when it is too cold or thirsty to water itself and adjust the temperature in the room.
Sensors are being used to control everyday lighting, turning it on and off as you enter and exit a room. In a
smart office network, machines like photocopiers and printers determine which devices are connected first.
Offices that have linked devices are now smarter due to the merging of technologies like the Internet, Wi-Fi,
and Bluetooth. In order to increase productivity, control expenses, manage inventory, and minimize tedious
monitoring, connected devices including door locks, security cameras, vending machines, motion sensors, light
bulbs, window blinds, and climate control systems now communicate with one another. Cognitive computing
solutions that give control over surroundings enable communication between linked devices?. Figure 1 shows a
potential example of a smart office connected by a high-speed wireless network.

During a cyberattack, all of the applications that the IoT has made possible could come to a halt, potentially
leading to unexpected outcomes®. 70% of IoT wireless devices are not built to be secure, according to reported
research®. It could be a lack of defense against attacks at work. Attacking internet-connected access points results
in fatalities in addition to significant financial damages. Additionally, it gives hackers lawful access, enabling
them to forge even more illegal links. Cyberattacks will inevitably rise tremendously as IoT adoption continues'.
The company data, supply chain, and productivity will all be impacted by these attacks. Manufacturers of IoT
devices must design sturdy products that support security and performance. To enable network segmentation
and use the least privilege principle, the IoT devices need to be identified and verified. The data generated by IoT
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Fig. 1. Smart office IoT-based security system.

is the last essential component of its security. It is necessary to encrypt IoT data using encryption that is either
integrated into the device or in the application that communicates with it’.

The short-range wireless communication technique known as ultra-wideband (UWB) makes use of radio
waves. UWB offers extremely high degree of data security, made possible by time-of-flight (ToF) measurements.
Because of its intrinsic encryption, random number generation, and other security features, UWB’s ToF
capabilities make it more difficult for an outside attacker to access or alter UWB communications by precisely
determining the time it takes for the signal to move between devices. UWB is perfect for high-speed, short-
range data transmission because it can transport more data by using a wider bandwidth and operating in a
higher frequency range. More accurate device location is ensured by UWBs precision down to 10-30 cm®. For
wireless communications, combining UWB technology with multiple input multiple output (MIMO) systems is
a practical approach for achieving > 1 Gbps data rate’. By employing several antenna elements at the transmitter
and receiver, MIMO technology can increase transmission throughput and decrease multipath fading. More
sophisticated encryption algorithms can be used, which makes it more difficult for hackers to compromise the
network. Data communication is more secure when encryption is stronger®.

As previously stated, UWB MIMO IoT wireless devices are mainly intended for usage in indoor
communication systems with high-speed data rates. So, they require front-end communication devices that are
portable, lightweight, and compact. Increased correlation between MIMO elements, low radiation efficiency, and
distortion of the radiation pattern are all results of high mutual coupling in MIMO antennas®!°. To determine
its diversity performance features, a MIMO antenna also needs to estimate various diversity parameters. Various
matching and decoupling structures (DSs) were reported previously for improving the isolation to get around
this constraint!!!2,

Compact size, operating bandwidth, isolation, and other factors are the primary concerns for UWB MIMO
antenna systems used in portable devices'"!*. Since multiple antennas are placed closely together, radiation
characteristics and antenna isolation are degraded in such systems. Therefore, in portable MIMO devices,
designing a compact MIMO antenna with high isolation continues to be a difficult task for antenna researchers.
To address the issue of space constraints between the antenna elements and achieve a compact antenna, it is
extremely necessary to use a recursive process-based fractal methods'. The self-similar as well as space-filling
behaviour of MIMO antennas with fractals is one of their most significant features. Fractal MIMO antennas
can therefore offer a higher bandwidth, a better radiation pattern, and lesser correlated signals because they are
simply self-similar, space-filling, and self-affine!>!6. Also, the fractal-based compact MIMO antennas can be
integrated with portable Wi-Fi and IoT devices without difficulty. Contributors from academia and the wireless
industry have examined numerous wideband MIMO/diversity antennas with fractal radiators, such as a fractal
circular ring radiator!'”!3, fractal loaded circular radiator!, Koch fractal?’, molecule-shaped radiator?!, modified
Sierpinski carpet fractal??, Koch fractal®, circular ring?*. Table 1 demonstrates the advantages, limitations, and
application band for the MIMO antennas with fractal-based radiators, where it is noted that the suggested UWB
antenna has IoT capabilities that can be utilized in a smart office security system.

This work presents the design of a compact UWB-operating octagonal fractal MIMO/diversity antenna.
The suggested antenna consists of two modified octagonal Koch radiators with coplanar waveguide (CPW)
feeding positioned vertically in the opposite orientation. To further enhance the isolation (S,,,, <20 dB)
between the radiators (ports), a meander line is added between the ground planes. The suggested antenna has a
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References | Advantages Limitations Applications
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17 Self-decoupled ;J/?ergieumrrfegain Indoor o
UWB . . . communication
Efficiency is not mentioned
CCL and TARC are not calculated
Double-sided
TARC is not calculated
. Medium isolation
Small size . .
18 Connected ground Medium gain . Indoor
8 No time domain analysis communication
UWB e a0 A
Efficiency is not mentioned
Double-sided
Small size
Connected ground in 2-port MIMO antenna Not UWB
MIMO diversity analysis (envelope correlation Medium gain Sub-6 GHz
9 coefficient (ECC), diversity gain (DG), total active | No time domain analysis and WLAN
reflection coefficient (TARC), channel capacity loss | Medium isolation communication
(CCL), mean effective gain (MEG)) Double-sided
High efficiency
S . No MIMO diversity analysis
mall size . . .
Connected ground No time domain f\naly51s On-body
20 UWB § Gain is not mentioned WBAN
High isolation Efficiency is not mentioned applications
Double-sided
Unconnected ground
Small size DG, TARC and MEG are not calculated Massive
2 UWB No time domain analysis MIMO and
High isolation Gain is not mentioned high-density
Efficiency is not mentioned packaging
Double-sided
TARC is not calculated
S . Time domain analysis is not done
mall size Medium Gain
2 Connected ground Effici : ioned UWB
UWB ciency is not mentione:
Medium isolation
Double-sided
Large size
Unconnected ground
MIMO diversity analysis (ECC, DG, CCL, TARC, | Not UWB Sub-6 GHz
B MEG) Time-domain analysis is not done V2X
High isolation Gain is not mentioned communication
Efficiency is not mentioned
Double-sided
Small size
Self-decoupled Medium isolation
2 UWB Unconnected ground Indoor
High gain DG is not calculated communication
High efficiency S-parameters are not shown in time domain analysis
Single-sided
Connected ground
UWB
MIMO diversity analysis (ECC, DG, CCL, TARC,
MEG) UWB
This Work glrgnﬁ g:iﬁmm analysis Could be extended to 4 or 8 ports IS:}[,?L;(S)QR
High efficiency security system
Small size
High isolation
Single sided

Table 1. Analysis of recent fractal-based MIMO antennas. Low gain: > 2 dB, Medium gain: > 4 dB, High gain:
> 6 dB; Low isolation: > 10 dB, Medium isolation: > 15 dB, High isolation: > 20 dB; Small size: < 900 mm?
(Size/Ports), Medium size: < 1800 mm? (Size/Ports), Large size: < 2700 mm? (Size/Ports), Low efficiency: >
60%, Medium Efficiency: > 70, High efficiency: > 80%.

minimum efficiency of 83.1% and a maximum gain of 6.1 dB. Also, to determine whether the suggested antenna
is appropriate for a diversity application, MIMO diversity parameters are examined.

Structure analysis of the suggested antenna

Antenna structure

Figure 2(a) displays the structural design of the MIMO/diversity antenna. The diversity/ MIMO antenna is
printed on the FR4 substrate with a volume of 28 mm x 58 mm x 0.8 mm (€ = 4.4 and tan §=0.02). The
antenna contains two slotted octagon ground planes with two CPW feeding and two modified Koch fractal
(MKF) octagonal radiators (shown in Fig. 2(b)) placed in opposite directions. The radiators are arranged to
provide a miniaturized size and a large bandwidth (3.24-14.39 GHz). The surface current distribution of the
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Fig. 2. Structure of (a) MIMO/diversity antenna, (b) MKF octagon radiator with dimensions: (in mmy;
W1=58,L1=28, Wf: 3.5, Lf: 4.43,81=5.74, S2=4.05, $3=2.87, S4=2.03, S5=1.43, R1=10.6, R2=7.5,
R3=5.303, R4=3.75, P2=8.41,G1=0.5, G2=1, B1=3.21, B2=0.89, B3=1.36, H1 =5.91, H2=1.79, H3=2.72,
T1=1,T2=05,T3=0.5, W2=4, W3=3,12=2,L3=1, L4=4.7), (c) TM,, mode in the proposed antenna, and
(d) TM,, mode distribution in the circular patch.

antenna element of the proposed MIMO antenna is depicted in Fig. 2(c), which is compared with the current
distribution in the TM,, mode of the circular patch (Fig. 2(d))?®. As can be seen, the current distribution of the
proposed antenna element is the same as the current distribution in the TM,, mode of the circular patch. This
shows that the antenna element of the MIMO antenna is working in TM,; mode.

Additionally, a meandered line is inserted between the two ground planes, to achieve an isolation more than
20 dB. Since the meander line is positioned between two antenna elements, the overall volume of the antenna
will not increase. Thus, the need for small and affordable antennas for modern wireless applications could be
satisfied.

Development of octagonal modified Koch fractal (MKF)

The geometry of a regular polygon acts as a resonator. The regular polygon creates multiple resonant frequencies
within the antenna structure. These resonances occur at different frequencies, contributing to the antenna’s
ability to operate across a wide range. Therefore, in the proposed antenna design, a polygon structure in the form
of octagon is used. Initially, the octagonal radiator (OR) is formed based on a circular radiator (CR), as depicted
in Fig. 3(a). As indicated by Eq. (1), the resonance frequency of an OR (shown in Fig. 3(b)) is determined by
comparing the effective surface area of a CR to the area of a conventional OR?%?’.

W.(Reff)2 22(1-‘1-\/5).052 (1)

Here, O, is the side arm length of the CR=S1=5.74 mm and R.y is the effective radius of the CR=7.11 mm.
The radius of CR is given by Eq. (2), and this can be utilized to describe the R.sy?%%.

2.Ts 7w .Cr
= 2
Resy CR\/<1+ Cr o [ln ( 3T ) +1.7726D (2)

where Cyis the CR’s radius=6.865 mm, TS is the substrate thickness=0.8 mm, and €, = 4.4 is the substrate

dielectric constant. Lastly, by equating Eqgs. (1) and (2), the resonance frequency for an OR can be expressed
as2627,
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This involves TM, = T,, = 1.84118, R . = effective radius for CR, c=speed of light=3x10"" mm/sec, and

€eff =(054+¢€r / 2). The I and IV iterations of the initiator are also shown in Fig. 3(b). As can be seen in
Fig. 3(c), the simulated first resonance frequency of 4.15 GHz is found to be quite similar to the calculated
octagonal radiator (3.76 GHz) using Eq. (3) with a side length of 5.74 mm and TM,, mode (Fig. 3(c)). As the
number of iterations increases, impedance matching improves at the mid-frequency range.

The Koch fractal approach, an iterative function system (IFS) based on affine transformation, is now used
to the octagonal design in order to achieve a compact antenna®’~%. First, as shown in Fig. 4(a), a straight line
oriented horizontally is employed as a Koch initiator. The basic generator’s center segment is divided and replaced
with the other two segments (W1 and W2) after the initiator, a straight line, is divided into three equal parts. To
create an MKF antenna, a square element is etched on a larger octagonal patch in the first iteration. The resulting
material is then added to the smaller octagonal radiator, as shown in Fig. 4(b). This is the geometry’s initial
iteration. The procedure is repeated to attain size compactness and enhance the antenna performance in the
subsequent generation of higher iterations (Fig. 4(c)-(e)). This procedure enhances impedance matching while
also lengthening the radiator’s electrical length. The IFS Koch curve generalization is expressed numerically
using the given formulas?’,

fr = (3)

x’ o %cos@ 0 x
WO( y ) B { 0 +cosf) ( z ) 4)
' \ _ | £cosf —Esme x 1
Wl( y' ) o |: %sine +cosf :| ( z )+( 0 ) ®)
2\ Tcos  +sind x 0.5
Wz( Y ) N |: —1sinf gcose :| ( z )+( +sinf ) (6)
x’ Lcosh 0 x 1-1
W3(y/):[k0 %cos@](z)—i—( Ok> )
where the rotation angle (6) and the scaling factor (k) are connected and can be stated as?’,
1 1
- (8)

k 2(1+cosd)
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Fig. 4. Design alteration in Koch Fractal Structure: (a) Modified structure, (b) I iteration, (c) II iteration, (d)
III iteration, (e) IV iteration (Proposed octagonal Koch radiator).

The aforementioned expression shows that the distance between two inclined lines is the same in every iteration.
The value of 6 for a typical Koch fractal curve should be /3. The generator expression is the product of the

previously mentioned equations and applies to all higher-order fractal iterations®.

A=W (A) = WoUW; (A) U Ws (A) U Ws (A) 9)

The self-similar fractal structure dimension (D) is expressed in?’ through the application of affine transformations
(W(A)):

log4
" log [2(1 + cosf)] (10)
The preceding expression determines the D at 8 (the indentation angle) is 2 when 6=mw2. Nevertheless, the
conventional Koch fractal curve produces a D=1.262 when 0=m3. This result implies that the electrical length
of the MKF is longer than that of the normal Koch fractal. Longer electrical lengths result in longer current paths
and lower antenna cut-off frequencies.

MIMO/diversity antenna structure

The diversity antenna’s optimized steps are arranged in Fig. 5, which also includes the related simulated reflection
coefficients (S, ,,) and isolation (S, ,,,,) graphs. The first step (MIMO 1) has two octagonal radiators mounted
opposite to each other to take advantage of the diversity performance of octagonal ground planes. Figure 6(a)
makes it clear that the MIMO 1 antenna provides a wide bandwidth from 3.93 to 13.64 GHz, with just a small
amount of mismatch between 7.3 GHz and 11 GHz. However, UWB applications are not covered by it. Moreover,
the lower frequency region of the UWB range shows low isolation (>17.81 dB) for MIMO 1 (Fig. 6(b)). To
enhance matching at 7.3 GHz and 11 GHz, the main octagonal radiator in MIMO 2 is etched with the modified
Koch generator that has been suggested. This offers good impedance matching from 4.24 to 13.27 GHz, which
is less than <—11 dB. A 6 mm rectangular slot is inserted into the ground in MIMO 3 to enhance impedance
matching in the lower UWB frequency range. This achieves a bandwidth of 3.38 to 13.14 GHz. At the vertices
of the octagonal ground planes in MIMO 4, slots are added to further increase the bandwidth. This results in
a broad frequency spectrum in the 3.16-13.81 GHz band by lengthening the antenna’s electrical length and
providing an extra resonance at 13.2 GHz. From MIMO 1 to MIMO 4, low isolation (less than 20 dB) is attained
in the lower UWB range. In MIMO 5, a meander line is inserted between the two ground planes to increase the
inter-port isolation between the two octagonal fractal radiators at the lower frequency range. Here, the length
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of the meander line is A /2 at 3.3 GHz, which is connected at the two corners (upper and lower) of the grounds
of antenna elements, which provides satisfactory isolation. Thus, a significant reduction in the mutual coupling
(isolation of more than 20 dB) throughout the band of interest (3.38-14.15 GHz) is achieved.

Meander’s effect on inter-port isolation

Figure 7 shows the surface current distribution at 3.3 GHz frequency, which sheds more light on the effect of the
meander line on inter-port isolation. For this, port 1 is excited and port 2 is terminated with a 50 Q impedance.
The antenna produces a significant current on both radiators (antenna A and B) in the absence of a meander
line, as seen in Fig. 7(a). This implies that there is less isolation between the two antennas because ports 1 and 2
are mutually connected. However, when the meander line (shown in Fig. 7(b)) is introduced between the ground
planes, relatively large currents accumulate on both the meander line and antenna A, but very little current flows
to antenna B. This demonstrates the low level of interference between two antenna elements, which increases the
isolation in the lower frequency band of UWB.

The meander line structure plays a crucial role in improving the isolation of the proposed antenna. Therefore,
it is necessary to discuss the effect of the parameters of the meander line structure on the antenna performance.
For the simulation, a fixed MIMO antenna geometry is taken and only meander line parameters are varied.
First, the width (or thickness) of the meander line is varied and S,; and S, are simulated as shown in Fig. 8(a).
It shown that there is no significant change in S, ;, but isolation (S,,) improved by keeping the values L2=2 mm
and L3 =1 mm. Secondly, the number of turns (N) of the meander increases from 1 to 4 and S-parameters (S,,
and §,,) are simulated, as presented in Fig. 8(b). There is also almost no change in the reflection coefficients,
but isolation is enhanced by increasing N. Lastly, the length of turns of the meander line in varied, and S-

parameters are simulated as displayed in Fig. 8(c). As shown, there is only a small change in S, , but the isolation
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Fig. 7. Surface current distribution at 3.3 GHz (a) without meander line, and (b) with meander line.

is higher at the operating band at W3 =3 mm. This shows that the electrical distance between antenna elements
is progressively increased by increasing number of turns and keeping the adequate values of the width and
length of turns of meander line, which increased the isolation without altering the S,,. This satisfies the design
requirements of isolation and a compact size of the MIMO antenna.

Results and discussion

Antenna measurement and fabrication

The proposed MIMO antenna is fabricated, and S-parameters are measured using a vector network analyser
(VNA) by activating the port-1 and terminating the port-2 with a 50 Q load. The outcomes of the simulated
and measured transmission (S,,,,,) and reflection coefficients (S,,,,) are shown in Fig. 9(a). The suggested
antenna accomplishes a bandwidth from 3.24 to 14.39 GHz (measured) and isolation greater than 20 dB in
an almost complete operating range with slightly lower isolation at 4 GHz of about 19 dB. Figure 9(b) shows
the measured peak gain of the proposed antenna in the working band, which varies from 0.34 dB to 6.1 dB.
Furthermore, the antenna’s gain primarily rises with frequency and falls particularly between 12 and 14 GHz.
This effect is primarily caused by the lossy FR4 substrate. The gain comes back to 6 dB for the frequencies
higher than 14 GHz due to compensating for the potential signal losses that can occur at the higher frequencies.
Furthermore, Fig. 9(c) indicates that the simulated radiation efficiency of the antenna is higher than 87% and
measured radiation efficiency is more than 86%.

Figure 10 displays the radiation patterns in the E-plane and H-plane planes for frequencies of 3.5 GHz,
5.5 GHz, 7.5 GHz, and 9.5 GHz. When antenna element-1 is activated by a source and element-2 is terminated
with a load, radiation patterns are plotted. Figure 10 illustrates that co-polarized patterns in the E-plane radiate
like a dipole, whereas the H-plane radiation patterns are almost omnidirectional. Moreover, the co-polarized
patterns exhibit deformed shapes in the E- and H-planes as a result of the higher-order resonating modes.
Additionally, the difference in amplitude between cross-polarization and co-polarization for the two primary
planes (E- and H-planes) is less than —20 dB, suggesting that the received pulses were slightly distorted. However,
the antenna basically keeps steady patterns over the UWB. There is some difference between the simulated and
observed radiation patterns due to transmitting and manufacturing errors, but it is within adequate range.

MIMO diversity parameters

To take advantage of the benefits offered by the suggested MIMO/diversity antenna, different diversity
performance parameters are examined. The evaluation of correlation and mutual coupling between the
neighbouring antennas is evaluated using the ECC, which is reliant on the far-field antenna pattern®’. ECC is
formulated using the radiation patterns of the two-port MIMO/diversity system, which is computed by Eq. (11).
While an uncorrelated MIMO antenna provides an ECC equal to zero, an ECC value between 0 and 0.5 is needed
for an acceptable diversity performance. Figure 11(a) illustrates that the ECC values in the working band are less
than 0.05.
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where F. (6, ¢) is the 3D radiation pattern obtained when antenna first port is excited and second port is

connected to match load.

Another important metric to estimate how well diversity performance works in a MIMO system is DG. The
expression (12) provided in* can be used to express it for ECC. The DG values, as shown in Fig. 11(a), are nearly
10 dB. Plots also demonstrate that the proposed antenna provides good diversity performance with minimal
ECC and high DG throughout the operating bandwidth.

DG =10x \/1— ECC? (12)

It is crucial to examine the antenna’s radiation properties in a particular multipath environment to accurately
evaluate its performance. MEG is the ratio of the received power of an isotropic antenna to the received power
of a MIMO/diversity antenna in a rich scattering situation. The MEG of the MIMO antenna is computed using
Egs. (13)-(15) in*. Achieving optimal diversity performance requires the MEG ratio to be within +3 dB*.
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Figure 11(b) displays the MEG for both ports and the MEG ratio. The plot indicates that the MEG ratio is 0 dB
throughout the operating range.

N
MEG; =05(1— Siil?) < —3dB (13)
J
j=1

where M EG1 and M EG} are given in Eqs. (14)-(15),
MEG: =05 [1— [S11|* — |S12|?] (14)
MEG; =0.5[1 - [S21]* — |S2|?] (15)

One of the key characteristics of a MIMO antenna is its CCL, which represents the losses in the MIMO/diversity
wireless system as a result of the correlation between antenna elements. The CCLs favourable value is less than
0.4 bits/sec/Hz to achieve a considerable MIMO/diversity system performance, which can be evaluated using
the mathematical expression (16) in*’. The CCL plot against frequency for the presented antenna is displayed
in Fig. 11(c). The plot clearly shows that the CCL value is <0.4 bits/sec/Hz in the UWB spectrum. Users may
be able to transmit data at high-speed utilizing the suggested antenna because the CCL value is lower than the
acceptable value.

CCL = —log, [det (¥ )] (16)

In terms of S-parameters, ¥ 7 is a 2 x 2 co-relation matrix that can be expressed as follows:
gR_| %211 912
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Fig. 10. Proposed MIMO antenna radiation patterns for the E- and H-planes at (a) 3.5 GHz, (b) 5.5 GHz, (¢c)
7.5 GHz, and (d) 9.5 GHz.

b1 =1 (IS +1513)

¢ oo =1 — (|S22/* + |S21]*)
¢ 15 = S11512 + S31 512
@ 91 = S52521 + S12521

The proximate antennas may have an impact on the efficiency, gain, and bandwidth of the system when using
many antennas at once. Because of this, the TARC is yet another essential metric for evaluating a MIMO/diversity
antenna’s diversity performance. TARC is the square root of the ratio of total power incident to total power
reflected, which is obtained using the scattering-parameters as shown in Eq. (17)*°. TARC should preferably be
not more than —10 dB for the MIMO/diversity system to operate as intended. Figure 11(d) shows that TARC
values are <—10 dB over the working band, which results in all provided power being radiated in the air.
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Fig. 11. (a) ECC and DG, (b) MEG, (c) CCL, and (d) TARC.
TARC = \/(511 + S12¢9? )| ; [(S21 + Saze®)|? (17)

Time-domain analysis

IoT applications where exact timing and data integrity are crucial, especially in real-time settings, may encounter
group delay, which is defined as the time difference between the arrival of several frequency components of a
signal to a receiver. Minimizing reflections (S,,) and mutual coupling (S,,) is crucial for dependable operation
in smart office applications, where numerous IoT devices communicate wirelessly. The suggested MIMO
antenna’s time-domain properties are evaluated with an emphasis on group delay, the forward transmission
(S,,) coefficient, and the reflection coefficient (S,,). Figure 12 illustrates the three different setups used for this
investigation. One antenna acts as the transmitter (Tx), and the other one acts as the receiver (Rx). In order
to create a far-field environment, a 20 cm separation was purposefully chosen to guarantee a lower resonance
frequency of 2.53) . A 5th-order Gaussian pulse is used to excite the antennas, as described in,

sty A28t L (' WUR= (18)
V2roe? 2wo® V2moll

Here, Gaussian pulse spread, time, and amplitude are represented by the symbols o, t, and A, respectively.
Figure 12(a)-(c) shows that the forward transmission coefficient (S,,) and reflection coefficient (S,,) steadily
stay below —40 dB and —10 dB, respectively, across the assigned frequency range. Group delay characteristics are
almost the same throughout the UWB. A satisfactory linear phase response in the operating band is indicated by
a group delay of less than 1 ns. At the high frequencies, the group delay variation surpasses 1 ns for orientations
that are side-to-side, face-to-face, and face-to-side. Phase non-linearity is the cause of this, as it is not limited to
high frequencies.

Comparison table

Table 2 displays performance parameters of the proposed MIMO antenna in contrast with the existing
MIMO/diversity antennas with fractal-based radiators. The proposed antenna has all the essential features
such as connected ground, copper design on one side of substrate only, compact size, high isolation, high
gain and efficiency as compared with other fractal-based MIMO radiators. Additionally, the proposed work
provides MIMO/diversity and time domain analyses, which have not been done or done with an incomplete
investigation. Although the UWB MIMO antenna in?! has an UWB with high isolation without a decoupling
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Fig. 12. Time-domain analysis by placing the antennas in various arrangements (a) face-to-face, (b) face-to-
side, and (c) side-to-side.

structure, but has various other limitations, which are stated in Table 1. These features demonstrate the proposed
antenna’s suitability for UWB applications and IoT-based smart security systems in offices. In the future, by
introducing metasurfaces into MIMO systems, phase, amplitude, and polarisation of the electromagnetic
wave can be dynamically controlled, resulting in improved spatial multiplexing and signal targeting®!*. Also,
MIMO antennas can be integrated with filters to create high-performance systems with improved isolation,
enhanced bandwidth control, and high radiation efficiency, making them ideal for use in 5G, Wi-Fi, and IoT
communication networks>3,

Conclusion

An octagonal Koch fractal MIMO antenna with UWB properties is designed in this research. Utilizing two
octagonal Koch fractal radiators, two slotted ground planes, and two CPW feedlines for high impedance
matching, the proposed system offers a broad working bandwidth spanning from 3.24 to 14.39 GHz. To attain
size compactness and isolation better than 20 dB, a decoupling structure is designed using a meander line, which
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Size/ Isolation Peak
No. of | Size Ports | Bandwidth | Isolation | Enhancement Gain | Efficiency
References | Year | Type of Fractal Ports | (A,xA,) (mm?) | (GHz) (dB) Technique (dB) | (%)
Fractal circular ring 2.77-12

17 -

2022 | 4o 4 L1394, x L1394, | 2025 | (157 oca |15 Self-decoupled 5 NM
18 S 3.1-12.5 T-shaped stub with a

2018 | Self-similar 2 0.3041% 0.4051, | 384 (120.51%) >16 vertical slot 4 NM

Fractal-loaded circular 3.3-6

19 _

2023 | e 2 0912409124, | 2592 | (g hesery | >15 T-shaped stub 49 |>95
20 2018 | Koch 2 0.316A,%0.507\, | 500 3.2-108 >35 L-shaped stub NM |NM

R Tah ] (108.57%)
2 2019 | Molecule-shape 4 0.5072 x 05074, | 400 | 24710:6 1 50 Self-decoupled NM | NM
P 2074 X 0207, (126.15%) P

2 Modified Sierpinski 3-13.5 Funnel-like stub with

2020 | Carpet 2 0.3041,x0.381, | 360 (127.27%) | >163 a vortical slot 48 |NM
» 2023 | Koch 4 L1394, x L1392, (2025 | 082|530 Metamaterial NM | NM
2 2024 | Circular rin 4 0.696), x0.696), | 756.25 | 12720 |55 Self-decoupled 613 | >85

8 6764, % 0.6764, =2 | (145.57%) '
This Work | - | Modified Koch 2 03540 x 07341 | 812 | 2241439y Meander line 61 | >86
Oy X B9%, (126.48%) -

Table 2. MIMO/diversity antenna performance compared to the existing antennas with fractal-based
radiators. #) ) is the lowest resonance frequency; NM =Not mentioned

is introduced between slotted ground planes. The diversity/MIMO antenna’s compact design makes it easy to
install within portable wireless devices. The maximum gain and minimum efficiency of the proposed MIMO
antenna are 6.1 dB and 86%, respectively.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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