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ABSTRACT: In this study, a quad-port ultra-wideband (UWB) multiple input multiple output (MIMO) antenna with triple band-rejection
characteristics is demonstrated. The suggested diversity MIMO antenna comprises four similar rectangular radiators positioned in or-
thogonal manner by utilizing polarization diversity. For superior inter-element isolation, a fan-shaped decoupler is lithographed on the
back of the substrate. The MIMO antenna exhibits an operational bandwidth of 9 GHz (3—12 GHz) for each port, with |S11| < —10dB.
This version is more concise and properly formatted. The MIMO aerial exhibits an impedance bandwidth 3—12 GHz) for each port
(|S11] £ —10dB) along with an inter-element isolation exceeding 20 dB. Additionally, to exclude the 3.5-4.1 GHz (downlink C-band),
4.43-4.79 GHz (INSAT), and 5.25-5.71 GHz (Wireless LAN) bands that coexist in UWB spectrum, the antenna elements are equipped
with three U-shaped slots. The MIMO diversity metrics, including isolation, envelope correlation coefficient, diversity gain, TARC,
CCL, multiplexing efficiency, and group delay, were computed and reported. The reported aerial prototype has been constructed, and
the measured results have been validated against the simulated findings.

1. INTRODUCTION

In 2002, the Federal Communications Commission (FCC)
empowered the usage of ultra-wideband (UWB) bandwidth
(3.1-10.6 GHz) meant for data communication [1]. How-
ever, UWB antennas are susceptible to multipath fading [2].
The utilization of UWB alongside multiple-input multiple-
output (MIMO) antenna technology enhances transmission ca-
pacity and reliability while also reducing multi-path fading
[3]. MIMO improves reliability by using multiple antennas at
both the transmitter and receiver. Mutual coupling predomi-
nates with the existence of many antennas. A variety of tech-
niques, such as neutralization lines [4], parasitic elements [5],
defected ground structure (DGS) [6], have been proposed to
mitigate intrusion across aerials. The principal issue in the
design of UWB aerials was the risk of intrusion from nar-
rowbands, stemming with the necessity to share frequencies.
Numerous narrowband technologies, including Worldwide In-
teroperability for Microwave Access (3.1-3.9 GHz), C-band
(3.7-4.2 GHz), Indian National Satellite System (4.3—4.9 GHz),
Wireless LAN (5.1-5.9 GHz), and X-band (7.7-8.4 GHz), are
present in UWB. Implementing frequency rejection filters at
the output of the aerial is an effective method for eliminat-
ing certain frequencies. Nonetheless, it will augment the com-
plexity of the aerial. Consequently, attaining rejection quali-
ties while minimizing implementation complexity is challeng-
ing. To reduce interference from different frequencies, an an-
tenna designed to reject signals from multiple frequencies is
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used. Numerous researchers have proposed diverse methods
for designing antennas capable of attenuating signals through-
out one, dual, or triple frequencies. A MIMO aerial includ-
ing twin quasi-self-complementary antennas are engineered to
mitigate WLAN frequencies through the incorporation of slits
on each antenna [7]. Tripathi et al. [8] have implemented a
compact octagonal UWB-MIMO antenna designed to minimize
Wireless LAN narrowband interference by incorporating a C-
shaped slot and enhancing isolation. A compact MIMO antenna
using a band-rejection filter to enhance isolation has been inves-
tigated [9]. In [10], a MIMO antenna is characterized by high
isolation, employing a stepped stub for decoupling, and being
capable of rejecting signals within designated frequencies. In
[11], a unique UWB-MIMO Vivaldi aerial characterized by en-
hanced element isolation and a singular rejection feature, is
achieved through the integration of a T-type groove and two
optimally positioned split ring resonators. A two-port compact
UWB-MIMO acrial that can generate notches in two frequency
bands with the incorporation of grooves and stub is investigated
in [12]. In [13], a planar, compact, and low-cost printed mi-
crostrip line fed pentagon-shaped UWB antenna offering dual
band notched characteristics is investigated. In [14-33], several
compact UWB-MIMO aerials with improved separation with
single, dual, and triple frequency rejection capabilities were de-
veloped. In [34,35], quadruple band notched UWB MIMO an-
tennas without any decoupling element is proposed.

To effectively minimize interference to a negligible level, it
is crucial to suppress significant interference bands within the
UWB spectrum. Current literature on UWB antenna designs
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mainly focuses on strategies for mitigating one or two band
notches, with little attention given to techniques for rejecting
triple bands. Additionally, the UWB antenna designs explored
in the literature tend to be large and impractical for portable
devices. This article proposes a MIMO antenna design with ro-
bust isolation, capable of suppressing three distinct frequency
bands within the ultra-wideband spectrum. The proposed de-
sign ensures superior isolation of over —20 dB, which is critical
for the performance of MIMO systems.

2. UNIT ANTENNA ELEMENT

Figure 1 demonstrates the optimum geometric configuration of
the triple band rejection UWB antenna. The suggested antenna
incorporates an optimized rectangular radiator made of copper,
lithographed on an FR4 substrate. The aerial has overall di-
mensions of 20 x 24 x 1.6 mm?3, with the following optimal
dimensions (mm): L = 24, W = 20, L, = 12, W, = 12,
Wy =20,L, =85 Wy =25,L; =10,Ly =8, Ly =17,
L3 =62,W; =85Wy=7,W3=55,a=2,b=2,c=2,
d=3,R=3.8.

FIGURE 1. Suggested antenna geometry.

The reported aerial (shown in Figure 1) and its evolution
is demonstrated in Figure 2. Firstly, a rectangular radiator is
mounted on the substrate (Ant-1) as illustrated in Figure 2(a).
This arrangement leads to an inconsistency in the feed connec-
tion, leading to current density at the antenna’s bottom corners,
hence diminishing radiation efficacy at elevated frequencies.
To address this problem, Ant-2 is presented, incorporating two
circular slots over the top corners of the ground and a central
slot. Furthermore, the patch bottom edges are tapered to im-
prove impedance bandwidth. To establish the band-notched
features, the mentioned Ant-2 is equipped with a U-shaped
slot (Slot #1), resulting in the formation of Ant #3 as illus-
trated in Figure 2(c). Consequently, Ant-3, with its configura-
tion, can effectively reject a singular interfering band inside the
3.6-4.1 GHz range (downlink C-band). Therefore, to enhance
the rejection capabilities, an additional open-ended U-slot (Slot
#2) is introduced. Consequently, Ant-4 is acquired, which
can eliminate two distinct interfering bands: 3.6-4.1 GHz and
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4.43-4.79 GHz (INSAT). Additionally, another U-shaped slot
(Slot #3) is included to create Ant-5. Thus, Ant-5 can sup-
press three interfering bands 3.6-4.1 GHz, 4.43—4.79 GHz, and
5.25-5.75 GHz (WLAN). Therefore, to ensure the presence of
notches, the cumulative slot lengths can be readily computed
by using following equations [36].

c
slo =2 L = — 1
Usiotin X (Ly) x Wq 2 Vo (1)
c
Usiotso = 2X(L2)><W2=2fn7\/57/f (2)
Ustotss = 2 % (L3) x Wy = ———— 3)
slot#3 — 3 3_2fn\/@
er+1
ey = ©

where C is the free space light velocity, and €. is the effective
dielectric constant of the substrate.

Variables L1, Lo, Ls, W1, Wa, and W3 represent the lengths
of the corresponding slots.

|S11| curves for Ant-1 through Ant-5 are illustrated in Fig-
ure 3. A rectangular antenna (Ant-1) is first developed to
achieve an impedance spectrum of 5 GHz. The optimized Ant-
2 operates across UWB spectrum, covering from 3 to 12 GHz.
Ant-3, Ant-4, and Ant-5 are simulated separately for examin-
ing notch behavior. The three U-shaped slots generate notches
at 3.9 GHz (downlink C-band), 4.6 GHz (INSAT), and 5.5 GHz
(Wireless LAN) as illustrated in Figure 3.

2.1. Parametric Study

Parametric analyses for Ant-3, Ant-4, and Ant-5 regarding
three slots are conducted to comprehend the impact of notched
frequencies. Figure 4 illustrates the reflection coefficient char-
acteristics, enabling a comparative analysis of the control ex-
erted over the rejection process. Li, Lo, Lz, Wi, Ws, and
W3 are the vital parameters for obtaining band notch behavior.
The values are crucial because the currents traverse in opposite
direction in slots at designated notch frequencies. To achieve
optimal design, only one parameter is optimized sequentially.
Reflection coefficient characteristics for the triple band rejected
UWRB aerial are displayed in Figures 4(a)—(c). The figure shows
that as the slot length increases, the frequency range targeted for
signal blocking shifts downward. On the flip side, a shorter slot
length moves desired stopband upward. It is shown in Eqgs. (1)—
(3) that the intended signal blocking frequency has inverse rela-
tion to slot length. Also, the notch frequencies are shown to be
fundamentally independent of one another. So, to get the nec-
essary notch frequency and bandwidth, size and position adjust-
ment is necessary for the components that govern the frequency
band and notches.

2.2. Time Domain Analysis

The group delay metric accounts for the lag in transmission and
reception, making it a crucial parameter for temporal domain
research. By considering the negative sign derivative of the
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FIGURE 2. Unit antenna element evolution. (a) Ant-1. (b) Ant-2. (c) Ant-3. (d) Ant-4. (¢) Ant-5.
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FIGURE 3. Simulated |S11 .

changing phase and frequency, this delay may be analytically
computed. As they travel through the measuring instruments,
the transmitted signals acquire some undesired distortion. The
identical measuring antenna pair is separated by a distance of
320 mm. Figure 5 illustrates the side-by-side and face-to-face
arrangements considered for evaluating the wave signals in this
study. As demonstrated in Figure 5, except at notch frequen-
cies, the group delay curves in both scenarios range approxi-
mately between 1 and 2 nsec.

2.3. Equivalent Circuit Analysis

An equivalent circuit is constructed for the suggested triple
band-suppressed UWB antenna, aimed at elucidating the mech-
anism behind band-notched structures. Figure 6(a) illustrates
the impedance curve of the UWB aerial devoid of notch struc-
tures. The real impedance is around 50 €2, while the imaginary
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component is around 0 2. This enhances impedance match in
the impedance bandwidth. Figure 6(b) exhibits the impedance
curve of UWB antenna with notches. At central notch frequen-
cies of 3.9 GHz, 4.6 GHz, and 5.5 GHz, the real component of
the impedance approximates 50 €2, and the imaginary compo-
nent’s slope transitions from negative to positive, indicating se-
ries resonance characteristics.

The Advanced Design System software is utilized to model
the RLC circuit, providing the corresponding circuit representa-
tion as demonstrated in Figure 6(c). Additionally, Figure 6(d)
illustrates a comparative analysis of simulation outcomes ob-
tained from the circuit model and those derived from CST sim-
ulations. The values of the RLC elements and quality factor Qg
are calculated using Egs. (5)—(7), as specified in Table 1 [36].

1

= 5
fnotch,z 27T\/m ( )
TABLE 1. Calculated R, L, C values.
BW ] ] .
(GHz) Qo | RinQ | LinnH | CinpF
UwB 3-12 - 50 0.147 10.2
antenna
First notch
(3.9GHZ) 0.6 6.5 10 2.65 0.628
Second notch
(4.6 GHZ) 0.36 12.7 18 7.93 0.151
Third notch
(5.5GHZ) 0.46 11.9 50 0.017 0.0486

Www.jpier.org



Sushma et al.

@ °
-10
& 20+
=2
i =30
-40 ~-—--L1=6mm
=== L1=7mm
—— L1=8mm(Prop)
=50+ T T T T

—— L2=7mm (Prop)

6 8
Frequency (GHz)

10

8
Frequency (GHz)

10

o

2 3

3 _30
-40

L —— L3=6.2mm(Prop)| i
=50+ T T T ( T P) +
12 2 4 6 8 10 12
Frequency (GHz)

FIGURE 4. Reflection coefficient for variation in lengths of (a) slot #1, (b) slot #2, (c) slot #3.

~~
&

A

N

Group Delay(ns)

% Groupdelay (Face-Face)‘

MV

Groupdelay(ns)

V,. Groupdelay (side-side) .

Frequency (GHz)
FIGURE 5. Group delay.

Frequency(GHz)

(a) 100
80

60

A\

(b) 100
80

Real
—— Imaginary|

/N

60 -

40+

Impedance(Q)

20

N

40+

Y

20+

Impedance(Q)

0

~
N,

VAL

=20 4

=20+

-

N

N

Real
Imaginary

(©)

Outer U_slot Middle U_slot Inner U_slot UWB antenna

6 8
Frequency(GHz)

6 8
Frequency(GHz)
‘With band notch elements

10 12

Input Port

— Simulated(CST)
--—--Measured
F--- Simulated(ADS)

$11(dB)

15

—g

i

6
Frequency(GHz)
Comparison results of CST and ADS

12

FIGURE 6. (a) Impedance curves without band notch elements. (b) Impedance curves with band notch elements. (c) Equivalent circuit. (d) |S11]

curve.

46

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 152, 43-53, 2025

PIER C

(a) (b) 0
5.0\ I
vy
g 15
& 204
254
-30 . . . .
2 4 6 8 10 12
Frequency(GHz)
FIGURE 7. (a) Collinear antenna. (b) S-parameters.
@ ) °
a
AV
/ g VV ‘
E 20 ;
:
£ a0f
»
—s11(sim)
-401 L--- S11(Meas)
—s12(sim)
e §12(Meas)
\ -50 T T T T
2 4 6 8 10 12
Frequency(GHz)
FIGURE 8. (a) Dual port orthogonal UWB-MIMO antenna. (b) S-parameters.
Qp = — ©) DG = 10v/1— ECC? )
27Tfnotch,iRiCi . .
The calculated ECC for the suggested UWB MIMO aerial is
BW — froten,i 7) < 0.05 and DG around 10dB across the whole impedance

Qo

3. TWO ELEMENT MIMO CONFIGURATION

Figure 7 illustrates the layout of the UWB MIMO/diversity an-
tenna with two ports. As depicted in Figure 7(a), the aerial em-
bodies two identical radiators that are positioned in a collinear
manner. Dimensions of the collinear antenna are 24 mm x
40mm x 1.6 mm.

Simulated S-parameter results demonstrated in Figure 7(b)
illustrate that three notches exist in the UWB. The inter element
isolation is below —10 dB, which is insufficient for MIMO ap-
plications, in which isolation should be below —20 dB. Figure
8(a) shows that the antennas are oriented in orthogonal man-
ner to enhance isolation utilizing polarization diversity. The
S-parameter results demonstrate that the antenna attains three
notches in UWB and inter-element isolation less than —20 dB
as demonstrated in Figure 8(b).

Polarization diversity reduces mutual coupling better than
collinear configuration and achieves an isolation of —20 dB. In
MIMO systems, antenna element correlation and diversity gain
are crucial metrics for characterizing diversity performance.
Envelope correlation coefficient (ECC) (p) between nearby an-
tennas and diversity gain are computed by

|Sii * Sij + Sji * S5

ECC = (1—|Sii|2_si2j> (1—|Sji|2_5]2‘j)
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bandwidth as depicted in Figure 9. The low ECC and 10dB
diversity gain values indicate that the reported MIMO antenna
has the capability to deliver excellent diversity performance.

4. FOUR ELEMENT MIMO CONFIGURATION

Pertaining to the polarization diversity phenomena utilized by
the dual-port UWB MIMO aerial, the neighbouring aerial el-
ements are configured orthogonally, resulting in the develop-
ment of a quad-port UWB MIMO antenna. The four-port UWB
MIMO aerial layout without any decoupler on the ground plane
and its S-parameters are illustrated in Figure 10.

The impedance frequency spectrum of the reported quad-
port antenna spans from 3 to 12 GHz, featuring three notched
bands: 3.6-4.1 GHz, 4.43-4.79 GHz, and 5.25-5.71 GHz, as
illustrated in Figure 10. The inter-element isolation S}, and
S\ are less than —20 dB due to polarization diversity. How-
ever, inter-element isolation between Antenna #1 and Antenna
#3 (S3) is around —17dB only across the entire UWB fre-
quency spectrum. Ideally, an isolation of —20dB is required
for a MIMO configuration. To enhance the inter-element iso-
lation between Antenna #1 and Antenna #3 to below —20dB
across the full UWB range, additional modifications were im-
plemented in the four-port antenna with 4 mm gap between ad-
jacent antenna elements. A fan-shaped decoupler was inte-
grated into the ground plane, as shown in Figures 11(a) and
11(b), significantly improving the isolation between the an-
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tenna ports. Figures 11(c) and 11(d) display the prototype
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For design and simulation, CST MW Studio is utilized, while
a vector network analyzer performs measurements to thor-
oughly evaluate the aerial performance. Due to antenna sym-
metry, the behavior of one antenna reflects that of the oth-
ers. Therefore, only the S-parameters for Antenna #1 are pre-
sented here. Figure 12 illustrates the simulated and measured
S-parameter outcomes of the UWB MIMO antenna.

5. RESULTS AND DISCUSSION

Figure 13 illustrates surface current variation of the suggested
aerial at three notch frequencies. When port-1 is activated while
the other ports are deactivated, the current density concentrates
at outermost slot at 3.9 GHz, around the central slot at 4.6 GHz,
and at the inner slot at 5.5 GHz. The band-notch configuration
induces the current to traverse in the reverse direction along
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FIGURE 13. Surface current variation at (a) 3.9 GHz, (b) 4.6 GHz, (¢) 5.5 GHz, (d) surface current distribution between Ant #1 and Ant #3 without
decoupler (e) with decoupler.
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FIGURE 14. Normalized radiation characteristics at (a) 4.17 GHz (E-Plane), (b) 4.17 GHz (H-Plane), (c) 4.91 GHz (E-Plane), (d) 4.91 GHz (H-
Plane).

the diverging edges, thus nullifying the radiation fields. Con- Figures 14(a)-14(d) illustrate the radiation characteristics at
sequently, the aerial acts as a non-radiating structure at notch two resonant frequency points: 4.17 GHz and 4.91 GHz. Each
frequencies. plot includes co-pol and cross-pol patterns for F- and H-planes.

Ant-1 port is excited, while the remaining ports are terminated
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with 502 load. Consequently, the patterns at designated fre-
quencies are bidirectional in E-plane and omnidirectional in
H-plane. As evidenced by Figure 14, co-pol results exceed
cross-pol characteristics.

Figure 15(a) illustrates the peak gain of the aerial, which re-
mains largely steady throughout operational bandwidth, with
the exception for a dip at three notch frequencies, signifying ef-
fective attenuation of intrusion from downlink C-band, INSAT,
and WLAN. The gain is the lowest in notch frequency bands of
3.6-4.1 GHz, 4.43-4.79 GHz, and 5.25-5.71 GHz. The simu-
lated gain spans from 2 to 6 dBi, while the observed gain value
varies between 2 and 5 dBi. The measured antenna’s maximum
gain is inferior to the modeling result because of flaws in physi-
cal processing and environmental interference during measure-
ment. The aerial’s radiation efficiency is around 90% across
the whole UWB frequency spectrum, except at notches. The
antenna’s radiation efficiency in the triple notched frequency
bands is below 65%.

5.1. Diversity Characteristics

MIMO antennas capabilities and performance could be veri-
fied using measurements of critical metrics such as ECC, DG,
TARC, CCL, and multiplexing efficiency [36].

5.2. Envelope Correlation Coefficient

Envelope correlation coefficient (ECC) is used for interference
assessment among array elements. Consequently, to guaran-
tee dependable MIMO functionality, the appropriate results of
ECC must be below 0.5. ECC could be derived from the far-
field results, as stated in Eq. (10)

2
(XPREy EjyPy + Ey1 By P,)dQ2

27
S

0
2w

| [ (XPREEj Py + E, E;, Py)
0
dQX (X PREgsEjy Py + B2 B3y P,)dQ

ECC =

(10)

Ct—y |C =23

5.3. Diversity Gain

Diversity gain (DG) quantifies the enhancement in signal-to-
noise ratio (SNR) attained. ECC and diversity gain are interre-
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lated, as illustrated in Eq. (11)

DG = 10y/1 — ECC? (11)

Figures 16(a) and (b) show that ECC is < 0.16 and diversity
gain (DQG) is 9.98 dB across whole frequency spectrum, except
at notches. This demonstrates the efficacy of reported UWB-
MIMO aerial.

5.4. Total Active Reflection Coefficient

Total active reflection coefficient (TARC) is used to represent
mutual and self-impedance of MIMO antennas. In practice,
an acceptable TARC value is equal to or lower than 0 dB. To
verify the effect of TARC on impedance bandwidth, the pro-
posed four-port MIMO antenna is integrated with an ideal phase
shifter where a scan angle is fixed at 180°. TARC may be as-

sessed as
4
TARC = +=

5.5. Channel Capacity Loss

2

4
Sit + Y Sinedfn=1
n=2

5 (12)

Channel capacity loss (CCL) serves to assess the maximum
possible signal transmission rate. Predominantly, CCL is gen-
erally expected to be below 0.4 bits per second per Hertz. Fig-
ure 16(c) illustrates that CCL and TARC values were below
0.4 bps/Hz and —10 dB throughout the operational bandwidth
except at notch frequencies. CCL is expressed as

CCL = —log, det [¢"|
pll pl2 pl3 pl4d
R _ p21  p22 p23 p24
VTS| g3l p32 33 p3d (3)
pAl  p42 pd3  pdd

5.6. Multiplexing Efficiency
The multiplexing efficiency (1mux) is calculated by the follow-
ing Eq. (14).

Nmux = i1 (1 - |pc|2> (14)
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TABLE 2. Comparison with existing designs.
Ref. Size (mm?) BW No. of notches | No. of Ports | Isolation (dB) ECC
[8] 45 x 45 2-10.6 1 4 —17 < 0.01
[10] 30 x 30 3.1-11 1 2 —20 < 0.02
[12] 19 x 30 3.1-10.6 2 2 —18 < 0.13
[15] 64 x 45 2.5-11 3 2 —15 < 0.02
[22] 50 x 82 2.2-13.35 1 2 —15 < 0.04
[23] 18 x 36 2.2-20 1 2 —20 < 0.08
[24] 35 x 68 3.1-10.6 2 2 —-20 < 0.002
[25] 30 x 22 3.1-10.6 1 2 —15 < 0.05
[26] 22 x 36 3.1-11 1 2 —15 < 0.1
[27] 41 x 41 2.95-10.65 2 2 —16 < 0.15
[28] 48 x 48 2.5-12 1 2 —15 < 0.005
[29] 44 x 44 2.95-10.8 1 4 —15.5 < 0.1
[30] 60 x 60 3-16.2 1 4 —17.5 <04
[31] 100 x 100 2-15 2 4 —20 < 0.1
[32] 78 x 78 2.33-16 3 4 —-20 < 0.05
[33] 40 x 21 2.94-11.61 1 2 —18 < 0.002
Proposed 44 x 48 3-12 3 4 -2 <0.16

Figure 16(d) indicates that the multiplexing efficiency exhibits
triple-band notch features. Throughout the whole impedance

5.7. Group Delay

PIER C

bandwidth (3—12 GHz), excluding notch frequencies, the mul-
tiplexing efficiency exceeds —3 dB, indicating that the UWB-
MIMO antenna possesses exceptional multiplexing efficiency.
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Group delay is a temporal feature of MIMO antennas. Figure 17
illustrates the fluctuations in group delay of 4 antenna elements
across the UWB spectrum. Group delay (1-1) represents port 1
to port 1 delay, while group delays (1-2), (1-3), and (1-4) corre-
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spond to the delays from port 1 to port 2, 3, and 4, respectively.
Due to the same and symmetrical nature of the elements in the
suggested MIMO antenna, group delays from 1 to 2 and 4 ex-
hibit nearly identical characteristics, as illustrated in Figure 17.
The recommended MIMO antenna has group delays < 1.5ns,
except at notch frequencies. Figure 18 shows the proposed an-
tenna measurement inside an anechoic chamber.
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FIGURE 17. Group delays.

FIGURE 18. Measurement inside anechoic chamber.

Additionally, the suggested antenna efficacy was assessed by
juxtaposing it with the results of prior studies, and the outcomes
are encapsulated in Table 2. A thorough examination of the ef-
ficacy of each antenna demonstrated in the table reveals that
the antenna attains a broader operational frequency spectrum
and enhanced isolation while maintaining structural miniatur-
ization.

6. CONCLUSION

This study presents a miniaturized UWB-MIMO aerial with
triple band suppression characteristics measuring 44 x 48 x
1.6mm?®. Inter-element isolation among antenna structures is
diminished by utilizing a fan-shaped decoupler on the ground,
while the notch frequency bands are generated through the
introduction of three U-shaped slots. Measured results indi-
cate that the fabricated antenna demonstrates |.Sy;| < —10dB,
enhanced isolation exceeding 20 dB, peak gain ranging from
2 dBi to 6dBi, radiation efficiency fluctuating between 65%
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and 90%, ECC < 0.16, and TARC < —10dB across the ultra
wideband, with the exception of three notched bands at 3.6—
4.1 GHz, 4.43-4.79 GHz, and 5.25-5.71 GHz. All measured
and simulated outcomes demonstrate that the suggested quad-
port MIMO antenna is a suitable choice for UWB applications.
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