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ARTICLE INFO ABSTRACT

Keywords: This work presents a novel compact two-port Vivaldi Non-uniform Slot MIMO Antenna (VNSMA) to overcome
Ultra-wideband (UWB) the challenges of traditional ultra-wideband (UWB) antennas, such as large size, limited bandwidth (BW), high
MIMO

mutual coupling, and suboptimal performance in wearable devices. Designed based on Vivaldi non-uniform slot
profile antenna (VNSPA) theory, this antenna offers superior performance metrics and significantly advances
wearable antenna technology. The novelty of this work is investigating different positions for the two compact
UWB Vivaldi nonuniform Antennas (VNSAs) to get better performance with smaller sizes, wider impedance
matching BW, and lower mutual coupling (MC) where side by side at an angle of 180° is determined to be the
best configuration. Detailed parametric studies were performed on this configuration for better performance,
where the MC was further reduced by etching the ground plane with a vertical slot between the two antennas and
L slots around the Microstrip to Slot (M/S) transition, respectively. Furthermore, BW and gain enhancements
were obtained by etching exponential tapered and triangular slots at its two edges. Using the Finite Integration
Technique (FIT), Computer Simulation Technology (CST) software is used for the simulations in this work. The
VNSMA is tested on a CST Gustav human phantom and gives excellent results with low specific absorption rate
(SAR) values at several UWB frequencies. The proposed VNSMA provides good, measured outcomes of S1; <
—11.08 dB with wide BW of 12.5 GHz (2.33-14.83 GHz) covering high isolation of —23 dB (for most of frequency
band), moderate-high gain of 5.89 dBi, radiation efficiency of 66-90 %, low Envelope Correlation Coefficient
(ECC) of 0.002 and high diversity gain (DG) of 9.99 dBi, stable radiation patterns, and average group delay of 1.2
ns. This innovative design, which optimizes antenna positioning and incorporates ground plane modifications,
achieves remarkable improvements in BW, which covers multiple bands, including WLAN (2.4-2.485 GHz), X-
band (8-12 GHz), and part of Ku band (12-18 GHz). The findings demonstrate the antenna’s potential for various
high-resolution microwave imaging applications, particularly in medical diagnostics like breast and brain cancer
detection, showcasing its impact in wearable technology and healthcare.

Vivaldi tapered slot antenna (VTSA)
Microstrip to slot (M/S) transitions
And CST

1. Introduction directly into the body. WBANS are seen as an integral part of the Internet
of Things (IoT), as they can communicate with the cloud via cellular

A wireless body area network (WBAN) comprises wearable networks. WBAN’s critical applications include health monitoring,
computing devices. It establishes a wireless connection between wear- entertainment (sports), surveillance, and first responder monitoring and
able electronics and other communicating devices worn or implanted protection, all simply incorporated into customer clothing [1]. Owing to
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its potential to enhance communication connections that may degrade
due to reflection from high dielectric lossy tissues of the body,
ultra-wideband (UWB) technology with a high data rate, low cost, low
power consumption, and compact size is recommended for WBANs
[2-4].

Since the UWB system has deficient radiated power (less than —41.3
dBm/MHz), the potential for interference with coexisting wireless ap-
plications is reduced. Receiving numerous signals from different di-
rections at different phases causes multipath fading, degrading signal
quality [5]. This may be mitigated by enhancing the communication
system diversity using multiple input multiple output (MIMO) antennas
to improve its reliability and capacity by converting nonconductive
multipath fading into wireless transmission [6-9]. UWB MIMO tech-
nology is employed in wireless mobile communication due to its high
data rate, broad operating bandwidth (BW), reliability, and improved
channel capacity. MIMO antennas should be designed with small size
and low mutual coupling (MC) to be compatible with small mobile
handsets and strengthen diversity, respectively [10-12].

Different antenna topologies are proposed for designing the UWB
MIMO system using a metallic or dielectric resonator radiator. The
choice between metallic antennas and dielectric resonator antennas
depends on the application’s specific requirements, including frequency
range, BW, size constraints, and the desired radiation characteristics
[13,14]. Dielectric resonator antennas (DRAs) offer advantages in terms
of BW and efficiency, especially at higher frequencies, while metallic
antennas are versatile and widely used across many applications [15,
16]. In Ref. [17], a UWB two elements rectangular DRAs MIMO system is
designed for UWB communication systems with wide impedance
bandwidth (3.29-10.74 GHz), high isolation (>-15 dB), and WLAN band
rejection (4.98-6.08 GHz). The wide BW with high isolation and band
rejection is achieved using a stub connected to the ground and two
L-shaped parasitic strips attached to the dielectric resonator, respec-
tively. Authors in Refs. [15,16] designed a stair-shaped dual rectangular
dielectric resonator and a circular dielectric resonator UWB MIMO an-
tennas. These antennas achieved wide BWs of 1.6-12.2 GHz and
1.58-8.4 GHz, respectively, using coplanar waveguide (CPW) and
K-shaped microstrip feed networks. Additionally, they attained high
isolation levels of 25 dB and 15 dB by incorporating extended metallic
diagonal stubs and semicircular stubs in the ground plane. In Ref. [16],
circular parasitic patches are loaded on the DRA elements to improve the
isolation and the gain. However, in Ref. [18], a compact raked-shaped
UWB dielectric resonator (DR) MIMO antenna was designed, operating
over a BW of 3.52-10.89 GHz and fed by a transformer-type microstrip.
In Ref. [19], a compact UWB aperture-stepped DR MIMO antenna was
proposed, covering 3.7-10.8 GHz BW to enhance communication per-
formance. The stepped structure of the DRs improved isolation in the
higher frequency band while including a quarter-wavelength square
patch in the neutralization line, which enhanced isolation in the lower
frequency band. Additionally, the antenna’s gain was increased by
37.84 %, and pattern stability was improved by integrating dual artifi-
cial magnetic conductors (AMCs). The antenna achieved impedance
matching and high isolation by incorporating an inverted T-shaped
parasitic strip and a partial ground plane. Recently, a circularly polar-
ized (CP), wide BW (6.8-89 GHz) dual rectangular DR MIMO antenna
has been proposed in Ref. [14] for WBAN application. The high isolation
and CP are obtained by arranging the two DRs diagonally and using a
unique H-shape feeding strip technique.

Based on the metallic radiator, slot antennas are suitable for
designing MIMO systems when directive radiation, broad BW, easy
integration with other circuits, and excellent isolation (low MC) are
required without a decoupling structure [5]. Many types of UWB slot
MIMO antenna with different miniaturization and MC reduction tech-
niques are proposed. These antennas include general slot [6,20-22],
stepped slot [10,12,23-28], common slotted ground (protruded ground)
[7,27,29-311], or tapered slot [5,32-36] antennas.

Compact UWB two-element stepped slot MIMO antennas placed
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back-to-back [8,10,26,28] are designed for portable device applications.
The high isolation in Refs. [8,10,28], and [26] is obtained by etching
cross, T, and inverted T-shaped slots in the ground between the stepped
slots, respectively. The isolation in their lower frequency band is
enhanced by connecting a metal line in the decoupling cross-shaped slot,
etching a narrow slit near the end of the two feeding ports, and etching a
rectangular vertical slot near the top of the ground plane, respectively.
An ultra-compact UWB (3.2-12 GHz) four-element stepped-slot MIMO
antenna fed with a stepped microstrip feed line is proposed in Ref. [23]
for portable UWB applications. Due to the asymmetrical element
placements and inherent directional radiation properties, the antenna
achieves a high isolation of —22 dB without requiring a decoupling
structure. The elements are arranged asymmetrically, with two elements
parallel to the other two sets. The steeped feed line and slots, which ease
the mode resonance transition, produce improved matching and BW.

In [25], surrogate-based optimization (SBO) is used to optimize the
UWB two-element stepped slot MIMO antenna dimension for compact-
ness and low MC. The compactness is accomplished by utilizing a
triangular layout for each antenna rather than a rectangular one.
However, the isolation is enhanced and controlled by placing the ele-
ments orthogonally and adjusting the distance between them using a
simple 45° oriented slot. The same concept is employed in the design of
the UWB (2.94-14 GHz) four ports half-cutting circular slot MIMO an-
tenna [20], which achieves 50 % compactness by cutting the circular
patch in half using an asymmetric feeding scheme (AFS). The antenna’s
better matching and isolation were achieved by employing ten
metal-filled vias in the feed line and aligning the elements orthogonally.
Also, 50 % compactness is achieved in the proposed compact UWB
(2-10.93 GHz) 2 elements MIMO antenna for portable UWB communi-
cation systems [6] by cutting the circular patch and ground by half. In
this design, a new fence-type decoupling structure with multiple slits
and three segments of microstrip lines (which function as bandstop fil-
ters) is employed to improve isolation between the two ports at high
frequencies. However, the isolation at low frequency (3-3.4 GHz) is
enhanced using L-shaped parasitic branches.

Dual polarization or diversity in the MIMO system can be obtained
by placing the antennas orthogonally, which is required to mitigate the
multipath fading effect. Orthogonal configuration is used to increase the
high isolation of the proposed dual-band (WLAN (2.4-2.485 GHz and
3.1-12.5 GHz) two-port pentagonal wide slot [21] and UWB (2.3 - >12
GHz) two-port L-shaped slot [31] MIMO antennas proposed for MIMO
diversity applications. They are fed by U- and square-shaped patches for
BW improvement, respectively. A narrow quarter wavelength rectan-
gular slot is etched on the ground plane of the MIMO antenna in
Ref. [31] to reduce the mutual coupling at the lower frequency band
(3-4.5 GHz). The CPW fed dual-polarized UWB (2.5-12.5 GHz) two-port
annular slot [7], wideband (Bluetooth, WLAN, WiMAX, and UWB)
two-port circular ring slot [29], UWB (2.8-11 GHz) two-port circular
ring slot [7], and UWB (3.1-12 GHz) two-port rectangular slot [27]
MIMO antennas with high isolation are proposed for portable MIM-
Oy/diversity applications. In addition to the orthogonal configuration,
their high isolations are obtained by introducing a cross-, fork-, rect-
angular-, and Minkowski fractal-shaped stub diagonally at 45°, between
the CPW fed ports, respectively. Additionally, the U-shaped stub [7] and
staircase-shaped [27,29,30] stubs of the CPW-fed ports are used for
impedance matching and BW enhancements.

The first UWB (3.13 — >11 GHz) two closely packed (placed back-to-
back) linear tapered slot MIMO antenna in Ref. [5] with high isolation
of < —22.55 dB was proposed for short range and high data rate UWB
wireless communication. The high isolation is obtained due to its
directional properties and etching quarter wave slot resonator, which
prevents the current from flowing from one port to another. The current
will accumulate on the short end of the quarter wave slot and will be
weak when it reaches the open end in the center, preventing it from
being distributed to the port of the second antenna. The same arrange-
ment of placing the antennas back-to-back proposed in Ref. [5] is used to
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design UWB MIMO Vivaldi tapered slot antennas for UWB wireless
communication applications using two-element antennas in (2.7-10.9
GHz) [32], (2.9-11.6 GHz) [33], and (2.5-12 GHz) [34] and a
four-element in (3-12.3 GHz) [36] with more compactness due to the
reduced ground size. The high isolation and compactness in Refs. [32,
33] are obtained by etching a T-shaped slot between the feeds. In
Ref. [34], they are obtained by etching a T-shaped slot between the feeds
and loading four absorption resistors on the ground, respectively. The
MC between the ports in Ref. [36] is reduced by etching slots and
fence-type structures at the ground plane and loading I-shape branches
between the radiating ports. Low and high-frequency BWs are enhanced
by loading resistor and rectangular patch at the opening of the conical
gap and in the middle of the conical groove, respectively. Also, the
patches are used to optimize the radiation pattern at high frequencies.

The literature shows that the UWB stepped slot and common slotted
ground (protruded ground) MIMO antennas are preferred for mobile
communication due to their small size, wide BW, reduced MC, and
omnidirectional radiations. The wide BW and small size are attributed to
the increased resonance frequency and electrical length, respectively
[23]. However, UWB tapered slot MIMO antennas with their simple
planner structure, low profile, lightweight, low fabrication cost, and
easy integration with circuits, wide BW, high gain, and directive radi-
ation patterns (end fire (E-plane) and omnidirectional (H-plane)) are
preferred for high resolution and precise detection applications such as
microwave imaging (MWI) detection. Also, they can be used for WBAN
applications to enhance the communication link that may degrade due
to the high dielectric losses of human tissues.

Table 1 outlines the pros and cons of these related two elements UWB
MIMO slot antennas in terms of gain, MC, size, diversity performance
(Envelope Correlation Coefficient (ECC) and high diversity gain (DG)),
group delay (GD), on-body and specific absorption rate (SAR) calcula-
tions (to assess its suitability for WBAN applications). V, GS, SS, and SPG
in Table 1 are referred to as Vivaldi, general slot, stepped slot, and slot
with protruded ground antennas, respectively. More details regarding
their performance regarding the measured results and enhancement
techniques will be explained at the end of Section 3.

In this work, based on Rogers RO4003C substrate (e, = 3.55, tanc =
0.0027 and 0.813-mm thickness), compact UWB two elements Vivaldi
MIMO antenna (VNSMA) is designed based on Vivaldi non-uniform slot
profile antenna (VNSPA) theory [37]. The novel UWB VNSA with 51.94
% size reduction, 2.91 % improved BW, and 5.8 % improved peak gain,
is exploited to get compact UWB VNSMA with enhanced performance of
wide BW, high isolation, ECC, DG, stable gain, and directive radiation
patterns.

The objectives of this work can be summarized as follows.

1. Optimize Antenna Placement: Investigate various placements of
the two VNSAs to optimize performance, focusing on compactness,
high isolation, broad impedance matching, and high gain.

2. Conduct Parametric Studies: Perform detailed parametric studies
on the selected MIMO configuration to achieve further
improvements

3. Evaluate Performance in Wearable Applications: Test the pro-
posed MIMO antenna on a CST Gustav human phantom and calculate
the SAR values to ensure its suitability for wearable applications.

The advantageous features of the proposed UWB VNSMA make it a
good candidate for general wearable applications, particularly those
requiring higher resolution and precise detection, such as breast [3] and
brain [38] cancer detection. The novelty of this work can be summarized
as follows.

e Exploit the sound characteristics of the compact UWB VNSA to
design a compact UWB MIMO antenna

e Investigating various placements of the two VNSAs for better per-
formance in terms of compactness, high isolation (—23 dB), broad
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Table 1
The pros and cons of the state-of-the-art two elements UWB slot MIMO antennas.
Ref., Dimensions mm X Pros. Cons.
Type mm X mm
[51, V 60 x 40 x 0.8 e Low MC e low gain
o large size
e not super wide BW (7.87
GHz)

diversity performance (DG
only simulation)

on body and SAR calculations
are not included

GD is not included

low gain

[21], 56 x 28 x 1 e Low MC

GS large size
not super wide BW (9.4 GHz)
diversity performance (ECC:
only simulation, DG: NA)
on body and SAR calculations
are not included

e GD is not included

low MC large size
high gain o diversity performance (DG:
wide BW NA)
(10.2 GHz) e on body and SAR calculations
are not included
GD is not included
low gain,
not super wide BW (9.7 GHz)
diversity performance (DG
only simulation)
on body and SAR calculations
are not included
GD is not included
low gain,
not super wide BW (8 GHz)
diversity performance (DG:
NA)
on body and SAR calculations
are not included
e GD is not included
high MC
e not super wide BW (7.87
GHz)
diversity performance (DG:
NA)
GD is not included
not super wide BW (8.6 GHz)
low gain
diversity performance (NA)
on body and SAR calculations
are not included
GD is not included
not super wide BW (8.93
GHz)
large size
diversity performance (ECC:
only simulation, DG: NA)
on body and SAR calculations
are not included
GD is not included

[29], 48 x 48 x 0.8
SPG

.

low MC
small size

[311, 32 x32x0.8
SPG

[28], 22 x 36 x 0.8 e low MC
SS small size

small size
high gain

[8], SS 22 x 26 x 1.524

[25], 21 x 30 x 0.762 e low MC

SS small size

[61, GS 50 x 35 x 1 e low MC

NA: not available.

impedance matching (12.5 GHz), high gain (5.89 dBi), low ECC
(0.002) and high DG (9.99dBi)

e Detailed parametric studies are performed on the selected MIMO
configuration to help improve performance, which results in a 3.72
% size reduction and 17.41 % BW improvement compared to a single
VNSA. The resulting BW (2.66-15.1) covers WLAN, X-band, and part
of the Ku band

In addition to this section, Section 2 discusses the antenna design and
analysis using Computer Simulation Technology (CST) software, and
Section 3 demonstrates the results and discussions. Finally, Section 4
outlines the research conclusions.
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2. Methods

This section focuses on the design and analysis of the proposed
VNSMA. Subsection 2.1 discusses the selection and arrangement of
MIMO elements. Subsection 2.2 presents detailed parametric studies on
the chosen arrangement to enhance compactness and performance.
Finally, Subsection 2.3 explores the VNSMA’s impact on the human
body using a CST-based voxel model and calculates the specific ab-
sorption rate (SAR) to ensure the prototype antennas are efficient for
UWB wearable applications with low SAR.

2.1. Design evolution

A novel UWB Vivaldi Non-uniform Slot Antenna (VNSA) with 51.94
% size reduction, 2.91 % and 5.8 % improved BW and peak gain (PG),
respectively, were obtained by further reducing the size of the compact
UWB Vivaldi Tapered Slot Antenna (VTSA) proposed in Ref. [39] using
VNSPA theory developed in Ref. [37]. Details on how the theory is
developed and applied to the Vivaldi antenna can be found in Refs. [37,
40]. The design simplicity of the single antenna is a crucial advantage
where VNSPA theory offers a straightforward approach to achieving the
desired compactness while maintaining high performance for the
Vivaldi Tapered Slot Antenna (VTSA). This method avoids the com-
plexities and high costs associated with previous techniques, such as
adding resistive and dielectric loads, corrugations, and grating elements
for gain and bandwidth enhancement. The novelty of this work is to
exploit the compact UWB VNSA to design a compact UWB two-element
VNSMA with high isolation, gain, and enhanced BW by investigating
various placements of the two elements and modifying the design for

| ()
|
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better performance. Determining the optimal arrangement of the
VNSMA elements is straightforward through simulation, focusing on
matching, isolation, and size. Furthermore, additional compactness and
performance improvements were achieved through design modifica-
tions and parameter sweeps, as detailed in this section and Subsection
2.2, respectively, without additional matching or decoupling structures.

According to the literature, to achieve high isolation with slot an-
tennas, it is preferable to place them orthogonally or opposite each other
(back-to-back), with some decoupling structure (most commonly: slots
and narrow slits) between them to prevent the current flow from one
port to another through the shared ground plane. The coupling usually
happens between the two elements due to the ground surface current
and near field [8]. Based on [21], different configurations for placing the
two elements are explored here to improve the VNSMA compactness,
diversity, and matching. As illustrated in Fig. 1(a—c), the two antennas
are placed face-to-face (F2F), face-to-back (F2B), and back-to-back
(B2B), respectively. It should be noted that the feeds in F2F, F2B, and
B2B are oriented in opposing directions to avoid overlapping. As illus-
trated in Fig. 1(d-f), in addition to these configurations, the antennas are
placed side by side (SBS) with 0° (SBS0°), 90° (SBS90°), and 180°
(SBS180° or parallel as in Ref. [21]). The SBS90° configuration is the
same as in Ref. [41]. The size and simulated S-parameters results of
these six configurations are shown in Table 1. Although orthogonal
feeding is typically used to get more compactness and high isolation [7,
21,29,31], the compactness in Refs. [7,29,31] is obtained due to the
shared ground slot. However, as depicted in Table 2 and Fig. 1(e), the
arrangement of antennas in SBS90° increases the size due to the diffi-
culty of using one common ground slot for the two VNSAs compared to
the antennas with common slot ground and stub radiators [7,21,29,31].

2 4 & 8 10 12 14
Frequency (GHz)

16

(g)

© | @

(] 8 10 12 14 16
Frequency (GHz)

Fig. 1. Different MIMO configurations based on UWB VNSA (a) F2F, (b) F2B, (c) B2B,(d) SBS0° (e) SBS90°, (f) SBS180° and (g) simulated S-parameters.
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Table 2
Size and simulated S-parameters of the different VNSMA configurations.
Antennas F2F F2B B2B SBS0° SBS90° SBS180°
Size (mm?) 1199.392 1199.392 1199.392 1199.392 1490.656 1199.392
$11(dB)< Not matched —10.38, 4.51-12.43, —10.44, 4.57-12.54 —10.08, 4.9-12.38, 7.48 —8.82, 5.09-12.26, 7.17 —11.52, 2.95-13.06, 10.11
7.92 ,7.97
S12(dB)< —4.5 —22.16 -19.9 —-23.27 —28.9 —20.34, -15.37, 2.95-4.75

—18.59, 9.25-10.25

(a) (b)

(c) (d)
W =57 mm > X
l Aw=20.9 mm
4 i
Port 1 - l
J Sw \\ : Y
r |
1
s :
by Sl |l
3
3 ] !
]
v A :
Offset = 0.5 mm
(e)
--=Case 1- -Case 2—Case 3—Case 4~ Case 5—Case 6
40 j j - : i 7 10 T - T T 1= 1
5
3 15
11
11z -20
g -
3= ﬁ
E o
158 w2
1-7
-9 -30
111
2 4 6 8 0 1z 11 16" 2 4 6 8 10 12 14 16
Frequency(GHz) Frequency (GHz)
(H) (2)

Fig. 2. Modification of the proposed UWB VNSMA SBS180° (Case 1) towards performance enhancement (a) Case 2, (b) Case 3, (c) Case 4, (d) Case 5 (e) Case 6, and
(f) simulated S;; with gain, and (g) simulated S».
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Furthermore, the impedance matching is worse than others, although
providing the best reduced MC. Also, it can be seen that for F2B, B2B,
and SBS0°, the BW is reduced, and the matching is degraded despite the
reduced MC within the band. In Refs. [6,20,25], the compactness for
symmetrical and asymmetrical (using the AFS technique) slot MIMO
antennas with SBS180° configuration is achieved by cutting the antenna
in half or removing a triangular space, respectively. Based on AFS, the
feeding should be modified to avoid the mismatching caused by high
input impedance due to the cutting. However, this can not be done for
VNSA due to asymmetry in the feed line, where a quarter wavelength
stub is needed in the M/S transition for matching. As shown in Fig. 1(g)
and Table 2, SBS180° is selected due to its better matching, wider BW,
and reasonably reduced MC.

According to the analysis above, SBS180° is selected due to its better
matching, wider BW, and acceptable isolation of < —20 dB. Due to the
significant role of Defected Ground Structure (DGS) techniques in
enhancing antenna performance by modifying the current distribution
on the ground plane, which impacts parameters such as impedance
matching, MC, BW, and radiation pattern, two types of DGS are
employed [4,9,42,43]. A vertical slot is placed at the center between the
antennas, while L-shaped slots are placed around the M/S transition of
each antenna. Etching a T-shape slot in the ground between the feedlines
of the antennas will enhance the isolation and impedance matching BW
while etching a quarter wavelength narrow slit will improve the isola-
tion at the lower frequency band [5,8,10,31]. The T-slot will alter the
current distribution and extend its path, decreasing the first resonant
frequency and increasing the matching BW. On the other hand, the slot
will increase the distance between the feed lines and suppress the sur-
face currents, enhancing the isolation. In the narrow slit, the current
tends to gather at the shorter end of the quarter-wave slot, resulting in its
weakening by the time it reaches the open end at the center. This hinders
its effective distribution to the port of the second antenna [5]. The
T-shape slot is suitable for a slot MIMO antenna when its elements are
orthogonally or opposite. In this case, the slot is etched between the feed
lines to increase the distance between them and improve isolation.
However, a T-shape slot is not used in this work because the two feed
lines are already placed far away. For this reason, only the narrow slit is
added to the selected VNSMA SBS180°.

For comparison with other cases where slots are added, Case 1 will be
referred to the selected VNSMA SBS180°, where no slots are added. As
illustrated in Fig. 2(a) and (b), narrow horizontal (Case 2) and vertical
slots (Case 3), respectively, are etched between the two elements of Case
1 (shown in Fig. 1(f)). As shown in Fig. 2(g), using a vertical slot in Case
3 provides better isolation than the horizontal one in Case 2. Case 4 is
then obtained by adding the L slots around the feed line of Case 1, as
illustrated in Fig. 2(c), and this will excite more resonances and widen
the BW compared to previous cases (Case 1, 2, and 3). Since wider BW
and better isolation are obtained for Case 3 and Case 4, as illustrated in
Fig. 2(f) and (g), respectively, as compared to Case 1 and 2, both vertical
and L slots are added in Case 5 (Fig. 2(d)). As illustrated in Table 3 and
Fig. 2(g), for Case 5, better isolation (<—20.36 dB) is obtained at all the
bands except at the lower narrow band; this is reduced to < -13.94 dB
which is acceptable. The main issue with Case 5 is the low PG (5.36 dBi)
achieved due to the L slots of Case 4 (5.32 dBi), which is the lowest
compared to the others (Case 1 (5.89 dBi), Case 2 (5.88 dBi), and Case 3
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(5.8 dBi)), as shown in Fig. 2(f). It is due to the amount of current
accumulated in the L-slot, which decreases the current delivered to the
transmission feed line.

To solve the low gain problem, exponentially tapered slots (Ae™) are
added to the VNSMA edges and triangular slots are added at its edge top
corner connecting the tapered slot to the aperture width, Aw (Case 6) as
shown in Fig. 2(e). tis the tapering rate; A is equal to the half of aperture
opening (A,) of this tapered slot and x is the distance along the tapered
slot length (Ly). The effect of using the slots in enhancing the BW and
matching can be noticed in the current distribution around the edges of
the slot for Case 6 in Fig. 3 compared to Case 1. As illustrated in Fig. 2(f)
and (g), and Table 3, although the isolation in Case 5 is higher than in
Case 6, it is selected due to its 1.16 GHz wider BW, 0.57 dB better
matching, and 0.91 dBi higher PG and the obtained isolation is still
acceptable for UWB application. It should be noted that the slot lengths
for Case 2, Case 3, and Case 4 are 11.84 mm, 10 mm, and 8.6 mm,
respectively, which are better than the calculated ones at 3.1 GHz (\./4
= 12.8 mm), and the optimum slot width is 0.3 mm. The layout of the
selected case (Case 6) is shown in Fig. 2(e) where Ao, W, L, Sl;, Sly, Fw,
Sw, dq, rsL, ds, offset, Ix, and ly are the aperture opening, VNSMA width,
VNSMA length, length of the vertical slot, length of the L slot, feed line
width, slot width, diameter (quarter wavelength) of microstrip stub in
the M/S transition, the radius of the slot in the M/S transition antenna
(dq/2), the width of one element without dg, the remaining distance of
the non-slotted copper in the x-axis, the distance from half antenna
width (one element), and the distance from Fw, respectively. A detailed
parametric study for the proposed UWB VNSMA (Case 6) is discussed in
the next section.

The impact of adding vertical and L slots on reducing the MC (be-
tween the two antennas of the proposed VNSMA can be seen in the
surface current distributions of Case 1 and Case 6 in Fig. 3 at different
frequencies within the UWB. Case 1’s current is distributed equally at
both ports, where more current follows in the ground from one antenna
to another [6], and the possibility of coupling is greater. The current
distribution in Case 6 is different, which is more at port 1 (P1) when
excited, indicating reduced coupling with port 2 (P2) owing to the usage
of vertical and L slots. The low isolation at the lower frequency band for
Case 6 can be explained by the equal current distribution between its
ports, as depicted in Fig. 3(b). This effect is further illustrated by the
electric field distribution for Case 1 (without slots) and Case 6, as shown
in Fig. 4, when port 1 is excited. The distribution reveals a weak electric
field around the slot, particularly at 4 and 8 GHz frequencies, as illus-
trated in Fig. 4(a) and (b), respectively. Both cases exhibit low MC at
higher frequencies, as shown in Fig. 4(c).

2.2. Parametric studies on antenna structure

In addition to assessing the surface current and electric field distri-
butions as performance indicators, particularly regarding mutual
coupling (MC), this section evaluates the convergence behavior of the
optimization process through the parameter sweep in CST. This evalu-
ation involves monitoring the stabilization of key performance metrics,
such as impedance matching within the required UWB bandwidth while
maintaining moderate high gain, analyzing the rate of change between
iterations, and reviewing the optimization history for consistency.

Table 3
Simulated S-parameters of different cases of the UWB VNSMA (SBS180°).
Antennas Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
$11(dB)<, —11.52, 2.95-13.06, —11.52, 2.95-13.06, —11.93, —11.5, 2.6-13.65, 11.05, —10.95, —11.52, 2.95-15.1,
PG(dBi) 10.11, 5.89 10.11, 5.88 2.96-13.07, 5.32 2.76-13.75, 10.99, 12.44, 6.27
10.74, 5.8 5.36
S12(dB)< —20.34, —15.37 —20.36, —15.44 —19.59, 15.33 —21.06, —13.4 —20.6, —13.9 —19.94, -13.34
(2.95-4.75),-18.59 (2.95-4.75),-17.85 (2.96-4.63) (2.6-3.49),-18.92 (2.76-3.42) (2.66-3.32),-18.06
(9.25-10.25) (9.25-10.25) (8.92-10.72) (4.21-5.1)
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Fig. 3. Simulated surface current distribution for Case 1 (left) and Case 6 (right) at (a), (b) 4 GHz, (c), (d) 8 GHz, and (e), (f) 12 GHz.

Convergence was confirmed when performance metrics stabilized, with
results showing S1; < —12.15 dB at 2.66-15.1 GHz, PG of 6.27 dBi, and
S12 < —19.94 dB over most of the band, including —13.34 dB at
2.66-3.32 GHz and —18.06 dB at 4.21-5.1 GHz.

The BW and matching of the Vivaldi antenna are mainly affected by
the M/S transition parameters (dq and rsl) by which the power is

transmitted from the circular stub to the circular slot via electromag-
netic coupling. As shown in Fig. 5(a) and Table 4, BW and gain improve
as dq decreases; however, the matching degrades, and dq of 5.7 mm is
selected due to its better matching and isolation compared to other
values (dq = 5.4 mm, 5.5 mm and 5.6 mm). Etching a slot in the antenna
ground plane will excite more resonances and enhance the matching and
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BW, and this can be seen in Fig. 5(b) and Table 4; when rsl increases, the
matching and BW improve. rsl = 1.505 mm is selected due to its better
matching and BW, although of 0.47 %, 0.16 %, and 0.95 % PG
enhancement at sl = 1.203 mm, 1.305 mm, and 1.405 mm, respectively.
The effect of dq and rsl on the antenna matching, BW, and gain can be
explained by the amount of power coupled from the stub to the slot. As
the rsl is less than (dg/2 = 2.85 mm), gain and BW will increase if dgq is
reduced to fit this small rsl, and this can be noticed in Fig. 5(a) and
Table 4, where the gain increases as dq decreases. Matching is enhanced
by selecting the suitable dg and rsl to couple the signal correctly.
Another critical parameter affecting matching is Fw, and as shown in
Fig. 5(c) and Table 4, with Fw = 1.1 mm, the antenna achieves the best
matching, which is better than the calculated one at the design fre-
quency (for 50 Q, Fw = 1.82 mm). With dq = 5.7 mm, the effect of ds on
the VNSMA performance is studied. As shown in Fig. 5(d) and Table 4,
ds = 22.8 mm is chosen because it outperforms ds = 19.8 mm and 21.8
mm in terms of matching, BW, gain, and isolation and outperforms 20.8
mm in terms of BW, gain, and isolation.

Changing the parameters of the exponentially tapered slot, L, t, and
A; have no significant effect on the antenna performance, and the
selected values are 19 mm, 0.21, and 0.3 mm, respectively, as shown in
Fig. 4(e) for L, (t and A; have the same results as L,). Although etching
tapered and triangular slots improves antenna BW by triggering addi-
tional resonance, we must be careful about matching and gain. Aw de-
creases because the triangular slot area increases as the slot approaches
the aperture main slot. Hence, the gain decreases, as seen in Fig. 5(f) and
Table 4, where the antenna gain decreases as Ix increases. Ix = 10.3 mm
is selected due to its better matching and wider BW than Ix = 9.3 mm,
11.23 mm, and 12.3 mm and higher gain than Ix = 11.3 mm and 12.3
mm. Moving the tapered slots toward Fw (ly) does not affect antenna
performance, as illustrated in Fig. 5(g). The vertical slot is added to
enhance the isolation between the two elements. As illustrated in Fig. 5
(h) and Table 4, as SI; decreases, the isolation is improved; however, S
= 10 mm is selected due to its better matching than other values (Sl; =9
mm, 11 mm, and 12 mm). Although the isolation at the lower frequency
bands is enhanced at Sl;< 9.8 mm for the L slot, as shown in Fig. 5(i) and
Table 4, Sl = 9.8 mm is selected due to its higher gain than Sl; = 5.8 mm
and 7.8 mm. It also provides better matching and wider BW than Sl, =
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(©)

Fig. 4. Simulated electric field distribution for Case 1 (left) and Case 6 (right) at (a) 4 GHz, (b) 8 GHz, and (c) 12 GHz.

5.8 mm and 11.8 mm. As shown in Fig. 5(j), the slot width (Sw) has no
significant effect on the isolation; however, the gain increases as Sw
increases, and Sw = 0.9 mm is selected due to its better matching. As
compared to the compact size of UWB VNSA (29.6 mm x 20.26 mm X
0.813 mm) [37], the size of the single element (28.5 mm x 20.26 mm x
0.813 mm) in the proposed VNSMA is reduced by 3.72 %, and the BW is
enhanced by 17.41 %. Based on these optimized parameters, Sl; = 10
mm, Slp = 9.8 mm, Fw = 1.1 mm, Sw = 0.9 mm, dg = 5.7 mm, ds = 22.8
mm, rsl = 1.505 mm, t =0.21, A; = 0.3 mm, L; =19 mm Ix = 10.3 mm and
ly = 6 mm, the UWB VNSMA is fabricated as illustrated in Fig. 6. It’s
important to note that the negative gain in the lower frequency band is
due to MC between the two elements, as well as the reduced size. The
MC and compactness lead to destructive interference and phase
cancellation across the antenna [41], ultimately leading to low or
negative gain in the lower frequency band. Future work will improve
isolation between the elements to achieve a higher gain in these
lower-frequency bands. Measured results are discussed in the next
Section.

2.3. On body effect and SAR calculation

In this section, we will explore the influence of the human body on
antenna performance as well as calculate the specific absorption rate
(SAR) to ensure the efficiency of prototype antennas for UWB wearable
applications with low SAR.

As illustrated in Fig. 7(a), the proposed UWB VNSMA is placed on the
shoulder of the CST voxel model (Gustav) at different distances (0 mm,
5 mm, 10 mm) to test its efficiency for wearable applications in the
presence of high dielectric body tissues. As shown in Fig. 7(b), (c), and 7
(d), when the antenna is placed close to the body (a frequency-dispersive
medium), it induces a current that can act as a receiving antenna,
potentially establishing human body communication (HBC). This
interaction can negatively impact the performance of the wearable de-
vice [44,45]. The high conductivity and absorption of human body tis-
sues resulted in broader impedance matching, low gain, and high MC
between the ports in case of close distances (0 mm and 5 mm). To
mitigate this, the distance between the antenna and the body should be
increased to create an air gap for isolation [1]. 10 mm is found to be
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Fig. 5. Parametric study of the proposed UWB VNSMA on (a) dq, (b)rsl, (c) Fw, (d) ds, (e) A,, (f) Ix, (8) ly, (h) Sl;, (i) Sl» and (j) Sw.
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Table 4

Parametric study of the proposed VNSMA.

Results in Engineering 24 (2024) 102839

Par. Parameter value (<-S;1(dB), Frequency Band (GHz), PG (dBi))

dq 5.4 (11.78, 2.61-15.66, 6.42) 5.5 (11.92, 2.63-15.5, 6.41) 5.6 (12.09, 2.64-15.31, 6.36) 5.7 (12.15, 2.66-15.1, 6.27)

rsl 1.205 (10.62, 3.13-14.5, 6.3) 1.305 (10.61, 3.12-14.51, 6.28) 1.405 (10.85, 2.83-15, 6.33) 1.505 (12.15, 2.66-15.1, 6.27)

Fw 0.74 (9.3, 2.79-15.41, 6.34) 1.1(12.15, 2.66-15.1, 6.27) 1.46(11.1, 2.54-14.17, 6.1) 1.82(9.01, 2.3-13.95, 6.1)

ds 19.8 (11.5, 2.6-13.68, 6.03) 20.8 (12.57, 2.65-13.62, 6.13) 21.8 (10.07, 2.65-15.14, 6.21) 22.8(12.15, 2.66-15.1, 6.27)

Ix 9.3 (10.49, 2.78-14.91, 6.48) 10.3 (12.15, 2.66-15.1, 6.27) 11.3 (11.58, 2.68-15.11, 6.19) 12.3(11.46, 2.71-15.13, 6.02)

Sl 9 (11.72, 2.66-15.11, 6.31) 10 (12.15, 2.66-15.1, 6.27) 11 (11.48, 2.66-15.03, 6.24) 12 (11.51, 2.66-15.10, 6.3)

Sl 5.8 (11.12, 2.53-13.22, 5.77) 7.8 (12.3, 2.62-13.67, 5.84) 9.8 (12.15, 2.66-15.1, 6.27) 11.8 (11.36, 2.67-13.33, 6.37)

Sw  0.3(10.31, 2.67-14.94, 6.14) 0.6 (11.13, 2.67-15.05, 6.19) 0.9 (12.15, 2.66-15.1, 6.27) 1.2 (11.61, 2.68-15.12, 6.44)
Parameter value (<-S12(dB), Frequency Band (GHz), PG (dBi))

dq 5.4(19.44, 18.07(4.29-5.23),13.03 5.5(19.46, 13.14(2.63-3.27),18.06 5.6(19.57, 13.25(2.64-3.26),18.1 5.7(19.94, 13.34(2.66-3.32),18.06
(2.61-3.3) (4.27-5.23) (4.23-5.22) (4.21-5.1)

rsl 1.205(19.69, 18.44(4.24-5.06),17.63 1.305(19.75, 16.87(3.12-3.29),18.4 1.405(19.94, 14.56(2.83-3.29),18.5 1.505(19.94, 13.34(2.66-3.32),18.06
(3.13-3.23) (4.22-5.08) (4.19-5.13) (4.21-5.1)

Fw 0.74(19.95, 18.22(4.18-5.09),14.63 1.1(19.94, 13.34(2.66-3.32),18.06 1.46(20,18.37(4.27-5.1),12.75 1.82(20.04, 18.06(4.35-5.12),10.2
(2.79-3.31) (4.21-5.1) (2.54-3.35)) (2.31-3.29)

Ds 19.8(19.58, 11.48(2.6-3.46), 16.93 20.8(19.76, 14(2.68-3.36), 17.45 21.8(19.61,12.34 (2.64-3.46),17.46 22.3(19.94, 13.34(2.66-3.32),18.06
(4.64-5.68)) (4.28-5.32)) (4.43-5.45)) (4.21-5.1)

Lx 9.3(20.4, 13.43(4.06-5.3), 16.06(2.78))  10.3(19.94, 13.34(2.66-3.32),18.06 11.3(19.83,13.66(2.68-3.28),17.68 12.3(19.68, 13.79(2.71-3.25),17.76

(4.21-5.1) (4.2-5.2)) (4.23-5.18)

Sl 9(19.94, 13.43(2.66-3.33), 18.22 10(19.94, 13.34(2.66-3.32),18.06 11(18.92,13.45(2.66-3.32),17.95 12(18.42, 13.4(2.66-3.3),17.72
(4.23-5.1)) (4.21-5.1) (4.33-4.99)) (4.37-4.94)

SL, 5.8(20.04, 13.8(2.53-3.36), 18.8 7.8(19.78, 13.5(2.62-3.36),18.51 9.8(19.94, 13.34(2.66-3.32),18.06 11.8(20.39, 13.4(2.68-3.24),16.83
(4.3-5.05)) (4.29-5.03) (4.21-5.1) (4-5.32)

Sw 0.3(19.74, 13.45(2.67-3.37), 18.27 0.6(19.84, 13.5(2.67-3.34), 18.17 0.9(19.94, 13.34(2.66-3.32),18.06 1.2(20.04, 13.44(2.68-3.32),17.92

(4.27-5.07))
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Fig. 7. (a) The proposed UWB VNSMA on the shoulder of CST voxel model, (b) simulated S;;, (b) simulated gain, and (d) simulated S;,.

optimal. This gap also simulates real-world conditions, providing space
for the feeding network [14]. A gab of 10 mm was selected for our work
and will be used for SAR calculation. As shown in Fig. 7(b), (c), and 7(d),
at the distance of 10 mm and compared to free space, the proposed
VNSMA still provides good matching within the required UWB fre-
quency band (S;; < —10.53 dB at (2.33-14.29 GHz)). Owing to the high
dielectric body tissues, the PG is increased by 5.06 dBi, and the isolation
at the lower frequency (2.84-3.39 GHz) is reduced to —4.56 dB, as
depicted in Fig. 7(b) and (c), respectively. However, a high isolation of

10

—26.67 dB is obtained in the remaining range. It illustrates that the
antenna is well-suited for UWB wearable applications.

In addition to the time domain solver, which is based on the Finite
Integration Technique (FIT) and offers efficient broadband analysis by
capturing the full spectrum of possible interactions, the frequency
domain solver, based on the Finite Element Method (FEM), is also
employed to provide a more comprehensive and validated analysis,
ensuring accurate and reliable on-body and SAR evaluations.

The impact of the body on the proposed antenna, placed at 10 mm
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from the shoulder of the CST Gustave voxel model, was analyzed using
the FEM method, which is illustrated in Fig. 8, in comparison to the FIT
method where in both methods, the required matching and coupling are
obtained within the UWB frequency band with increased gain on the
voxel model compared to free space.

For safety, the human body should be protected against potentially
hazardous electromagnetic radiation by reducing the amount of such
electromagnetic exposure from wireless devices, i.e., ensuring SAR is
within international limits.

SAR measures the rate at which energy is absorbed by the human
body when exposed to an electromagnetic field. It is a critical metric in
evaluating the safety of devices that emit electromagnetic radiation,
such as mobile phones, wearable antennas, and other wireless commu-
nication devices [46]. SAR can be defined as follows:

[E[*

sAR=""1" (W /kg) b}

where o is the electrical conductivity of the tissue (S/m), |E| is the root
mean square (RMS) value of the electric field strength in the tissue (V/
m), and p is the mass density of the tissue (kg/m)

Table 5 presents the calculated SAR values for the proposed UWB
VNSMA placed 10 mm from the Gustav shoulder, based on CST simu-
lations using the Finite Integration Technique (FIT). These values are
calculated for an input power of 100 mW (20 dBm) over 1 g and 10 g
masses of actual tissue at various resonance frequencies; results show
they don’t exceed the safety limits set by the Federal Communications
Commission (FCC) and Council of the European Union. Table 6 com-
pares the results obtained in Table 5 using the FIT method with those
obtained using the FEM method, demonstrating that both methods
achieve acceptably low SAR values.

3. Results in discussion

In this section, the near and far field measurements of the proposed
UWB VNSMA are presented, discussed, and compared to the recently
published related works. These include reflection coefficient, gain, total
efficiency, diversity performance, radiation patterns, and group delay.

Figs. 9-11 show the measured findings for the proposed compact
UWB VNSMA. As shown in Fig. 9(a), a sufficiently broad impedance
matching of S;; < —11.08 dB is achieved across the required UWB fre-
quency bands (2.33-14.83 GHz). It shows a 14.8 % BW improvement
and 3.72 % size reduction as compared to the single element proposed in
Ref. [37] (S11 < —10.89 dB at 2.9-13.55 GHz). The improved broad
impedance matching and reduced size are attributed to edge and tapered
slots added to the single element. Using L and vertical slots around the
feed line and between the two elements, respectively, enhances their
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isolation, as illustrated in Fig. 9(b). As illustrated in Fig. 9(b), the MC is
less than —18.7 dB at 4.8-5.52 GHz and below —23 dB in most of the
operating frequency band, which is suitable for high-performance MIMO
systems where isolation of 15-20 dB is typically preferred [47,48].
However, the MC at 2.33-3.12 GHz is below —13 dB, which is generally
considered marginal. This affects the antenna’s performance in this
specific band, leading to negative gain—a common issue in UWB MIMO
systems at lower frequency bands, particularly when the antenna size is
reduced, as phase cancellation across the antenna becomes more pro-
nounced [49]. Despite the marginal MC at the lower band, the antenna
provides low MC across a wide bandwidth of 11.71 GHz (3.12
GHz-14.83 GHz). This is 4.21 GHz more than the typical 7.5 GHz UWB
range, ensuring robust performance across most of the frequency spec-
trum. The phase of the proposed VNSMA is shown in Fig. 9(c).

To test the antenna diversity performance in terms of the indepen-
dence of the two received signals and the effect of this diversity on the
VNSMA radiated power, its Envelope correlation coefficient (ECC) and
diversity gain (DG) are calculated and measured as shown in Fig. 9(d)
and (e), respectively. The proposed VNSMA provides ECC and DG of
0.002 (Sim. = 0.004) and 9.99 dBi (Sim. = 10 dBi) within the required
UWB frequency band as depicted in Fig. 9(d) and (e), respectively,
which demonstrates that the proposed UWB VNSMA has good diversity
for the practical application, ECC <0.5 and DG>10 dBi, in terms of low
ECC and high DG. According to Ref. [50], the ECC and DG can be defined
as follows

|S;152l + 5551 |2

ECC= (1 B <\Su|2 N ‘sz)) (1 _ (|822‘2 n |Su|z)> 2
DG=10x1/1 — |[ECC|? 3)

The measurement setup for far-field results is shown in Fig. 10(a),
where port one is terminated with a load of 50 Q. Fig. 10(b) shows that
the measured PG and radiation efficiency provided by the proposed
UWB VNSMA is 5.98 dBi (Sim. = 6.27 dBi) and 66-90 % (Sim. = 64-92
%), respectively. The radiation patterns of the proposed UWB VNSMA
with stable end-fire and semi omni directional shapes for E-plane and H-
plane, respectively, at different frequencies are plotted in Fig. 11. As
previously mentioned, the negative gain in the low-frequency bands is
due to mutual coupling between the two elements and the reduced size,
which causes destructive interference and phase cancellation across the
antenna [49], respectively. These results of the proposed VNSAM
demonstrate a wide BW, high gain, high DG, low ECC, and stable radi-
ation patterns, making it an excellent option for UWB wearable appli-
cations requiring intense penetration and accurate detection, such as
microwave imaging (detecting cancers) which we may explore in our

2 4 8 10 12 14

6 16
Frequency(GHz)
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Fig. 8. Difference between the simulated on-body results for the proposed VNSMA using FIT and FEM methods (a) S;; with gain (b) S;2.
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Table 5

Results in Engineering 24 (2024) 102839

SAR calculation for proposed UWB VNSMA on CST voxel model (Gustav) for 100 mW (20 dBm) input power based on FIT method.

Frequency 1g

2.64 GHz

3.91 GHz

5.74 GHz

10.88 GHz

future work. The discrepancy between the simulated and measured is
due to the fabrication and measurement tolerances.

It is critical in UWB applications to have an approximate constant
group delay (GD) to ensure the capability of handling high-frequency
impulses [7]. Fig. 12(a) shows the simulation and measurement setups

for obtaining the face-to-face (F2F) GD for the proposed UWB VNSMA.
Fig. 12(b) illustrates that the antenna achieves approximately
flat-measured GD around 1.2 ns (Sim. = 1 ns) with a variation of less
than one ns, which is considered acceptable - almost constant - within
the UWB frequency band [7].
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Table 6
Comparison of SAR calculations between the FIT and FEM methods of the pro-
posed UWB VNSMA on the CST Gustav voxel model for 100 mW input power.

Method FIT FEM

Frequency 1g 10g 1g 10g
2.64 GHz 1.75 0.605 1.24 0.44
3.91 GHz 0.86 0.207 0.589 0.166
5.74 GHz 0.633 0.3 0.493 0.244
10.88 GHz 0.407 0.155 0.414 0.177

Results in Engineering 24 (2024) 102839

Table 7 compares the proposed UWB VNSMA with other UWB slot
antennas recently published in the literature regarding substrate used
(rigid PCB or flexible), antenna type, matching BW, isolation, PG, ECC,
DG, MC reduction techniques, and volume. V, GS, SS, and SPG in Table 7
are referred to as Vivaldi, general slot, stepped slot, and slot with pro-
truded ground antennas, respectively. As illustrated in the comparison
table, the BW provided by the proposed VNSMA is wider (providing a
more extensive data rate) compared to all referenced work, which makes
it suitable for UWB high-resolution applications that require precise
detection and high accuracy. Compared to the two and four-port MIMO
Vivaldi antennas in Refs. [5,36] and the two-port circular ring slot [29],
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(2)

Fig. 12. (a) Measurement and CST setups and (b) Simulated and measured GD of the proposed UWB VNSMA.

the proposed two-port VNSMA provides better matching, wider BW,
higher isolation (except at lower bands), lower ECC, and higher DG.
Although the size of the proposed VNSMA is 51.1 % and 49.06 % smaller
than [5,29], its PG is higher by 12.54 % and 5.18 % (port 2). The PG at
port 1 in Ref. [29] and isolation in Ref. [6] are only higher than the
proposed VNSMA by 11.4 % and 2 dB despite their 48.9 % and 50.94 %
larger size. The size of UWB two-port SS [8,25,28] and SPG [31] MIMO
antennas in Table 7 is smaller than the proposed one, and they are the
best candidates for mobile communication applications. However, the
proposed UWB two-port VNSMA with wider BW, moderate-high gain,
and directive radiation patterns are preferred for medical imaging
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applications that require precise detection of the reflected signals. It may
also be employed in WBAN applications to improve communication
links that may deteriorate owing to high dielectric losses in human tis-
sues. Our future work will investigate the antenna’s performance in
these applications.

3.1. Limitations and future work
This study provides valuable insights into designing UWB VNSMA for

wearable applications, but it is important to acknowledge certain limi-
tations that may have influenced the results. These limitations suggest
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Table 7
Comparison with existing UWB MIMO antennas in the literature.

Results in Engineering 24 (2024) 102839

Ref., &, S11(dB), at Freq. Band, S12(dB) at Freq. GD PG (dBi) ECC<, DG> MC reduction techniques Dimensions mm
ports, BW(GHz) Band, (ns) (dB) X mm X mm
Type
This 3.55 <-11.08, 2.33-14.83, <-23, -13 1.2 3.8-5.98 0.002, 9.99 Tapered edge and vertical slots 57 x 20.26 x
work, 125 (2.33-3.12),-18.7 0.813
2,V (4.8-5.52)
[51,2,V 4.4 <-10.5, 3.13-11, 7.87 <-22.55 NA 2.55-5.23 0.06, (Sim: directional properties & slot 60 x 40 x 0.8
9.89) resonator
[21],2, 4.4 2.4-2.485 & 3.1-12.5,9.4 <-25 NA 2-5.5 (Sim:0.01), Orthogonality & ground’s edge 56 x 28 x 1
GS NA
[29], 2, 4.4 <-10, 2.3-12.5,10.2 <-19.5 NA P1:4-6.75 and P2  0.01, NA Fork-shaped stub 48 x 48 x 0.8
SPG G:3.02-5.67
[31],2 4.4 —11.38(P1), —10.21(P2), <-20, —12(2.4), NA 1.7-4.2 0.04, NA Orthogonal configuration and 32 x 32 x0.8
SPG 2.3-12,9.7 —18.86 (4-4.26) A\/4 rectangular slot
[28],2, 2.65 <-10,3-11, 8 <-16 (3-3.8), —20 1.25 0.75-3.9(only up 0.015, NA Cross-shaped slot with a metal 22 x 36 x 0.8
SS to 6 GHz) line
[81,2, SS 4.4 <-11.1, 3.1-10.6,7.5 <-18 NA 2.3-6.73 0.004, NA T-shaped slot with a narrow slit 22 x 26 x 1.524
[23],4, 4.4 <-10 at 3.2-12, 8.8 <-22 NA —-0.82-7.03 0.01, NA directional radiation & 42 x 25 x 1.6
SS antennas’asymmetricl
placements
[25],2, 3.5 <-10dB P1 (3-11.22, <-20.8 NA -3-1.84 NA, NA Orthogonality & 45° oriented slot 21 x 30 x 0.762
SS 8.2), P2 <-9.32 at
3-11.6, 8.6
[61,2, GS 4.3 <-11.92, 2-10.93, 8.93 <-25 NA 3.99 (Sim:0.004), fence-type decoupling & L- 50 x 35 x 1
6.27 NA shaped parasitic branches
[36],4, V 4.4 <-9.8, 3-12.3,9.3 S12 < -15,814 < —20 NA NA 0.43, 9.65 slots and fence-type structures & 26 x 52 x 0.80

I-shape branches

areas for future research, which can build on our findings and further
explore in greater depth.

3.1.1. Limitations
The limitations of this work can be summarized as follows.

1. Negative and low gain at lower frequency results due to the
compactness that leads to phase cancellation across the antenna
[41], where the resulting single element of the proposed UWB
VNSMA is 3.72 % smaller than the UWB VNSA. Also, this negative
gain at the lower frequency band is attributed to the low isolation at
this band, which leads to destructive interference.

2. Low isolation at the lower frequency band is due to the minimal
spacing between the VNSA elements (with no space used between
them in the proposed UWB VNSMA), leading to destructive inter-
ference and causing reduced or even negative gain.

3. The rigid Rogers RO4003C substrate with a thickness of 0.813 mm is
not flexible enough for specific wearable applications, where a
thinner rigid substrate or a semi-flexible substrate is preferred to
withstand mechanical and physical deformation.

3.1.2. Future work
Our future work will focus on To overcome the limitations
mentioned above.

1. Investigating techniques to enhance the lower frequency band’s low
and negative gain, such as adding metamaterials (MTMs) or directors
[41]. Details on these techniques can be found in Ref. [39].

2. To reduce high MC between VNSA elements, apply techniques such
as incorporating DGS, using electromagnetic bandgap (EBG) struc-
tures, implementing neutralization lines, incorporating MTMs, and
adding parasitic elements between the antenna elements [49].

3. Semi-flexible substrates such as Rogers RT/duroid 5880 or fabric
materials are preferred for wearable applications due to their flexi-
bility, low profile, ease of integration into clothing, and resilience to
mechanical changes [39].
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4. Conclusions

This paper presents the design, analysis, and fabrication of a new
compact two-port Vivaldi Non-uniform Slot MIMO Antenna (VNSMA)
for wearable UWB applications. Drawing from Vivaldi non-uniform slot
profile antenna (VNSPA) theory, the antenna’s design prioritizes wide
bandwidth, high gain, and stable radiation patterns crucial for high
resolution and precise detection microwave imaging applications such
as breast and brain cancer detection. As a novelty in this work, various
configurations for placing the two antenna elements were explored to
minimize mutual coupling (MC) and optimize performance. Ultimately,
positioning the elements side by side at a 180° angle emerged as the
most effective configuration. The VNSMA underwent modifications,
including etching the ground plane with a vertical slot between the
antennas and L-shaped slots around the microstrip-to-slot (M/S) tran-
sition to improve port isolation. Additionally, bandwidth and gain im-
provements were achieved by incorporating exponential tapered and
triangular slots at its edges. The proposed VNSMA exhibits a wide 12.5
GHz bandwidth, a moderate gain of 5.98 dBi, high isolation of 18 dB and
23 dB, low ECC of 0.002, high DG of 9.99, and an average group delay of
1.2 ns. The resulting wide BW demonstrates the VNSMA’s novelty and
ability to cover multiple bands, including WLAN (2.4-2.485 GHz), X-
band (8-12 GHz), and part of the Ku band (12-18 GHz).To assess its
suitability for wearable applications, the VNSMA is tested on a CST
Gustav human phantom, demonstrating promising results with low
Specific Absorption Rate (SAR) values across different UWB frequencies.
Future research will focus on using various substrate materials to
improve compactness, gain, and isolation, especially in the lower fre-
quency band. We will also investigate its performance in microwave
imaging applications, such as cancer detection.
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