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ABSTRACT: In this paper, a 4-port multiple input multiple output (MIMO) antenna with dual-notched bands and high interference rejection
features is presented for ultra-wideband and beyond. The total volume of the intended antenna, computed at 2.63 GHz, is 0.52 X 0.52\ x
0.014). The basic radiating element consists of a spatula-shaped patch etched with a U and an inverted U-shaped slots printed on the
top of a dielectric substrate, which is backed by defected partial ground plane. With the goal of achieving good polarization diversity
and high isolation, four identical basic elements are arranged in orthogonal way to form the MIMO configuration. The inter-element
isolation has been improved by a swastik-shaped decoupling structure with its arms extended in the form of meander-lines. As a result,
the isolation between diagonal and orthogonal elements is better than 20 dB and 25 dB, respectively with envelope correlation coefficient
< 0.012 and diversity gain > 9.995 dB. The suggested antenna attains an impedance bandwidth of 2.63—18.44 GHz with ability to shield
interferences from 3.38-3.90 GHz and 4.65-6.45 GHz, specifically targeting frequencies associated with WLAN/ISM and Wi-MAX/LTE
bands, respectively. Moreover, it exhibits maximum radiation efficiency and gain of 97.88% and 5.94 dBi, respectively in the working

band.

1. INTRODUCTION

Of late, paradigm shifts in the wireless communication tech-
nology have given rise to ultra-wideband (UWB) antennas
that can cover multiple applications at once, including internet-
of-things (IoT), cognitive radio, sensing networks, medical
field, low frequency smart devices, radar, and satellite sys-
tems [1-3]. UWB technology offers distinct advantages such
as high data throughput, wide bandwidth, low power consump-
tion, and inherent security feature [4]. However, UWB an-
tenna systems inevitably interfere with signals from several ex-
isting narrowband short-range wireless technologies like LTE,
WiMAX, WLAN, C-band, and X-band. Therefore, an antenna
that can filter out a specific band falling in UWB range has at-
tracted a lot of interest. In addition, UWB technology encoun-
ters issues like reflection and diffraction within the medium,
leading to multipath fading and signal losses, thereby degrading
end-to-end communication [5]. Addressing these challenges
and in turn improving the channel capacity is crucial in con-
temporary wireless communication systems [6]. The integra-
tion of multiple input multiple output (MIMO) antenna sys-
tems equipped with high diversity performance and UWB tech-
nology has been proven to be an effective approach to sup-
press multipath fading, thus resulting in enhanced communi-
cation quality and channel capacity [7,8]. However, MIMO
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antenna necessitates low correlation among the several antenna
elements laid over the same substrate, especially in the devices
operating within confined space [9,10]. Various techniques
have been reported in the literature to reduce mutual coupling
among the radiating elements, viz., defected ground structure
(DGS) [1], metamaterial (MTM) structure [11], neutralization
lines [12], parasitic elements [13], electromagnetic band gap
(EBG) structures [14], decoupling structure [15], and slots in
the substrate [16] to name the few.

Modak et al. discussed two configurations of a 4 x 4
MIMO design with dual-band notch feature in the range of
3.1-10.8 GHz [17]. They were able to achieve very good
isolation of 25 dB; however, the use of a couple of mushroom
EBG structures to shield 6.3—7.76 GHz band poses fabrication
challenge. In another approach, Chen et al. [13] studied a
UWB-MIMO antenna with an impedance bandwidth (IBW)
of 2.5-12 GHz with feature to reject 3.3-3.9 GHz WiMAX,
5-6 GHz WLAN, and 7.4-8.5 GHz X-bands. However, the
usage of EBG (for notch) and shorted parasitic strips (to reduce
inter-port correlation) makes the development of this antenna
complex. In [15], the authors have presented a large 4-port
MIMO configuration with isolation better than 20 dB, achieved
using a fan-shaped parasitic decoupler. Further, another 4-port
MIMO system utilized complex fractal MTM-EBG to achieve
isolation greater than 17 dB in narrow band of 8-9.5 GHz [14].
A two-sided orthogonally connected 4 x 4 MIMO design
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FIGURE 1. Single element monopole antenna design (a) top and (b) back views [L = 28, W = 24, Ly = 10.45, Wy = 3,a = 12, b = 3.6,
c=112,d=6.4,e=04, f =3.94,9 =2.06, h =4, Ly, = 10.5, R = 8 and r = 4.12 (unit: mm)].

with very low isolation level of 13dB was investigated
in [18]. Later, in another approach, a 4-port transparent MIMO
antenna created using metal mesh structure was studied for
3.2-11.2 GHz range [19]. It utilizes a parasitic decoupler to
mitigate the inter-element coupling. Despite this, it could
achieve a very low isolation level of 10 dB at lower frequencies
and better than 20dB at higher frequencies. Recently, an
innovative MTM wall separating quad-port MIMO antenna
elements was reported to significantly improve the isolation
over 3.4-4 GHz and 4.7-5.1 GHz [11]. However, the adoption
of MTM wall raises the overall profile of the antenna, making
it more difficult to assemble due to its 3D form. An extensive
literature survey demonstrates that it is very challenging to
design a simple yet compact MIMO antenna that could provide
extremely wide bandwidth and high inter-port isolation, while
at the same time filtering out undesired interferences.

In this paper, a novel, compact super-wideband 4 x 4 MIMO
antenna with very high inter-port isolation and dual-band in-
terference shielding capability has been designed and success-
fully investigated for UWB and beyond. A substantial improve-
ment in the isolation has been achieved by utilizing a swastik-
shaped decoupling structure. The band extending from 2.63
to 18.44 GHz is above —10 dB reflection level except for two
notch bands spanning over 3.38-3.90 GHz and 4.65-6.45 GHz;
hence, the achieved bandwidth including notched frequencies
is 150%. The diversity performance of the proposed MIMO
antenna is evaluated by examining diversity metrics envelope
correlation coefficient (ECC) and diversity gain (DG). Besides
above, the investigation of surface current, radiation pattern,
gain, and radiation efficiency demonstrates the potential use of
the introduced MIMO antenna in X- and Ku-band satellite sys-
tems as well as sub-6 GHz 5G, WLAN, ISM, LTE, Wi-MAX,
and UWB frequency bands.

2. DESIGN METHODOLOGY OF SINGLE ELEMENT AN-
TENNA

The top and bottom schematic configurations of the proposed
UWB single element antenna featured with dual-notch band
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characteristic are shown in Figs. 1(a) and 1(b), respectively. It
is implemented using a 1.6 mm thick FR4 dielectric substrate
characterized by its dielectric constant of 4.4 and loss tangent
of 0.02. The resonating element comprises a 50 2 microstrip
line fed-truncated circular patch (termed spatula-shaped patch
hereafter), etched with a U and an inverted U-shaped slots.
Further, defected partial ground plane has been employed to
achieve improved impedance matching across the wide op-
erating band [20]. This reduces the overall radiating patch
area and ground plane; thereby resulting in miniaturized UWB
monopole antenna. The intended antenna is designed and nu-
merically investigated in full-wave 3D EM tool, i.e., Computer
Simulation Technology (CST) Microwave Studio suite 2022.
The optimized values of the design parameters denoted in Fig. 1
are listed in its caption.

The progressive evolution of the suggested antenna element
is illustrated in Fig. 2, which shows the input reflection coef-
ficient and respective design topology in the inset at different
iterative stages. The design starts with a spatula-shape radia-
tor having a semi-circular defected partial ground plane, called
Antenna #1. It has been conceptualized by appropriately mod-
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FIGURE 2. Design evolution of the proposed dual-notched super-
wideband antenna: the structure at distinct iterative stages and their
respective S11 (dB) curves.
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FIGURE 3. (a) Interactive schematic configuration and (b) S-parameters of the proposed 4-port MIMO antenna.

ifying the circular patch to obtain novelty in terms of antenna
design. The dimensions were computed using well defined em-
pirical relations mentioned in [21]. It can be observed that it
provides UWB response covering 2.95-19.64 GHz with poor
impedance matching across 13.35-15.64 GHz. In order to im-
plement notch bands, slotting technique has been utilized. It
is well established that the surface current can be attenuated
or altered to some extent so that the antenna does not radiate
energy outward by engraving slots in the antenna design [2].
Therefore, to suppress WLAN/ISM band, a U-shaped filter
is imprinted in the radiator of Antenna #1, and it is denoted
as Antenna #2. It is seen that Antenna #2 offers UWB re-
sponse covering 2.84—-19.45 GHz with a sharp notch band of
4.86-6.67 GHz centered at 5.69 GHz. Additionally, in order to
filter out the Wi-MAX/LTE band, an inverted U-shaped slot
is etched in the radiator, and this configuration is named An-
tenna #3. The resultant structure exhibits a UWB impedance
matching spanning over 2.70-18.45 GHz (15.75 GHz) while re-
jecting 3.34-3.80 GHz (centered at 3.58 GHz) Wi-MAX/LTE
band and 4.94-6.60 GHz (centered at 5.69 GHz) WLAN/ISM
band. Note that dimensions of the slots were initially calcu-
lated using Equations (1)—(3) [17,22] and later optimized for
desired frequency response.

3 x 108
7 = —-—mmmmmmmmmm 1
f3.58GH 2(c + 2d) Jo (1
3 x 108
7 ==_— 2
f5.69GH 2(7_”._'_29) ngf ( )
Eqr = (67 +1)/2 3)

3. PLANAR 4 x 4 MIMO ANTENNA DESIGN

Afterwards, four identical single element antennas (An-
tenna #3) described above are arranged systematically in the
orthogonal fashion on the same substrate to form MIMO
configuration with the aim to achieve polarization diversity
and high inter-port isolation. It is important to note that the two
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radiating elements are separated by 15.7 mm (0.13)), where A
is the wavelength evaluated at the lowest operating frequency
of 2.63 GHz. A decoupling structure is strategically placed in
the center of the ground plane to further enhance the mutual
coupling. It comprises a swastik-shaped structure with its
arms extended in the form of meander lines. The 4 x 4 planar
MIMO antenna has an overall footprint of 60 mm x 60 mm
(0.52A x 0.52)), which is compact as compared to the
ones reported in [8,23,24]. Fig. 3(a) visually illustrates the
transparent top and bottom structural details of the suggested
4-port MIMO antenna. The design parameter values of
the decoupling network for the enhanced performance are:
i = 5mm, j = 12mm, £ = 2mm, and [ = 1mm. The
simulated S-parameters of the conceived MIMO antenna are
depicted in Fig. 3(b).

It is clear that it operates as a UWB antenna with an oper-
ational bandwidth of 15.81 GHz extended over the frequency
range of 2.63—-18.44 GHz with dual-notched characteristics at
3.75GHz and 5.70 GHz. These notch-bands serve to filter
out any potential interference arising from WLAN/ISM (3.38—
3.90 GHz) and Wi-MAX/LTE (4.65-6.45 GHz) bands. A bit of
mismatch is observed between the single element and MIMO
antennas which are attributed to interrelations of the four an-
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FIGURE 4. Mutual coupling among the 4-ports of the suggested MIMO
antenna without and with decoupling structure.
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FIGURE 5. Surface current distribution at 8.73 GHz over the antenna (a) without and (b) with decoupling structure.
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FIGURE 6. Surface current distribution at the notched frequencies: (a) 3.75 GHz and (b) 5.70 GHz.

tenna elements. Owing to the symmetrical antenna topology,
Port #1, Port #2, Port #3, and Port #4 all have identical reflec-
tion coefficients. The isolation between Port #1 and Port #3
(diagonal elements) is found to be 20 dB due to small amount
of EM coupling from the radiating edges of the antenna el-
ements. However, an enhanced isolation of 25 dB between
Port #1 & Port #2 and Port #1 & Port #4 (orthogonal elements)
is noted due to almost negligible electromagnetic (EM) cou-
pling between radiating and non-radiating edges of the antenna
elements.

To demonstrate the proposition of decoupling structure, the
proposed MIMO antenna has been investigated for inter-port
isolation in relation to the absence and presence of decou-
pling structure. The corresponding transmission coefficients
are compared in Fig. 4. It is discovered from Fig. 4 that the
inclusion of the decoupling structure has improved isolation
among the orthogonal and diagonal elements by around 3.5 dB
(from 21.5 dB to 25 dB) and 6 dB (from 14 dB to 20 dB), respec-
tively. Notably, the two reflection coefficients are not shown
here for the sake of brevity because they are unaltered.

In addition, the surface current density over the antenna with-
out and with a decoupling structure, taken at 8.73 GHz with
Port #1 excited, augments the effectiveness of the decoupling
structure, as demonstrated in Fig. 5. Without the decoupling
structure, the nearby antenna elements exhibit high current cou-
pling, as seen in Fig. 5(a). On the contrary, Fig. 5(b) shows that
when a decoupling structure is added into the MIMO design, a
considerable amounts of currents are induced over it, and the
current on the neighbouring antenna elements decreases drasti-
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cally. Consequently, the interference from the adjacent anten-
nas is reduced, resulting in improved overall performance of
the put forth MIMO system.

Further, the distribution of surface current density is exam-
ined at the notch frequencies of 3.75 GHz and 5.70 GHz to
ensure the adequate isolation among different ports of the in-
tended 4 x 4 MIMO design. Notably, Port #1 was excited
while all the other ports were termination by a load of 502
in this study. It is clear from Fig. 6 that the surface current is
predominantly concentrated on inverted U- and U-shaped slots
at 3.75 GHz and 5.70 GHz correspondingly. It indicates a large
impedance mismatch, with almost all the incident signals being
reflected backwards, resulting in dual-band filtering functional-
ity. In addition, no EM coupling is seen with the neighbouring
antenna elements which demonstrate exceptional diversity per-
formance. The above analysis also corroborates the findings
presented in Section 2.

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1. Reflection Coefficient and Isolation

Finally, a prototype of the realized super-wideband MIMO
antenna is developed to validate its practicality. Figs. 7(a)—
(b) show photographs of the fabricated prototype. The per-
formance testing was conducted by utilizing Anritsu S820E
handheld vector network analyzer (VNA), as seen in Fig. 7(c).
Fig. 7(d) depicts the radiation pattern and gain measurement
setup, which consists of a broadband horn antenna and con-
structed sample mounted on a turntable, both inside an anechoic

WWwWw.jpier.org
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FIGURE 7. (a) Top view, (b) bottom view of the fabricated prototype of the 4 x 4 UWB MIMO antenna, (c) S-parameter measurement setup, and
(d) measurement setup for far-field measurement inside an anechoic chamber.
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FIGURE 8. Simulated and measured (a) reflection coefficients and (b) transmission coefficients.

chamber and coupled to an external VNA. A comparison be-
tween the simulated and measured S-parameters is presented
in Fig. 8. It can be seen that there is an excellent correlation be-
tween the two results in terms of notched-band frequencies and
inter-port isolation levels, confirming conceptual projections of
the antenna’s performance. However, a slight deviation in the
resonant peaks and operational bandwidth is noticed, which is
subjected to manufacturing error and measurement inaccura-
cies. It is worth noting that owing to structural symmetry, the
input reflection coefficients of all the ports are almost similar
with trivial variations in the notched-band frequencies; hence,
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only measured S1; is furnished in Fig. 8(a) for clear visualiza-
tion. In addition, the isolation curves obtained from measure-
ment and simulation are displayed in Fig. 8(b). The measured
transmission coefficients illustrate that the isolation level at S|,
or Si4 is better than 23 dB while the isolation level at Sy3 is
greater than 20.5 dB. The summary of the simulated and mea-
sured results is presented in Table 1 for better and quick grasp.

4.2. Radiation Patterns, Gain, and Radiation Efficiency

Figure 9 illustrates the simulated and measured 2D radiation
patterns of the reported antenna plotted in two principal planes

Www.jpier.org



PIER C

Kaur, Singh, and Verma

(@ o 04
-10 -10
20 -20

) )
= 30/ S 304
5 5
£ £
& 401 £ -40- 90
£ 2
= 304 3 -30
& &
-204 -20
-104 -10-
04 04

(b) 04
~10 -104
204 -20

A M

= 30 Z 304

5 5
£ E
£ 404 & 40
4 g
= 304 5 30
W W

4 &

20 20
-104 -104
0 0

(C) 0 0
“104 -10
204 204

@ A

Z 304 S 30

B Bt

o 7

& z

£ 40 < 404

2 g

£ 304 g 304

W Q

& <

204 20

-10 -104

0 0
(d)
-104
204

g

< 30

5

z

£ -401 270 920

o

=

= -304

@

&

20
-104
0.

180
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TABLE 1. Comparison between the simulated results and measured counterparts.

L. Operating Band Notch Bandwidth, Isolation Between Isolation Between
Characteristics
(GHz) Centre Frequency (GHz) S12/S14 (dB) Si13 (dB)
3.38-3.90, 3.75
Simulated 2.63-18.44 25 20
4.65-6.45,5.70
3.37-3.87, 3.68
Measured 2.95-19.58 23 20.5
4.40-6.03, 5.55
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FIGURE 10. Simulated and measured (a) gains and (b) radiation efficiencies of the recommended MIMO antenna.

when Port #1 is excited at 3.11 GHz, 4.14 GHz, 9.89 GHz, and
16.33 GHz. The dash dot line in blue and solid line in red de-
note simulated and measured radiation patterns of the antenna,
respectively. It is evident that the patterns are rather stable
at lower frequencies, but some irregularity is noticed around
16.33 GHz. Moreover, the measured patterns agree well with
that of simulated ones. However, a small discrepancy is seen
between the two radiations, especially at higher frequencies,
which could be attributed to fabrication flaws and measurement
limitations.

Next, the gain along with radiation efficiency of the pre-
sented MIMO structure is illustrated in Fig. 10. The antenna
is capable to offer a maximum of 5.94 dBi simulated gain, with
the lowest value being 0.01 dBi in the notched bands whereas
the measured gain varies from 0.06 to 5.88 dBi across the stud-
ied frequency range. Furthermore, the simulated radiation ef-
ficiency ranges between 41.94% and 97.88% in the working
band, except for notched frequencies. However, it is less than
50% in both notched bands, with a minimum of 28.76% at
5.70 GHz. The measured radiation efficiency attains maximum
and minimum values of 94.65% and 26.59% at 10.5 GHz and
5.55 GHz, respectively.

4.3. MIMO Diversity Metrics Analysis

For the practical implementation, the diversity performance of
a MIMO antenna is quantified in terms of envelope correlation
coefficient (ECC) and diversity gain (DG). ECC indicates the
degree of correlation between the signals received at the adja-
cent antenna elements [1]. Lower value of ECC is sought after

for better signal quality and system reliability. Mathematically,
it is computed from S-parameters by using Equation (4) [1]. It
is clear from Fig. 11(a) that over the whole frequency range
under investigation, the ECC of the proposed MIMO design is
seen to be < 0.012, which is substantially within the allowable
limit of 0.5.

191,81 + S5y Saa?

T (1 - ‘511‘2 - ‘521|2) <1 - |S22|2 - |S12|2)

“)

Diversity gain (DG) is another metric used to assess the
MIMO antenna’s stability and efficacy. Ideally, DG must be
quite high, nearly close to 10 dB. DG can be calculated by us-
ing ECC value as per Equation (5) [1].

DG = 10V/1 — ECC? (5)

Figure 11(b) denotes that both simulated and measured val-
ues of DG are above 9.995 dB over the operational frequency
range, with somewhat reduced diversity performance within
notch bands. Such favourable numbers of ECC and DG ver-
ify that the adjacent ports are uncorrelated, and the intended
MIMO antenna is well suited for UWB, X, and Ku band appli-
cations.

5. COMPARISON WITH STATE-OF-ART

Finally, the suggested MIMO antenna is comprehensively com-
pared with the recently reported 4-port MIMO antennas with
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FIGURE 11. Simulated and measured (a) ECCs and (b) DGs of the proposed 4 x 4 MIMO antenna.

TABLE 2. Comparative performance evaluation of the proposed 4 x 4 MIMO antenna with present state-of-art.

Dimensions . Notch . . .
Ref. L x W x H, mm® g:z;“(t(‘;";;; Band | Notch Method Is‘zfl;‘)"“ Is°lat‘°T'chl':1'i’r:’l:eme“t ((:;i'; ECC
(L x W x H,3%) (GHz) q
L-Shaped Stub .
1. .
[5] © 3530: 05 g;x 060 N 2-12 491-641 |  Connected in >17 Slot gﬁ:ﬂfonal 33 | <045
’ ' ’ Partial Ground
[8] 56 68 x 0.235 3.89-17.09 None | Not Applicable > 15 Mosd;ﬁ:igrllus_csl?&g) ?ejlm 68 | <0.02
(0.72 x 0.88 x 0.0025) R PP parating ' '
Elements
34 %34 x 1.6 3:3-3.9 L & C-Shaped Parasitic Strips Connected
[13] ’ 25-12 5-6 P >15 P . 55 | <005
(0.28 x 0.28 x 0.013) 7485 Slots, and EBG to Ground through vias
(6] 45351 3.19:9.30 None Not Applicable > 20 Slots in Substrate 249 | <0.02
(0.47 x 0.58 x 0.01) A7 pp : :
56 x 56 x 1.6 . Orthogonal Placement on
- > <
[18] (0.42 % 0.52 x 0.014) 2.8-15.2 None Not Applicable 20 Top and Bottom 6.6 0.01
40 x 40 x 0.05 . >17 L-Shaped Strips Connected
- <
[22] (0.51 x 0.51 x 0.00063) 3.82-15.9 None Not Applicable =20 around Radiator 6.33 0.005
60 x 60 x 1.52 -
- - > <
[23] (0.60 % 0.60 x 0.015) 3-12.8 5.25-5.85 EBG 21 Parasitic Decoupler 6.94 0.001
[24] 58 %58 x 1.6 2.84-15.88 None Not Applicable > 16 Slot in Surface 635 | <0.07
(0.5 x 0.55 x 0.015) DA PP : ‘
56 x41 x 1.6 . Square Slotted Decoupling
- > <
[25] (0.63 x 0.46 x 0.018) 34-11.8 None Not Applicable 20 Structure 6.23 0.006
56 x 56 x 0.787 . Windmill Like Decoupling
- > <
[26] (0.68 x 0.68 x 0.009) 3.65-13.97 None Not Applicable 21.7 Structure 7.2 0.0012
40 x40 x 0.8 . Sinusoidal Decoupling
R > <
[27] (0.56 % 0.56 x 0.011) 4.2-8.2 None Not Applicable 23 Structure 7.9 0.0005
This 60 x 60 x 1.6 3.38-3.90 | U and Inverted >20 Swastik Shaped
.03-18. B <0.
Work (0.52 x 0.52 x 0.014) 2.63-18.44 4.65-6.45 U-Shaped Slots >25 Decoupling Structure 594 0.012

respect to some key technical points, and the outcome is sum-
marized in Table 2. It is obvious that the intended MIMO
antenna yields the largest impedance bandwidth amongst all
the designs. Moreover, it occupies less circuit area except
for MIMO designs [5,13,16,18,22]. Nevertheless, the de-
sign in [5] offers single-band rejection capability and low inter-
element isolation level. In addition, the antenna in [13] pro-
vides triple-band notch feature, but the implementation of EBG
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structure is complicated due to involved via processes. Also, it
achieves very low isolation level, even after utilizing parasitic
strips connected to ground through vias. Further, the antennas
in [16, 18,22] do not possess notched characteristics and have
complex structures. Taking into account the aperture area and
substrates used, the proposed MIMO antenna exhibits compa-
rable or better performance in terms of peak gain and diversity.
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6. CONCLUSION

A 4-port MIMO antenna with dual-notched feature is fabri-
cated on a cost-effective FR4 substrate and tested to confirm
the theoretical conceptualizations. It yields a super-wideband
impedance bandwidth of 15.81 GHz with a relative bandwidth
of 150% spanning 2.63—18.44 GHz range with the ability to
efficiently reject two interfering bands extended over 3.38-
3.90 GHz and 4.65-6.45GHz. Besides this, it outperforms
many MIMO designs that rely on bulky or fabrication-intensive
methods like MTM walls or parasitic vias, with high measured
inter-port isolation of 20.5 dB (diagonal elements) and 23 dB
(adjacent elements). It is observed that the orthogonal an-
tenna arrangement and decoupling structure in the centre of the
ground plane are responsible for such high inter-port isolation
in the recommended MIMO device. Moreover, the proposed
decoupling structure enhances peak radiation efficiency from
91.16% to 97.88%, yielding an improvement of 7.37%. In ad-
dition, the suggested MIMO antenna is capable to achieve ra-
diation efficiency and gain as high as 97.88% and 5.94 dBi, re-
spectively with consistent radiation pattern in principal planes.
The diversity performance metrics, ECC < 0.012 and DG >
9.995 dB, ensure low signal correlation and high reliability in
multipath environments. The peculiar properties of the pro-
posed antenna make it well suited for the smart devices oper-
ating in sub-6 GHz 5G, WLAN, ISM, LTE, Wi-MAX, UWB
frequency bands, and X- & Ku-band satellite systems. The in-
tegration of tunable component (e.g., PIN diode, varactor diode,
and micro-electromechanical switches (MEMSs)) into the de-
sign to dynamically adjust notch frequencies is identified as
possible future research extension of this work. It will enable
adaptive interference mitigation for evolving wireless standards
like 6G and beyond.
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