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ABSTRACT: This paper presents a compact 39× 39mm2, quad-port, ultra-wideband (UWB) MIMO antenna with dual band-notches and
enhanced inter-element isolation. Four orthogonally arranged microstrip-fed circular radiators are employed to reduce mutual coupling,
while two U-shaped slots etched on each radiator suppress interference from the C-band (3.1–4.3GHz) and Wireless LAN (5.2–5.6GHz)
bands. We investigate the antenna using Characteristic Mode Analysis via modal significance and modal current distributions. The
proposed diversity antenna is evaluated using envelope correlation coefficient, diversity gain, total active reflection coefficient, channel
capacity loss, multiplexing efficiency, and simulated group delay. The antenna achieves an impedance spectrum covering 2.9–10.6GHz,
radiation efficiency of 90%, gain of 5.2 dBi, ECC < 0.02, and isolation of −20 dB. The results demonstrate that the proposed antenna
provides an effective combination of small size and high isolation, making it viable for UWB applications.

1. INTRODUCTION

Ultra-Wideband (UWB) technology has become an impor-
tant candidate for high-speed wireless communication be-

cause of its wide operating bandwidth and capability to support
high-data-rate transmission. The broad frequency spectrum of-
fered by UWB systems has enabled their application in several
areas, including wireless personal area networks, radar, indoor
positioning, medical imaging, and other short-range wireless
systems [1–5]. For such applications, the antenna is required to
provide stable impedance characteristics over a wide frequency
range while maintaining a compact physical structure.
However, the wide frequency coverage of UWB systems cre-

ates a potential problem because portions of the UWB spec-
trum overlap with existing wireless services. Interference from
these coexisting systems can degrade the performance of the
communication link. One effective approach for mitigating
this problem is to incorporate frequency-rejection character-
istics directly into the UWB antenna. In contrast to external
filtering circuits, integrated band-notched structures can pro-
vide frequency-selective suppression without additional com-
ponents. A band-notched UWB printed monopole antenna was
reported using an integrated resonant structure to reject an un-
desired frequency range [6]. This approach demonstrated the
feasibility of obtaining a stopband within a wideband antenna
while retaining the required broadband response.
Subsequent studies investigated different geometrical tech-

niques for generating one or more rejection bands. Planar UWB
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antennas with multiple notched bands have been developed by
incorporating suitable resonant elements into the antenna ge-
ometry [7]. Dual band-notched characteristics have also been
obtained in planar UWBmonopole configurations, demonstrat-
ing that multiple interference regions can be selectively sup-
pressed within a single antenna [8]. A coplanar waveguide
(CPW)-fed dual band-notched UWB antenna was further re-
ported, showing that the feeding structure and resonant ele-
ments can be appropriately designed to control rejected fre-
quency regions [9]. These investigations established that mod-
ifying the antenna geometry can provide an integrated alterna-
tive to conventional external band-stop filtering.
Different forms of resonant loading have been subsequently

explored to obtain controllable notch characteristics. Multiple
band-rejected elements integrated into the feed line have been
used to generate selective rejection while maintaining UWB
operation [10]. Compact monopole configurations with vari-
able notch characteristics have also been investigated, in which
the rejection frequency can be controlled through appropriate
geometrical modifications [11]. Similarly, a compact rectan-
gular slot antenna with a variable band-stop response demon-
strated anothermethod for introducing frequency-selective sup-
pression into a UWB antenna [12]. The requirement for sup-
pressing more than two interfering frequency regions has also
encouraged the development of compact antennas with multi-
ple notches. A triple band-notched UWB antenna, for exam-
ple, demonstrated the possibility of simultaneously controlling
several rejected frequency regions within a compact radiating
structure [13].
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The fundamental UWB radiating element is also important
in achieving wide impedance bandwidth. Printed circular-disc
monopole antennas have been investigated for UWB systems
and have demonstrated the suitability of simple planar radia-
tors for broadband operation [14]. Other compact wideband
antenna configurations, including tapered-slot-fed annular-slot
structures, have also been proposed for UWB applications [15].
In addition, tapered-shape slot antennas have been investigated
to obtain compact broadband characteristics while maintaining
an appropriate radiation response [16]. These studies indicate
that the selection and modification of the radiating element,
feeding structure, and ground plane play important roles in ob-
taining desired UWB impedance characteristics [17–20].
Although single-element UWB antennas with band-notched

characteristics can effectively suppress interfering frequency
bands, the increasing demand for high-capacity and reliable
wireless communication has encouraged integrating UWB an-
tennas with multiple-input multiple-output (MIMO) technol-
ogy. MIMO systems employ multiple antenna elements to ex-
ploit spatial diversity and improve communication capacity and
reliability [21–23]. However, the physical separation between
antenna elements becomes limited when a MIMO antenna oc-
cupies a small area. Consequently, strong mutual coupling can
occur between adjacent elements, which may adversely affect
port isolation and the overall diversity performance [24, 25].
Several techniques have therefore been investigated to

reduce mutual coupling in compact MIMO configurations.
Parasitic structures, electromagnetic bandgap (EBG) struc-
tures, metamaterial-based elements, and other decoupling
mechanisms have been employed to improve isolation between
closely spaced antenna elements [27–30]. In particular,
compact dual band-notched UWB-MIMO configurations have
demonstrated that wideband operation, frequency-selective
rejection, and enhanced isolation can be achieved within
a single-antenna system [28]. Characteristic-mode-based
techniques have also been applied to compact UWB-MIMO
antennas to investigate the influence of the ground struc-
ture and characteristic modes on antenna performance [30].
Ground-plane modification provides another attractive ap-
proach because it can alter the surface-current distribution
and suppress coupling without substantially increasing overall
antenna dimensions [31, 32].
Characteristic Mode Analysis (CMA) provides a useful

framework for investigating the electromagnetic behavior of
conducting antenna structures. The theory separates the total
current on the conducting body into independent characteristic
modes, allowing the resonant behavior and radiation contri-
bution of individual modes to be examined [33–35]. CMA
has been employed in the design of multimode UWB antennas
to identify dominant modes responsible for broadband opera-
tion [36]. Compact, low-profile, UWB antennas have also been
studied using CMA, where the modal behavior provides useful
information for understanding the antenna’s operating mecha-
nism [37]. Furthermore, the theory of characteristic modes has
been applied to printed planar UWB quasi-monopole antennas
to analyze their modal characteristics and explain broadband
radiation behavior [38].

More recently, hybrid decoupling techniques combining a
neutralization line with a defected ground structure have been
used to enhance isolation in dual-band-notched UWB-MIMO
antennas [39]; standalone defected ground structures have been
employed to realize highly isolated two- and four-port UWB-
MIMO antennas with WLAN and X-band notches [40]; self-
isolated orthogonally arranged quad-port UWB-MIMO con-
figurations have been reported to suppress dual X-band inter-
ference without dedicated decoupling elements [41–43]. The
novelty and contributions of the proposed work are explicitly
demonstrated by explicitly comparing the proposed antenna
with our previous publications and other related designs. The
revised manuscript highlights specific differences in the an-
tenna configuration, notch-band frequencies, dual-notch imple-
mentation, isolation performance, and overall MIMO charac-
teristics.
This study introduces a miniaturized, high-isolation, dual-

band suppressed UWB-MIMO antenna. The design incor-
porates a modified circular radiator, resonant slots embedded
within the radiator structure, and an optimized ground plane.
These features collectively enable wideband operation, control-
lable notch bands, and reducedmutual coupling. The CMAwas
performed to evaluate the antennas’ performance and illustrate
how the characteristic modes directly improve the angle per-
formance and notch generation. The proposed antenna has a
broad impedance spectrum, very high isolation, low envelope
correlation coefficient, stable radiation patterns, and very effec-
tive suppression of interfering bands, while allowing a compact
antenna shape suited for 21st-century wireless devices.

2. UNIT ANTENNA ELEMENT
Figure 1 illustrates the final optimized structure of the proposed
dual band-suppressed UWB antenna. The antenna uses a circu-
lar copper patch lithographed on an FR-4 substrate. The com-
pact antenna occupies an area of 19.5mm× 19.5mm. The op-
timized geometrical parameters are: Ls = 19.5mm, Ws =
19.5mm, a = 7.5mm, b = 3.9mm, c = 9mm, d = 7mm, e =
5.5mm, f = 3.2mm, g = 0.5mm, g1 = 5mm, g2 = 0.8mm,
g3 = 8.5mm, Wf = 2mm, R = 3.3mm, R1 = 2.42mm,
R2 = 4mm, Lf = 7.47mm, andW = 39mm.

FIGURE 1. Suggested antenna geometry.
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FIGURE 2. Unit antenna element evolution. (a) Ant-1, (b) Ant-2, (c) Ant-3, (d) Ant-4, (e) Ant-5, and (f) Ant-6.

TABLE 1. CST parametric-sweep table.

Parameter varied Range Expected effect
a 6.5–8.5mm 3.1–4.3GHz notch
c 8–10mm 3.1–4.3GHz notch
e 4.5–6.5mm 5.2–5.6GHz notch
d 6–8mm 5.2–5.6GHz notch

Table 1 validates the effective-current-path model, and a
parametric study was performed by independently varying a,
c, d, and e while keeping the remaining geometrical parame-
ters unchanged. The first notch shifts toward lower frequen-
cies with increasing a and c, whereas the second notch shifts
toward lower frequencies with increasing d and e. This be-
havior agrees with Eqs. (1) and (2), since an increase in any
of these dimensions increases the corresponding effective cur-
rent path and consequently reduces the resonant frequency. The
optimized values a = 7.5mm, c = 9mm, d = 7mm, and
e = 5.5mm provide notch frequencies centered approximately
at 4.1GHz and 5.5GHz, respectively.

Figure 2 depicts the design evolution of the proposed an-
tenna. Ant-1 had a circular radiator with a microstrip feed. To
improve impedance matching, triangular ground-plane cuttings
were introduced beside the feed line, resulting in Ant-2. Further
enhancement is achieved in Ant-3 by incorporating a curved
notch into the circular radiator, which increases the effective
current path. By optimizing radiator and ground-plane mod-
ifications, Ant-4 was obtained, showing improved impedance
matching and a wider bandwidth. To realize the band-notch
functionality, Slot #1 is etched into Ant-4, forming Ant-5,
which suppresses the 3.1–4.3GHz downlink C-band. Subse-
quently, an additional open-ended U-slot (Slot #2) is introduced
to obtain Ant-6, enabling dual-band rejection at 3.1–4.3GHz
and 5.2–5.6GHz (WLAN). The approximate notch frequencies
were initially estimated from the effective current-path model
given by (1)–(4) and subsequently optimized throughComputer
Simulation Technology (CST) parametric simulations.
Derivation for the first U-slot (notch 1)

Leff,1 = 2× (a) + c = 24mm (1)
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TABLE 2. Calculated R,L,C values.

BW (GHz) Resonance f0 (GHz) Q0 R in Ω L in nH C in pF
First notch (3.1–4.3GHz) 1.2 4.1 3.417 50 6.63 0.227

Second notch (5.2–5.6GHz) 0.40 5.5 13.75 50 19.894 0.042

Leff,1 ≈ λg

2
(1a)

λg =
C0

fnotch1
√
εeff,1

(1b)

fnotch1 = c0/2(2a+ c)
√
εeff,1

Derivation for the inner U-slot (notch 2)

Leff,2 = 2× (d) + e (2)

Leff,2 ≈ λg

2
(3)

fnotch2 = c0/2(2a+ c)
√
εeff,2 (4)

where (c0) is the velocity of light in free space, and (eff) is
the effective dielectric constant associated with the slot cur-
rent path. The factor of two represents the approximately half-
wavelength resonant condition of the open-ended slot.
Figure 3 depicts |S11| characteristics of Ant-1–Ant-6. Ant-

1 provides an impedance bandwidth of approximately 5GHz.
After progressive structural optimization, Ant-2, Ant-3, and
Ant-4 achieved UWB coverage from 2.9 to 10.6GHz. The
notch performance is realized in Ant-5 and Ant-6 by intro-
ducing two U-shaped slots, producing rejection bands at 3.1–
4.3GHz and 5.2–5.6GHz, corresponding to the C-band and
Wireless LAN, respectively.

FIGURE 3. Simulated |S11|.

2.1. Equivalent Circuit Analysis
An equivalent RLC circuit was constructed to describe
the band-notching mechanism of the proposed dual band-
suppressed UWB antenna, given in Figure 4(b). As demon-
strated in Figure 4(a), the antenna without notch structures

exhibited a real impedance closer to 50Ω and a negligible
imaginary component, ensuring effective impedance matching.
After introducing notch elements, distinct series resonances
were observed at 3.1–4.3GHz and 5.2–5.6GHz, where the
imaginary impedance changed sign, resulting in band rejection
(Figure 4(a)). The circuit was implemented in Advanced
Design System (ADS), as depicted in Figure 4(c), and its
response was compared with the CST simulation results.
The extracted RLC parameters and quality factor (Q0) are

calculated using Eqs. (4)–(6) and presented in Table 2.

fnotch,i =
1

2π
√
LiCi

(5)

Q0 =
1

2πfnotch,iRiCi
(6)

BW =
fnotch,i
Q0

(7)

3. MIMO CONFIGURATION
A compact quad-port UWB-MIMO antenna was realized by
arranging four antennas orthogonally to achieve polarization
diversity, as shown in Figure 5. The proposed antenna cov-
ers the 2.9–10.6GHz UWB range while introducing rejection
bands at 3.1–4.3GHz and 5.2–5.6GHz. The orthogonal con-
figuration provides excellent isolation, with S12 and S14 below
−20 dB. Figure 5(b) shows the fabricated prototype. Simulated
and measured outcomes, shown in Figure 6, are in close agree-
ment.
The proposed antenna is a compact 39 × 39mm2 quad-port

UWB-MIMO configuration with four orthogonally arranged
antenna elements. The central placement of the antenna ele-
ments maintains the required compact, symmetric MIMO con-
figuration to achieve polarization diversity with high isolation.
In a practical wireless device, remaining available printed cir-
cuit board (PCB) regions and multilayer PCB technology can
be used for placing the radio frequency (RF) frontend and other
electronic circuitry, while appropriate grounding and isolation
can be maintained to minimize electromagnetic coupling. The
proposed work primarily focuses on the antenna performance,
and detailed system-level integration with electronic circuitry
will be considered in future work.

4. RESULTS AND DISCUSSION
Figure 7 depicts surface currents at the notches. By exciting
Port-1, strong current concentrations are observed around the
outer slot at 3.1–4.3GHz and the inner slot at 5.2–5.6GHz. The
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(a) (b)

(c)

FIGURE 4. (a) Impedance curves without band notch elements, (b) equivalent circuit, and (c) comparison results of CST and ADS.

(a)

(b)

FIGURE 5. (a) Configuration of four-port UWB MIMO antenna and (b) prototype.

induced currents flow in opposite directions along slot bound-
aries, resulting in field cancellation and radiation suppression.
Consequently, the antenna exhibits an effective band-rejection
behavior at the corresponding notch frequencies.
Figure 8 depicts radiation characteristics of the suggested

antenna at 3GHz, 7GHz, and 10GHz of E- and H-planes.
The co-polarization levels are notably higher than the cross-
polarization levels, confirming satisfactory polarization perfor-
mance.
Figure 9(a) depicts the peak gain response of the proposed

antenna. Stable gain is achieved across the UWB band, ex-
cept in 3.1–4.3GHz and 5.2–5.6GHz notched regions, where

a pronounced decrease confirms effective band suppression.
Simulated and measured gains are 4.5 dBi and 4 dBi, respec-
tively, with minor deviations caused by fabrication and mea-
surement imperfections. The antenna maintains approximately
90% radiation efficiency over the operating band, while the ef-
ficiency falls below 65% at the notched frequencies, validating
the notch-band performance given in Figure 9(b).

4.1. Envelope Correlation Coefficient

Envelope correlation coefficient (ECC) is an important param-
eter for evaluating the diversity performance of a MIMO an-
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FIGURE 6. Simulated and measured S-parameters.

(a) (b)

(c) (d)

FIGURE 7. Simulated radiation patterns and surface-current distributions of the proposed antenna: (a) Surface-current distribution at 3.1–4.3GHz,
(b) surface-current distribution at 5.2–5.6GHz, (c) 3-D radiation pattern at 3.1–4.3GHz, and (d) 3-D radiation pattern at 5.2–5.6GHz.

tenna. In this work, ECC is calculated from the simulated
four-port S-parameter matrix rather than from far-field radia-
tion data. Here, Sni and Snj represent complex S-parameters
of the four-port antenna, and ∗ denotes the complex conjugate.
The ECCwas evaluated at each frequency for all six unique port
pairs, namely 1-2, 1-3, 1-4, 2-3, 2-4, and 3-4. As shown in Fig-
ure 10(a), the ECC shows a pronounced peak of approximately
0.72 at around 2.45GHz, corresponding to the 3-4 port pair,
while the ECC values remain very low over most of the remain-
ing frequency range. The maximum ECC occurs near the lower
edge of the operating band, whereas the values within the prin-

cipal UWB operating region are substantially lower. Although
the peak value exceeds the commonly adopted ECC criterion of
0.5, it is confined to the lower-frequency region; therefore, the
ECC performance should be reported separately for the com-
plete frequency range and the intended UWB passband rather
than stating a single value of ECC < 0.02 across the entire
spectrum.

ECCe,ij =

∣∣∣∑N
k=1 S

∗
ikSjk

∣∣∣2(
1−

∑N
k=1 |Sik|2

)(
1−

∑N
k=1 |Sjk|2

) (8)
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(a) (b)

(c) (d)

(e) (f)

FIGURE 8. Radiation characteristics passband frequencies at (a) 3GHz (E-plane), (b) 3GHz (H-plane), (c) 7GHz (E-plane), (d) 7GHz (H-plane),
(e) 10GHz (E-plane), and (f) 10GHz (H-plane).

4.2. Diversity Gain
Diversity gain quantifies the enhancement in the attained
signal-to-noise ratio (SNR). ECC and diversity gain are
interrelated, as shown in Eq. (8).

DG = 10

√
1− |ECCe|2 (9)

Figures 10(a) and (b) show that both ECCs are < 0.02, and
DG is 9.98 dB across the entire frequency spectrum, except at
notches. This demonstrates the efficacy of the reported UWB-
MIMO antenna.
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(a) (b)

FIGURE 9. (a) Peak gain and (b) radiation efficiency.

(a) (b)

(c) (d)

(e)

FIGURE 10. (a) ECC, (b) DG, (c) TARC, (d) CCL, and (e) multiplexing efficiency.
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4.3. Total Active Reflection Coefficient (TARC)
Figure 10(c) shows that TARC evaluates the combined reflected
power under simultaneous excitation of the four antenna ports.
The complete four-port scattering matrix is represented by S,
and for an excitation vector a = [a1, a2, a3, a4]

T . The TARC
is calculated as

TARC =

√√√√√∑4
i=1

∣∣∣∑4
j=1 Sijaj

∣∣∣2∑4
i=1 |ai|2

(10)

and expressed in dB as 20 log10(TARC). The excitation ampli-
tudes and relative phases are kept identical to those used in the
corresponding full-wave simulation. The worst-case TARC is
obtained from specified excitation cases over the useful UWB
passband.

4.4. Channel Capacity Loss
Figure 10(d) depicts the CCL, which is evaluated from the com-
plete four-port correlation matrix. The 4 × 4 matrix is con-
structed from the complex S-parameter data of the proposed
antenna, and CCL is calculated using

CCL = − log2 det
(
I − SHS

)
The calculation is performed at every frequency over the use-
ful UWB passband. The maximum CCL and its correspond-
ing frequency are reported to represent the worst-case channel-
capacity performance.

4.5. Multiplexing Efficiency
Multiplexing efficiency is evaluated pairwise for all six unique
port combinations of the quad-port MIMO antenna. For each
pair, the two-port expression in the given equation is applied
to the corresponding S-parameter subset. The minimum mul-
tiplexing efficiency among all six port pairs is reported as the
worst-case value. Thus, the presented multiplexing-efficiency
result represents the worst-performing port pair rather than an
unlabeled single-port-pair response. Multiplexing efficiency
for a two-port pair can be written as:

ηmux,ij =
√
(1− |Sii|2 − |Sji|2) (1− |Sjj |2 − |Sij |2)

where i, j ∈ {1, 2, 3, 4} denote selected antenna ports.
For the six unique port pairs, Eq. (11) is evaluated as:

(1, 2), (1, 3), (1, 4), (2, 3), (2, 4), (3, 4).

For example, for ports 1 and 2:

ηmux,12 =
√

(1− |S11|2 − |S21|2) (1− |S22|2 − |S12|2).

For ports 1 and 3:

ηmux,13 =
√

(1− |S11|2 − |S31|2) (1− |S33|2 − |S13|2).
Two-port formulation is applied to each selected port pair of the
four-port antenna. Then, define the reported worst-case value
as

ηmux,worst = min
i<j

[ηmux,ij ] (11)

over the six port pairs and specified operating frequencies.
The multiplexing efficiency in dB is calculated as

ηmux, dB = 10 log10(ηmux)

Figure 10(e) shows that the multiplexing efficiency has
dual-band notch features. Throughout the entire impedance
bandwidth (2.9–10.6GHz), excluding the notch frequencies,
the multiplexing efficiency exceeds −3 dB, indicating that the
UWB-MIMO antenna has exceptional multiplexing efficiency.

4.6. Group Delay

Group delay is a temporal feature of multiple-input multiple-
output antennas. Figure 11 illustrates the fluctuations in the
simulated group delay of the four antenna elements across the
UWB spectrum. Group delay (1-1) represents the delay mea-
sured from port 1 to port 1, whereas group delays (1-2), (1-3),
and (1-4) correspond to the delays from port 1 to ports 2, 3,
and 4, respectively. Due to the same and symmetrical elements
in the proposed MIMO antenna, group delays from ports 1 to
2 and 4 show nearly identical characteristics, as shown in Fig-
ure 11. The recommended MIMO antenna has group delays
of < 1.5 ns, except at the notch frequencies. Figure 12 shows
the proposed antenna measurement inside an anechoic cham-
ber. Additionally, the efficacy of the proposed antenna was
assessed by comparing it with results of previous studies, and
Table 2 encapsulates the outcomes. A thorough examination of
the efficacy of each antenna, as demonstrated in the table, re-
veals that the antenna attains a broader operational frequency
spectrum and enhanced isolation while maintaining structural
miniaturization.

FIGURE 11. Simulated group delays.

The mutual coupling suppression (< −20 dB) in this de-
sign relies on two primary mechanisms: Orthogonal Radia-
tor Polarization: The four microstrip-fed circular radiators are
oriented perpendicular (90◦) to each adjacent element. This
creates orthogonal spatial polarization diversity, minimizing
field coupling between adjacent ports. Defective/Modified
Ground Plane Structures: Triangular ground plane cuttings
and curved/stepped ground modifications near microstrip feed
lines perturb cross-coupling surface currents and extend current
paths, suppressing unwanted coupled surface waves between
ports.
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TABLE 3. Comparison with existing designs.

Ref.
Electrical Size
(λ0 × λ0)

BW (GHz)
Notched

Band (GHz)
Isolation
(dB)

ECC
DG
(dB)

TARC
(dB)

Multiplexing
Efficiency

CCL
(bits/s/Hz)

[27] 0.289λ0 × 0.310λ0 3.1–10.6 - 22 < 0.02 - - - -
[28] 0.400λ0 × 0.400λ0 3.0–12.0 - 20 < 0.01 9.98 - - 0.15
[29] 0.310λ0 × 0.331λ0 3.1–11.0 5.5 25 < 0.02 9.95 - - 0.20
[30] 0.269λ0 × 0.351λ0 3.1–10.6 - 23 < 0.01 9.99 - - 0.10
[39] 0.46λ0 × 0.41λ0 3.1–12.5 4.6–5.9, 6.8–8.8 > 22 < 0.008 10 < −12.5 < −2 < 0.2

[40] 0.2λ0 × 0.4λ0 3.1-12.0 5.2, 7.4 > 25 < 0.001 > 9.9 −10 0 0.2

[41] 0.21λ0 × 0.21λ0 3.1–10.8 7.3, 8.2 > 15 < 0.05 9.5 - - -

[42] 0.44λ0 × 0.48λ0 3–12
3.5–4.1, 4.43–4.79,

5.25–5.71
−2 < 0.16 - - - -

[43] 0.25λ0 × 0.39λ0 2.9–10.6
3.6–4.6, 4.9–5.5,

6.1–6.7
−20 < 0.02 > 9.99 < −10 < −1 < 0.4

Prop.
Antenna

0.377λ0 × 0.377λ0 2.9–10.6 3.1–4.3, 5.2–5.6 −20 < 0.02 9.9 < −10 < −1 < 0.2

FIGURE 12. Measurement inside an anechoic chamber.

4.7. Experimental Measurement Setup
The fabricated quad-port MIMO antenna was experimentally
characterized in an anechoic chamber to validate simulated ra-
diation characteristics. The antenna under test (AUT) was posi-
tioned in the far-field region at a separation distance of (1mm)
from the transmitting reference antenna. The measurement dis-
tance was selected according to the far-field condition

R >
2D2

λmin
,

where D is the maximum dimension of the AUT, and λmin is
the minimum free-space wavelength corresponding to the high-
est measurement frequency. The radiation characteristics were
measured using a Keysight E5063A Vector Network Analyzer
with the unused antenna ports terminated by 50-Ω loads. Be-
fore measurement, RF cables and the measurement path were
calibrated using [SOLT], and the measured gain was corrected
for the calibrated cable and system losses.
During radiation-pattern and gain measurements, the se-

lected antenna port was excited through the calibrated measure-
ment system, while the remaining three ports were terminated

with matched 50-Ω loads. The same excitation and termina-
tion conditions were maintained for corresponding simulated
and measured configurations.

4.8. Characteristic Mode Analysis
Characteristic Mode Analysis (CMA) is a systematic approach
for investigating the intrinsic electromagnetic behavior of con-
ducting structures. Rather than relying only on port excitation
and S-parameters, the CMA decomposes the total surface cur-
rent into a set of orthogonal characteristic modes. Each mode
is uniquely defined by its eigenvalue, modal significance, char-
acteristic angle, and current distribution. The modal signifi-
cance (MS) indicates which modes actively radiate at a given
frequency. The MS can be determined using Eq. (12).

MS =

∣∣∣∣ 1

1 + Jλi

∣∣∣∣ (12)

where λi represents the eigenvalue of the ith mode. Amode res-
onates when λi = 0 or equivalently whenMS = 1. The charac-
teristic angle (CA) is another metric that provides a phase-based
interpretation of how stored and radiated energies of each mode
are balanced. The CA is mathematically defined as

αi = 180◦ − tan−1 λi (13)

Characteristic Mode Analysis (CMA) was further performed
for Antenna-3, 4, 5, and 6 to validate their resonant charac-
teristics. Figure 13 shows Modal Significance (MS) responses.
Modes 2, 3, and 4 configurations were significant within 4–
9GHz, indicating their dominant role in radiation across this
frequency region. Figure 14(a) shows the characteristic angle
(CA) of the proposed UWB MIMO antenna. A characteristic
angle close to 180◦ indicates resonance and efficient radiation.
Modes 1–4 sequentially approach the resonance condition at
different frequencies, enabling wideband operation. In con-
trast, Modes 5 and 6 remained away from 180◦, indicating a
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(a) (b)

(c) (d)

FIGURE 13. Modal significance curves obtained from Characteristic Mode Analysis for the antenna evolution process: (a) Antenna-3, (b) Antenna-4,
(c) Antenna-5, and (d) Antenna-6.

(a) (b)

FIGURE 14. Proposed band-notched UWB MIMO antenna. (a) Characteristic angle and (b) modal significance.

negligible contribution to radiation within the operating band.
Figure 14(b) shows the modal significance (MS) of the corre-
sponding modes. A modal significance value close to 1 rep-
resents strong resonance and effective radiation. Modes 1–4
exhibit peak modal significance at different frequencies, con-
firming their dominant contribution across the UWB operating
band. Conversely, Modes 5 and 6 maintained low modal sig-
nificance over most of the frequency range, indicating weak
excitation.

Combined CA and MS results show that the proposed an-
tenna achieves wideband performance via the sequential exci-
tation of multiple characteristic modes while suppressing non-
radiating modes, ensuring stable radiation characteristics and
efficient operation.
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4.9. Advantages, Applications, and Limitations

The main advantages, applications, and limitations of the pro-
posed antenna are summarized as follows.
Advantages: The proposed antenna has a compact size of

39× 39× 1.6mm3 and provides wide UWB operation from
2.9 to 10.6GHz with dual-band rejection. It achieves high port
isolation of better than 20 dB, low ECC (< 0.02), approx-
imately 9.9 dB diversity gain, and radiation efficiency up to
90%. Band-notches are realized directly in the antenna struc-
ture using U-shaped slots, avoiding the need for additional ex-
ternal filtering components.
Applications: Owing to its wide bandwidth, compact size,

high isolation, and good diversity performance, the proposed
antenna is suitable for UWB-MIMO wireless communication
applications, particularly compact wireless and portable de-
vices. The dual-notch characteristics are also useful in appli-
cations where interference from the C-band and WLAN bands
needs to be suppressed.
Limitations: The proposed antenna is fabricated on an FR-

4 substrate, and its performance can be affected by fabrication
tolerances, material losses, and surrounding electronic compo-
nents in a practical device. In addition, the antenna perfor-
mance ismainly validated through simulation andmeasurement
of the fabricated prototype; complete integration with the re-
maining RF circuitry and a real wireless communication sys-
tem is beyond the scope of the present work. Further optimiza-
tion may therefore be required for specific practical devices and
environments. Table 3 presents a comparative analysis of the
proposed antenna with recently reported designs, highlighting
its overall performance.

5. CONCLUSION
This study presents a miniaturized UWB-MIMO antenna with
dual-band suppression characteristics, measuring 39 × 39 ×
1.6mm3. Introducing two U-shaped slots generates notch fre-
quency bands. Measured results indicate that the fabricated
antenna demonstrates |S11| < −10 dB, enhanced isolation ex-
ceeding 20 dB, peak gain of 4.5 dBi, radiation efficiency fluc-
tuating between 65% and 90%, ECC < 0.02, and TARC <
−10 dB across the ultra-wideband, with the exception of two
notch bands at 3.1–4.3GHz and 5.2–5.6GHz. All measured
and simulated outcomes demonstrate that the proposed quad-
port MIMO antenna is a suitable choice for UWB applications.
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