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ABSTRACT: This paper presents a compact four-port ultra-wideband (UWB) MIMO antenna with triple-band-notched characteristics. By
introducing two types of resonators with distinct structures on both sides of the feed lines of the radiating elements, the proposed antenna
achieves triple-band-notched functionality, thereby suppressing potential interference from WiMAX, C-band, and X-band. Notably,
the spiral-shaped resonator simultaneously generates notch bands for both WiMAX and X-band, enabling a single structure to achieve
multi-band-notched functionality and thereby enhancing the compactness and notch efficiency of the antenna design. Good agreement
is observed between the simulated and measured results, validating the effectiveness and reliability of the proposed design. Across
the entire operating band from 2.57 to 11.81 GHz (excluding the notch bands), the antenna exhibits a return loss below 10 dB, inter-
port isolation greater than 20 dB, an envelope correlation coefficient (ECC) of less than 0.0095, and a diversity gain (DG) exceeding
9.9995 dB, fully satisfying the requirements of high-performance MIMO systems in terms of channel independence and transmission
efficiency. The synergistic integration of multi-notch characteristics and high-performance metrics provides a novel technical approach
for UWB-MIMO system design in complex electromagnetic environments.

1. INTRODUCTION

Itra-wideband (UWB) technology, with its core features
Uof high data rate transmission, high-precision positioning,
and low-latency response, provides stable and reliable solutions
for short-range wireless communication, positioning, tracking,
and radar applications [1]. However, the extremely wide fre-
quency spectrum of UWB systems inevitably overlaps with
existing narrowband communication systems, such as World-
wide Interoperability for Microwave Access (WiMAX), Wire-
less Local Area Network (WLAN), and the X-band for satel-
lite communications [3]. Interference signals from these bands
can severely degrade the communication quality of UWB sys-
tems [4]. To mitigate such interference, designing antennas
with band-notched characteristics has become a common prac-
tice. To date, various methods have been proposed to achieve
notch characteristics, including closed-loop resonators, slots
[5], stubs [6], stub-loaded resonators [7], and filter-embedded
structures [8]. However, most existing UWB antenna designs
employ notch structures that can only suppress a single interfer-
ence band. For instance, the antenna in [9] achieves WLAN and
X-band notches by etching two C-shaped slots on each radia-
tor and a WiMAX notch by introducing an L-shaped slot on the
ground plane. Nevertheless, multiple notch structures in a con-
fined area may interfere with each other. Therefore, achieving
multi-band notch functionality with a limited number of notch
structures holds significant research importance [10]. Further-
more, while conventional UWB technology offers significant
advantages in achieving high data rates and low cost, it in-
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evitably suffers from the adverse effects of multipath propaga-
tion in practical applications [11]. The introduction of multiple-
input multiple-output (MIMO) technology can effectively ad-
dress this issue. However, MIMO antenna designs must tackle
the mutual coupling problem among multiple antenna elements.
To this end, researchers typically integrate various decoupling
measures to enhance port isolation, thereby mitigating the im-
pact of inter-element mutual coupling on system performance
[12]. For example, diversity techniques, parasitic elements, de-
fected ground structures (DGS) [13], electromagnetic bandgap
structures, neutralization lines, and decoupling structures (DS)
are all effective methods for improving isolation [14].
Addressing the aforementioned challenges in multi-band
interference suppression and MIMO antenna design, this paper
proposes a compact UWB MIMO antenna with triple-band-
notched characteristics. By introducing a combination of
spiral-shaped and C-shaped resonators adjacent to the feed
lines, the proposed antenna successfully achieves precise
band-notched suppression for three distinct frequency bands:
WiMAX, C-band, and X-band. Notably, the spiral-shaped
resonator simultaneously generates two notch bands, reducing
the interaction between notch structures within a limited area.
Both simulated and measured results demonstrate that the an-
tenna maintains good port isolation and radiation performance
while realizing triple-notch-band functionality, offering an
efficient solution for UWB-MIMO communication systems
operating in complex electromagnetic environments.
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FIGURE 2. Simulated S-parameters of the proposed triple notched

MIMO antenna characteristics.

2. ANTENNA DESIGN PROCESS

2.1. Antenna Geometry

The geometry of the proposed UWB antenna is illustrated in
Figure 1. The antenna is fabricated on an FR4 substrate with
a relative permittivity of 4.4, a loss tangent of 0.02, and over-
all dimensions of 65 mmx65mmx 1.6 mm. As shown in Fig-
ure 1(a), the top layer of the substrate consists of four orthog-
onally arranged modified circular radiating elements. Spiral-
shaped and C-shaped resonators are placed on both sides of the
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FIGURE 3. Design flow and Si1 parameters of the monopole UWB
antenna.

feed lines to generate the desired band-notched characteristics.
As shown in Figure 1(b), the bottom layer comprises a rectan-
gular ground plane, in which a DGS is employed to optimize the
impedance matching across the operating band. Additionally,
selective notching of the dielectric substrate is employed to en-
hance inter-port isolation. Detailed dimensional parameters of
the proposed antenna, including critical geometric features of
the etched slots, are annotated in Figure 1(c).

The final optimized dimensions are summarized in Table 1.
Figure 2 illustrates the simulated S-parameters of the pro-
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TABLE 1. Antenna parameter dimensions.

Parameter w Wi Wa Ws We Ws W W; Ws
Size (mm) 64 3.18 3.8 5.6466 14.6 15 9.2 2.2 5
Parameter W9 W10 W11 W12 W13 W14 Wg L Ll
Size (mm) 4.2 2.3 2.9 3.18 1.5 234 25 64 14.5
Parameter Lo Ls Ly Ls L L7 Ls Ly Lo
Size (mm) 2.8178 54 1.5 4.1 3 3.8 466 4.66 3.82
Parameter L11 L12 Lg R1 R2 R3 Sl S2

Size (mm) 5.5 5.5 13 9.1 6.4 4.1 0.84 0.2

posed antenna. The simulation results demonstrate that the
antenna achieves a well-matched impedance across the 2.57—
11.81 GHz band. Furthermore, it successfully exhibits distinct
band-notched characteristics at three targeted frequency bands:
3.09-3.70 GHz, 4.46-5.43 GHz, and 7.50-8.41 GHz. Through-
out its entire operational bandwidth, the antenna maintains su-
perior isolation performance, with inter-port isolation |S;;| ex-
ceeding 20 dB.

2.2. Proposed Single Antenna Evolution

The antenna design evolution is illustrated in Figure 3, along
with the corresponding S1; curves at each design stage. To
clearly describe the antenna evolution process, the stage anten-
nas are designated as Antenna 1 through Antenna 4. The initial
design, Antenna 1, consists of a circular radiating element with
a radius of 9.1 mm and a rectangular ground plane. Simula-
tion results show that it operates only from 7.72 to 8.81 GHz,
indicating severe impedance mismatch outside this band. To
improve the impedance matching characteristics across the en-
tire frequency band, two symmetrical quarter-circular slots are
etched into the ground plane of Antenna 2, forming a DGS.
This modification guides and optimizes the current distribu-
tion on the ground plane, thereby significantly enhancing the
impedance matching performance across the wide frequency
band. Simulation results show that the operating band of An-
tenna 2 extends to 3.17-5.15GHz and 6.6-11.64 GHz; how-
ever, its reflection coefficient does not yet fully cover the en-
tire UWB band. The ground plane is further modified to alter
current paths, yielding Antenna 3, which achieves 2.93—12 GHz
coverage, fully covering the UWB band. To further broaden the
bandwidth, the circular radiating element is truncated, resulting
in Antenna 4. The final operating band extends from 2.77 GHz
to 12 GHz, satisfying UWB and partial X-band requirements.
This optimized antenna serves as the baseline for subsequent
integration of notch-band structures.

2.3. Proposed Four-Port MIMO Antenna Evolution

To further enhance antenna reliability, signal quality, and data
transmission rate, this section discusses the evolution of the
four-port MIMO antenna. The monopole UWB antenna pro-
posed in Section 2 is orthogonally arranged to form the ini-
tial four-port design, denoted as MIMO 1, with its structure
shown in Figure 4(a). The antenna has overall dimensions
of 65 mmx 65 mmx 1.6 mm, operates from 2.7 GHz to 12 GHz,
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and achieves inter-port isolation exceeding 17.4 dB. To further
improve isolation, a defective substrate structure (DSS) is intro-
duced based on MIMO 1, resulting in an enhanced design de-
noted as MIMO 2, as illustrated in Figure 4(b). The DSS mod-
ifies the electromagnetic field distribution around the antenna,
particularly weakening the near-field coupling path, thereby ef-
fectively reducing mutual coupling through the dielectric sub-
strate. The simulation results show that the port isolation of
MIMO 2 is improved to over 21.5 dB.

Figures 5(a)-5(d) compare the electric field distributions
with and without the DSS at 6.1 and 8.5 GHz, respectively. It
can be clearly observed that without the DSS, a strong elec-
tric field is induced across the dielectric substrate. In contrast,
when the DSS is present, these induced electric fields are effec-
tively suppressed. This behavior occurs because the dielectric
substrate acts as the primary propagation medium for surface
waves. By etching slots in the substrate between adjacent an-
tenna elements, obstacles are introduced directly into the sur-
face wave propagation path. As a result, the transmission loss
of surface waves is increased, and mutual coupling between an-
tenna elements is effectively reduced. In summary, the pro-
posed DSS design successfully enhances inter-port isolation,
thereby contributing to a significant improvement in the over-
all performance of the MIMO system.

2.4. Notch Structure Design

To suppress narrowband interference within the UWB fre-
quency range, a multi-band-notch structure is designed in this
section. Owing to the high current density and significant cur-
rent variations along the feed line, two types of resonators with
distinct structures are introduced around the microstrip feed line
to achieve triple-band-notched characteristics. The detailed de-
sign steps are illustrated in Figures 6(a) and 6(b), while Fig-
ure 6(c) presents the S1; parameters of the corresponding evo-
lution.

First, a pair of symmetrical spiral resonators is placed on both
sides beneath the feed line, as shown in Figure 6(a). These
resonators absorb energy from the feed line through near-field
coupling and generate a secondary radiation field out of phase
with the primary radiation, resulting in destructive interfer-
ence. Consequently, two notched bands are produced at 3.09—
3.70 GHz (centered at 3.3 GHz) and 7.50-8.41 GHz (centered at
8.0 GHz), respectively. Subsequently, two identical C-shaped
resonators are symmetrically positioned on both sides above the

WWwWw.jpier.org



PIER C Wang et al.

—=—S,, MIMO1
45 F4—*—S; MIMOI| - Lo

sopf—SwMvMonl ——s,MvMO2| ||
—e— S, MIMO2| | SO s, MIMO2[ " T T s
35 1 1 1 1 'l 'l 'l 'l 'l _55 L L . .
2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
Frequency(GHz) Frequency(GHz)

FIGURE 4. Effect of DSS on antenna S-parameters; (a) Without DSS; (b) With DSS; (c) S11 parameters of the antenna; (d) Isolation parameters of
the antenna.

FIGURE 5. Antenna electric field diagrams; (a)—(b) without/with DSS at 6.1 GHz; (c)—(d) without/with DSS at 8.5 GHz.
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FIGURE 6. (a) Notched bands 1; (b) Notched bands 2; (c) S11 parameters.

feed line, as shown in Figure 6(b). These resonators concen-
trate the current at the corresponding frequencies around them-
selves, preventing the antenna from radiating energy within
those bands. A third notch band is thus achieved at 4.46—
5.43 GHz (centered at 4.6 GHz). The notch frequency of the
C-shaped resonator can be approximately determined by the
following half-wavelength resonance condition:

)

f notch =2

C
2Leﬁq /Eeff

where L is the total length of the C-shaped resonator; c is the
speed of light in vacuum; f,,,¢cp is the center frequency of the
notch; and e is the dielectric constant of the substrate. Thus,
the proposed antenna successfully realizes triple-band-notched
characteristics, effectively suppressing interference from nar-
rowband communication systems such as WLAN, while main-
taining ultra-wideband operation from 2.57 to 11.81 GHz.
Figure 7 investigates the influence of different geometrical
parameters of the proposed antenna on its notch-band charac-
teristics. From Figure 7(a), it can be observed that as the pa-
rameter 57 gradually decreases, the corresponding two notch
bands shift from relatively higher frequencies to lower frequen-
cies, while the notch bandwidth remains essentially unchanged.
Similarly, as shown in Figure 7(b), by varying the value of S5,
the corresponding notch band also exhibits a shift from higher
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to lower frequencies. With the proposed design method, the po-
sitions of the notch bands can be effectively controlled simply
by adjusting the geometric lengths of the resonators, thereby
meeting various practical requirements. Furthermore, varying
the parameters of the notch elements only affects the intended
notch bands, with almost no impact on the return loss within
the remaining UWB operating band, demonstrating the favor-
able independent tunability of the proposed notch structure.

2.5. Antenna Current Analysis

Surface current distribution reveals the operating state of each
structural component at specific frequencies. At the notch cen-
ter frequencies, current concentrates around the corresponding
resonators while weakening in the main radiating element re-
gion, validating the notch characteristics. Figures 8(a)-8(c)
show the simulated current distributions at 3.3 GHz, 4.6 GHz,
and 8.0 GHz. At 3.3 GHz, current concentrates on the spiral res-
onator, suppressing radiation and forming a notch. At4.6 GHz,
current concentrates on the C-shaped resonator, preventing cur-
rent from reaching the radiating element and creating a notch.
At 8.0 GHz, current again concentrates on the spiral resonator,
obstructing radiation and further confirming the notch. These
results indicate that all three targeted bands excite effective res-
onances in their corresponding notch structures, achieving sig-

Www.jpier.org



Wang et al.

$11(dB)

—— $,=0.79mm
—— $,=0.74mm

4 5 6 7 8 9 10 11
Frequency(GHz)

12

Frequency(GHz)

FIGURE 7. S-parameters for dimension variations; (a) S1; (b) Sa.
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nificant radiation suppression and fully verifying the functional
effectiveness of the designed notch structures.

3. ANTENNA PERFORMANCE ANALYSIS

3.1. S-Parameter Analysis of the Antenna

The fabricated prototype is shown in Figure 9, and its S-
parameters were measured using a vector network analyzer
(VNA). As shown in Figure 10(a), the measured S;; agrees
well with the simulated results, remaining below 10 dB across
the 2.57-11.81 GHz band, except for the three notch bands
(3.09-3.70 GHz, 4.46-5.43 GHz, and 7.50-8.41 GHz). The
slight discrepancies are mainly due to SMA connector losses
and fabrication tolerances. Figure 10(b) presents the isolation
performance, where the S-parameters (S5;;) indicate that inter-
port isolation exceeds 20 dB across the desired bandwidth, con-
firming the good port isolation of the proposed antenna.

3.2. Envelope Correlation Coefficient and Diversity Gain

Envelope correlation coefficient (ECC) is a key metric for eval-
uating channel correlation in MIMO antennas. A lower ECC in-
dicates weaker antenna correlation. As ECC approaches zero,
channels become nearly uncorrelated, with signals exhibiting
independent fading envelopes. This ideal condition enhances
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FIGURE 8. Current distribution diagram (a) 3.3 GHz; (b) 4.6 GHz; (¢) 8.0 GHz.

system capacity, transmission reliability, and reduces inter-
ference and bit error rate. ECC can be calculated from S-
parameters using the following formula:

|Sii * Sij + Sji x Sy°

ECC =
(1= 18ul* = S%) (1 = IS5* = 53;)

2

Diversity gain (DG) characterizes the diversity order of
spatial channels, enabling a more stable signal-to-noise ratio
(SNR) and more reliable reception. Multipath effects are a pre-
requisite for DG; without them, DG cannot provide its unique
advantages. Thus, DG not only demonstrates improved signal
stability but also reflects the ability of MIMO systems to miti-
gate multipath effects. DG can be calculated from ECC using
the following equation:

DG = 101 — ECC? 3)

As shown in Figure 11, the ECC stays below 0.0095, and the
DG exceeds 9.9995 dB across the operating band, fully meet-
ing the design requirements. These results confirm that the pro-
posed antenna elements have very low correlation and excellent
diversity performance, ensuring non-interfering operation and
higher transmission efficiency.
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FIGURE 9. The fabricated prototype of the proposed antenna .
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FIGURE 10. Simulated and measured S-parameters of the proposed antenna: (a) Si1, (b) S21 and S31.
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FIGURE 13. Antenna peak realized gain and radiation efficiency.

FIGURE 14. Measured results in microwave anechoic chamber.

3.3. Total Active Reflection Coefficient and Channel Capacity
Loss

For MIMO antenna systems, S-parameters alone cannot fully
predict real-world performance. Therefore, the total active re-
flection coefficient (TARC) is necessary. TARC can be calcu-
lated from S-parameters using the following formula:

4 4 , 2
> |Si+ 30 Sipedfn
TARC = i=1 n2:2 (4)

Channel capacity loss (CCL) is also a critical parameter
for MIMO antennas. Generally, a CCL value of less than
0.4 bps/Hz meets the design requirements of MIMO antennas.
CCL is expressed as:

CCL = — log, det || (%)
P11 Pin

plit=| : (©6)
pml pmn
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The calculated results, shown in Figure 12, clearly indicate
that for the proposed UWB-MIMO antenna, except within the
notch bands, the TARC remains below 10dB, and the CCL
stays below 0.4 bps/Hz. This further demonstrates the antenna’s
very low coupling, effectively ensuring channel independence
without mutual interference during signal transmission and re-
ception, thereby significantly enhancing overall system capac-

1ty.

3.4. Radiation Performance Analysis of the Antenna

Figure 13 presents the peak realized gain and radiation effi-
ciency of the four-port MIMO antenna. Across the operating
band (excluding notch bands), the gain ranges from 1 to 5.8 dBi,
and the radiation efficiency remains high. At the three notch
center frequencies (3.3 GHz, 4.6 GHz, and 8.0 GHz), the gain
drops sharply to —10.6 dBi, —10.4 dBi, and —3.7 dBi, with cor-
responding efficiencies of 12%, 13%, and 26%, directly con-
firming successful band-notched functionality. As explained
by the surface current distribution in Figure 8, at non-notch
frequencies, current concentrates on the main radiating ele-
ments. At notch frequencies, current becomes strongly local-
ized around the corresponding resonators. These resonators
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FIGURE 15. Simulation and measurement radiation patterns. (a) 4.3 GHz; (b) 6.1 GHz; (c) 8.8 GHz.
TABLE 2. Comparison of the proposed antenna with several existing antennas.
No. of No. of A structure
0.0 0.0
Ref. Size BW(GHz) Isolation (dB) ECC generates
notches Ports .
multiple notches
[15]  0.91X0 x 0.91 X0 3.4-8.25 0 4 < =25 <0.01 NO
[16]  0.44)\p x 0.48)\¢ 3.0-12.0 3 4 < =20 <0.16 NO
[17]  0.53Xp x 0.53)\¢  2.03-15.04 3 4 < =20 <0.05 NO
[18]  0.56\0 x 0.56\0 2.1-20 2 4 < =25 <0.02 NO
[19]  0.75X0 x 0.75X0 3.2-11.2 0 4 < =20 <0.004 NO
[20]  0.60X\o x 0.60\0 3.0-11.0 2 4 < —17 <0.03 NO
This  0.56\0Xx0.56\¢ 2.57-11.81 3 4 < —20 < 0.0095 YES

Where A x is the free-space wavelength at the lowest operating frequency.

capture electromagnetic energy through near-field coupling and
generate out-of-phase secondary radiation, thereby confining
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the energy around themselves and preventing it from radiating
into free space. Outside the notch bands, stable gain and high
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efficiency are maintained, confirming that the notch structures
do not degrade overall performance.

The radiation patterns were measured in a fully anechoic
chamber using a standard-gain horn antenna as the reference,
with the complete measurement setup shown in Figure 14.

Figure 15 presents the two-dimensional radiation patterns
of the proposed four-port ultra-wideband antenna at 4.3 GHz,
6.1 GHz, and 8.8 GHz. The results show that at the lower fre-
quency of 4.3 GHz, the antenna exhibits good omnidirectional
radiation in the YO Z-plane and a typical bidirectional radia-
tion pattern in the XOZ-plane. As the frequency increases,
influenced by the increased electrical size of the antenna and
the excitation of higher-order modes, the radiation patterns ex-
hibit slight distortion and ripples; nevertheless, they maintain
stable and effective radiation coverage overall. In terms of
polarization purity, the cross-polarization level is significantly
lower than the co-polarization level in the main radiation direc-
tions, with a difference of 15-20 dB, indicating that the antenna
possesses good polarization isolation and meets the require-
ments for multi-port system operation. Furthermore, at all mea-
sured frequencies, the simulated and measured co-polarization
and cross-polarization radiation patterns are in good agreement.
This consistency fully validates the design rationality and prac-
tical radiation performance of the proposed antenna.

A comprehensive comparison between the proposed antenna
and various advanced reported designs is conducted, with the
key performance metrics summarized in Table 2. An in-depth
analysis reveals that, within a compact footprint, the proposed
antenna not only achieves excellent ECC and maintains port
isolation below 20dB but also realizes triple-band-notched
characteristics with fewer notch structures. Specifically, a sin-
gle spiral-shaped resonator simultaneously generates two notch
bands (centered at 3.3 GHz and 8.0 GHz) — an advantage not
possessed by most existing designs. This fully demonstrates
that the proposed design strikes an excellent balance among
multi-band interference suppression, MIMO performance, and
structural simplicity, offering a certain reference value among
similar antenna designs.

4. CONCLUSION

This study proposes and validates a compact four-port UWB
MIMO antenna with triple-band-notched characteristics. By
combining spiral and C-shaped resonators adjacent to the feed
lines, the antenna precisely suppresses narrowband interference
from WiMAX, C-band, and X-band. Within the notch bands,
the radiation efficiency drops to 12%, 13%, and 26%, respec-
tively, demonstrating effective suppression. While maintain-
ing the UWB operating band (2.57-11.81 GHz), the antenna
achieves excellent MIMO performance with an ECC below
0.0095 and DG exceeding 9.9995 dB. Good agreement between
simulated and measured results validates the design’s feasibil-
ity and effectiveness. In conclusion, the proposed antenna suc-
cessfully realizes the synergistic design of wideband coverage,
multi-band notch characteristics, and excellent MIMO perfor-
mance, positioning it as an ideal candidate for future wireless
communication systems.
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