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ABSTRACT: This study introduces a compact four-port UWB MIMO antenna featuring dual-band rejection capabilities aimed at sup-
pressing interference from coexisting wireless services, specifically WiMAX at 3.5GHz and WLAN at 5.5GHz. The antenna employs
an inverted C-slot etched into the radiator to achieve the WiMAX notch, while EBG structures are integrated to enable suppression of the
WLAN band at 5.5GHz. Fabricated on a low-cost FR4 substrate with dimensions 52× 52× 1.5mm3 (εr = 4.5), the proposed design
achieves high port isolation exceeding 15 dB across the 3.1–10.6GHzUWB range. Simulated results show an operational bandwidth from
3 to 11GHz, extending beyond 12GHz in measurements, without the need for additional filters or decoupling structures. The antenna
exhibits quasi-omnidirectional radiation patterns with a peak gain of 7.2 dBi and significant gain suppression at the notch frequencies
(−1.5 dBi at 3.5GHz and−1.2 dBi at 5.5GHz). It maintains a VSWR below 2 across the UWB and achieves radiation efficiency above
90% outside the notched bands. The envelope correlation coefficient remains below 0.005, enabling a high diversity gain approaching
10 dB. The EBG structures effectively reduce mutual coupling, allowing a compact element spacing of just 2mm (approximately λ/12.5
at 12GHz). Both simulation and measurement results validate the proposed design’s suitability for mitigating co-channel interference in
UWB-MIMO applications, including satellite communications in the S/C/X bands and high-speed wireless systems.

1. INTRODUCTION

Ultra-wideband (UWB) communication systems operating
in the 3.1–10.6GHz band under the Federal Communi-

cations Commission [1] have become vital for high-speed
wireless applications — from short-range links and IoT to
body area and personal area networks [2, 3]. Their appeal lies
in large fractional bandwidth, low spectral power density, and
immunity to multipath fading [4, 5]. Yet, inherent issues like
severe multipath and narrowband interference have driven
the adoption of multi-input multi-output (MIMO) configu-
rations to boost capacity and reliability [6, 7]. Despite these
benefits, designing compact UWB MIMO antennas presents
technical challenges. Requirements include small size, high
isolation (> 20 dB), and in-band interference suppression
from coexisting services like WiMAX (3.5GHz) and WLAN
(5.5GHz) [8, 9]. Meeting them simultaneously introduces
trade-offs: closely spaced elements raise mutual coupling,
while embedded notching can impair impedance matching and
radiation uniformity [10, 11]. To address this, recent studies in-
tegrate advanced decoupling and band-notch structures directly
into antenna geometries, avoiding external filters [12, 13].
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This work proposes a compact 4-port UWB MIMO antenna
with dual-band notches for WiMAX and WLAN suppression.
Using inverted C-slots and electromagnetic band gap (EBG)
structures, the design achieves isolation over 18 dB, with
suppression confirmed via simulations and measurements.
Although values above 20 dB are generally preferred, isolation
levels around 18 dB have been reported as acceptable in several
recent UWB MIMO designs, especially when being balanced
with compact size and notching performance. This aligns
with trends toward compact antennas for high-speed wireless
systems in wearable, 5G, and satellite platforms [14–18].

1.1. Band Notching Techniques
Suppressing in-band interference like WiMAX and WLAN is
essential for UWBMIMO systems. C- or U-shaped slots in ra-
diators or ground planes are widely used for their tunability and
design simplicity [4, 23]. A dual-notch design with an inverted
C-slot and parasitic strips achieved this without compromis-
ing broadband matching [13]. Complementary split-ring res-
onators (CSRRs) offer compact, high-Q notches. In [5], triple
band-stop filters at 2.8–3.85, 5.11–5.98, and 7.34–8.69GHz
were realized using CSRRs on a flexible substrate. Some de-
signs combined CSRRs with stubs or parasitic elements for
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FIGURE 1. Single antenna. (a) Top view. (b) Back view.

greater flexibility [24, 25]. More recent 4-port layouts integrate
them directly into the antenna. In [26], etched slots and back-
plane stubs produced precise notches at WiMAX and WLAN
bands, with minimal distortion. Such implementations are val-
idated through S11 and voltage standing wave ratio (VSWR)
measurements, where VSWR typically exceeds 6 at the notched
frequencies [27].

1.2. Recent Advances in UWB MIMO Designs

Reducing mutual coupling in dense MIMO arrays has led
to several effective strategies. Defected ground structures
(DGSs), such as L-shaped or serpentine slots, interrupt surface
currents and achieve > 20 dB isolation [9, 19]. A fan-shaped
isolator yielded > 15 dB isolation from 2 to 11GHz [1], while
combining DGS with neutralization lines achieved > 22 dB
in quad-port UWB designs [3, 20]. Electromagnetic band gap
(EBG) elements and frequency selective surfaces (FSSs) also
manipulate current flow. In [2], octagonal EBGs provided both
decoupling and frequency notching. Neutralization lines and
stub-loaded resonators have been used between ports to redi-
rect surface currents and enhance isolation [14, 21]. Another
effective approach is polarization diversity— placing elements
orthogonally — which reduced coupling by > 22 dB in [7].
Flexible and textile-based antennas have adapted these princi-
ples for wearable use, achieving reliable isolation [15, 22]. A
46 × 41mm2 antenna in [3] achieved dual notches at 5.5 and
8GHz through hybrid DGS-neutralization decoupling. Triple
notches in a 47 × 47mm2 array were achieved in [2] through
U-slots and a fan-shaped isolator. Flexible antennas, includ-
ing [5]’s antenna based on an liquid crystal polymer (LCP)
substrate, showcase the incorporation of triple notches and >
22 dB isolation, highlighting wearable IoT potential. Ref. [1]
minimized a 4-port array into 36 × 36mm2 while ensuring
broadband performance (2–11GHz). Results show that the pro-
posed antenna provides double notches while an isolation of at
least 15 dB is gained.

2. SINGLE UWB ANTENNA UNIT
The single antenna unit, introduced in our earlier work [6], is
shown in Fig. 1. It is a compact UWB antenna incorporating a
WLAN notch achieved through an inverted C-shaped slot em-
bedded into the radiating patch, forming the core element of the
MIMO antenna system proposed in this work. The design pa-
rameters for this unit antenna are provided in millimeters, with
detailed dimensions summarized in Table 1.

2.1. Performance Evaluation

2.1.1. Reflection Coefficient (S11)

The simulated and measured reflection coefficients (S11) of our
developed antenna are presented in Fig. 2. The result shows
that there is a good agreement between simulation andmeasure-
ment, which confirms that the antenna achieves S11 levels be-
low−10 dB over a verywide band—approximately 2.6GHz to
more than 12GHz—and demonstrates good impedancematch-
ing and ultra-wideband (UWB) behavior.
Two clear notches lie around 3.5GHz and 5.5GHz, where

S11 is well below −30 dB, indicating high resonance and good

FIGURE 2. Performance of the single UWB antenna.
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FIGURE 3. Simulated and measured radiation patterns (ϕ = 0◦) at (a) 3.5 and (b) 5GHz.

TABLE 1. Design parameters for the single antenna element.

Parameter Value (mm)
w 13
l 7
ws 11
ls 3.3
t 0.7
c 1
le 4.5
re 5.5
we 3
w2 26
l2 26
ws2 20
ls2 10
ms 13

rejection around these points. The 5.5GHz-specific notch con-
firms that WLAN band suppression is successfully obtained by
employing the inverted C-slot design. Overall, theS11 response
confirms that the antenna is a promising candidate for UWB ap-
plications with band-notch integration.

2.1.2. Radiation Patterns

Figure 3 shows the simulated and measured radiation patterns
of the proposed antenna in theH-plane (ϕ = 0◦) at 3.5GHz and
5GHz, both within the desired passbands of the UWB range.
The antenna exhibits quasi-omnidirectional characteristics in
this plane, which is desirable for typical UWB communica-
tion scenarios. The good agreement between simulation and
measurement validates the antenna’s performance. These two
frequencies were deliberately selected to illustrate the radia-
tion behavior below and above the notched bands (WiMAX
and WLAN). The frequency of 5.5GHz lies within the de-
signed notched band (WLAN), where the antenna is intended to

suppress radiation to mitigate interference. At this frequency,
the antenna’s gain and efficiency are greatly reduced due to
the band-rejection mechanism. Therefore, radiation patterns at
5.5GHz are not plotted, as the antenna is effectively “off” at
that frequency. The slight deviations between measured and
simulated results may be attributed to fabrication tolerances,
cable effects, and measurement environment.

2.1.3. Radiation Efficiency

As shown in Fig. 4(a), very good agreement between simu-
lated and measured radiation efficiency is observed through-
out the entire UWB for the designed antenna. The radiation
efficiency is more than 90% over most of the band, indicating
very low loss of input power and very efficient radiation. Sharp
efficiency notches are observed around 3.5GHz and 5.5GHz,
where the measured efficiency is reduced to around 10–30%.
These deep notches actually occur at intended notch bands, thus
establishing that the unwanted radiation rejection at selected
bands (such as WiMAX and WLAN bands) is possible with
the design. Good agreement between measured and simulated
curves throughout the rest of band is a sign of good design per-
formance and a good prospective candidate for UWB applica-
tions with intended interference rejection.

2.1.4. Realized Gain

Experimental and simulated curves of realized gain in Fig. 4(b)
have a close resemblance throughout the UWB. The antenna
realizes a peak gain of 4 to 5 dBi over a vast range of intended
working frequencies, signifying robust directional performance
and gain stability. Similar to that in the plot of efficiency, a
gain decline is noted at approximately 3.5GHz and 5.5GHz
showing two identifiable dips in gain, with a measured decline
approximately−10 dBi and−4 dBi, respectively. These reduc-
tions fall spot-on over unwanted notch bands, affirming the se-
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FIGURE 4. Radiation characteristics of the single UWB antenna: (a) Radiation efficiency across frequency. (b) Peak gain across frequency.

(a) (b)

FIGURE 5. Photographs of the fabricated modified UWB antenna with WLAN notch. (a) Top view. (b) Bottom view.

lective attenuation ability of the antenna. This gain suppres-
sion around notch frequencies points to the expertise of the an-
tenna in seriously plummeting reception and radiation of sig-
nals over undesired bands. The overall behavior resemblance
of gain throughout the rest of the band ensures that the antenna
is a suitable candidate for wideband communication systems
that require uninterrupted gain and band-specific rejection.

2.2. Fabricated Prototype

For confirmation of simulation results, a single UWB antenna
is developed over a 1.5mm thickness FR4 substrate with a loss
tangent of 0.025 and a relative permittivity εr = 4.5. Excitation
is through a standard 50Ω microstrip line. The developed pro-
totype is illustrated in Fig. 5. Vector network analyzer is used to
test the antenna, and corresponding measured results are noted
to have good agreement with expected performance according
to simulations. In particular, both dual notches around 3.5GHz
and 5.5GHz are clearly seen to confirm that good rejection of
interference arising from the WLAN and WiMAX bands is in-
deed achieved by the antenna while still providing wideband
operation over much of the remainder of the band.

3. THE PROPOSED 4-PORT MIMO ANTENNA
The MIMO antenna design is shown in Fig. 6. An electromag-
netic bandgap (EBG) structure is utilized between the antenna

elements, and a vertical via (0.5mmdiameter) is utilized to con-
nect the top EBG patch to the ground plane. The EBG is uti-
lized twice in this design, and it minimizes mutual coupling be-
tween contiguous elements by restricting surface current prop-
agation and produces a notch function at 5.5GHz, equivalent to
theWLAN band. As a result, a level of isolation approximately
18 dB is attained without utilizing external filters or decoupling
components. The 3.5GHz WiMAX band is targeted through a
notch function provided by the inverted C-slot used in every ra-
diating element. The EBG and slot-based schemes are utilized
together to provide good dual-band interference rejection, good
isolation, and compact MIMO operation.

3.1. Effect of EBG on Isolation

To evaluate EBG structure’s influences over MIMO antenna
performance, a comparison has been conducted between de-
signs featuring and not featuring EBG.As suggested in Fig. 7(a)
for S12, Fig. 7(b) for S13, and Fig 7(c) for S14, sequentially
incorporating EBG significantly enhances isolation between
antenna elements with apparent mutual coupling suppression
throughout the UWB. As a matter of fact, the isolation in S12

is significantly improved from approximately −20 dB to be-
low−30 dB at certain frequencies when an EBG is introduced.
Similar trends are observed in S13 and S14, and therefore are
confirmed to test that EBG is indeed capable of surface currents
suppression between ports. Interestingly, reflection coefficient
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(b)

FIGURE 6. 4-port MIMO. (a) Top view. (b) Back view. (c) EBG dimensions. (d) EBG wire diameter.

(a) (b)

(c)

FIGURE 7. Isolation comparison between MIMO antennas with and without EBG: (a) S12, (b) S13, (c) S14.
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(c) (d)

FIGURE 8. Simulated vs. measured reflection coefficients (a) S11, (b) S22, (c) S33, (d) S44.

(S11) is maintained approximately unchanged between the two
designs and therefore demonstrates that EBG enhances isola-
tion without compromising impedance matching. These results
are a good sign that EBG structure is indeed capable of simulta-
neously supporting isolation enhancement and notch-band op-
eration, and consequently contributing towards overall UWB
MIMO antenna performance.

3.2. Performance Evaluation: Simulated vs. Measured

3.2.1. Reflection Coefficients

The reflection responses of 4-port MIMO antennas were
characterized both by full-wave simulation and measurement,
as shown in Figs. 8(a)–(d) for S11, S22, S33, and S44, re-
spectively. For every port, good correspondence between
simulated (dashed red) and measured (solid black) data is
noted. The antenna covers a −10 dB impedance bandwidth
over approximately 2.6GHz to 12.6GHz, excluding both
notched bands, indicating wideband operation over most of the
UWB. Both clearly differentiated notches are at 3.5GHz and
5.5GHz, corresponding to the WiMAX and WLAN bands,
respectively. More specifically, the rejection band of WiMAX
spans 3.3GHz to 3.7GHz, whereas WLAN notch band spans

5.1GHz to 5.9GHz, clearly showing high-Q band rejection
behavior. These stopbands are observable in all four of the
reflection curves and confirm the filtering feature incorporated
in the antenna. Small discrepancy between simulated and
measured responses above 11GHz is likely due to connector
loss or fabrication tolerance, but overall reflection response
shows suitability of the antenna to UWB applications.

3.2.2. Isolation

The isolation characteristics between port 1 and others are de-
picted in Figs. 9(a)–(c) for S12, S13, and S14, respectively. For
all cases, the isolation is found to be below −20 dB through-
out most of the UWB, verifying good decoupling between el-
ements. Significant isolation enhancement is observed around
notch bands, where isolation is equal to or greater than−30 dB,
namely around 3.5GHz and 5.5GHz rejection bands. This
finding serves as a verification of a fact that not only does
the geometry of the antenna, through use of a part of elec-
tromagnetic bandgap (EBG) component, create a dual-band
notch characteristic but also enhance port-to-port isolation. The
good correlation between theoretical and experimental isolation
curves serves as a verification of design validity and real-world
operation of a MIMO-UWB system.
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(b)

FIGURE 9. Simulated vs. measured transmission coefficients (a) S12, (b) S13, (c) S14.

3.2.3. Total Active Reflection Coefficient (TARC)

Figure 10(a) shows the simulated total active reflection coeffi-
cient (TARC) of the UWB-MIMO antenna under various exci-
tation phase angles (0◦–180◦). The total active reflection co-
efficient (TARC) maintains values below −10 dB throughout
the 3.1–10.6GHz range, except for the notched bands at ap-
proximately 3.5GHz and 5.5GHz. This performance indicates
effective multi-port impedance matching and high radiation ef-
ficiency. Pronounced peaks in the TARC response at these fre-
quencies validate the dual-band rejection targeting theWiMAX
and WLAN bands, respectively. Such low TARC values out-
side the notches are comparable to those reported in recent com-
pact MIMO designs [7], indicating that the antenna maintains
goodmatching under active excitation. Additionally, Fig. 10(b)
compares the simulated and measured average TARCs. The
measured curve closely follows the simulated one, including
the locations and depths of the dual notches. Crucially, both
simulation and measurement show TARC below −10 dB over
nearly the entire UWB range, except at the notch bands. This
strong simulation-measurement agreement confirms the valid-
ity of the design and fabrication. The agreement of TARC pro-

files further demonstrates that the modeled multi-port behavior
accurately predicts the real antenna performance.

3.2.4. Envelope Correlation Coefficient & Diversity Gain

The envelope correlation coefficient (ECC) values plotted in
Fig. 11(a) confirm very lowmutual correlation between antenna
elements. Across the operational band (excluding notched re-
gions), the ECC remains well below 0.05, satisfying the re-
quirement for effective MIMO operation (ECC < 0.5). The
average ECC is < 0.005, and the EBG structure significantly
contributes to minimizing surface current coupling, thereby en-
hancing isolation and lowering ECC. Furthermore, Fig. 11(b)
shows the diversity gain (DG) for port pairs 1–2, 1–3, and 2–3.
All three DG curves lie around 9.9–10.0 dB across the UWB,
essentially reaching the theoretical maximum of 10 dB for two
uncorrelated antennas. Only at the notch frequencies (where the
ECC briefly rises) does DG dip slightly below 9.9 dB. The over-
all DG ≈ 10 dB directly follows from the negligible ECC and
confirms that the antenna provides near-ideal spatial diversity.
This high DG is in line with the low ECC observed above and
matches reported results for high-performance UWB-MIMO
antennas [8].

15 www.jpier.org



El Tayeb et al.

(a) (b)

FIGURE 10. TARC performance of the MIMO antenna. (a) Simulated TARC under various excitation phases (0◦–180◦). (b) Simulated and measured
average TARC.

(a) (b)

FIGURE 11. MIMO performance metrics of the proposed antenna. (a) Envelope correlation coefficient (ECC) for all port combinations. (b) Diversity
gain.

FIGURE 12. Simulated vs. measured realized gain.

3.2.5. Realized Gain

Figure 12 shows both the measured and simulated realized
gains of the desired UWB MIMO antenna over 2–12GHz.
The plots show good correspondence between the two data

sets, justifying both design accuracy and prototype consistency.
The realized gain is somewhat steady between 3 and 7 dBi
throughout most of bands, with two deep nulls seen promi-
nently. The first deep drop is at around 3.5GHz, whereupon the
gain achieves a level around −6.5 dBi, and the second is seen
at around 5.5GHz, corresponding to intended notched bands
to suppress WiMAX and WLAN interference. Beyond these
notches, a smooth gain characteristic is seen with a steady per-
formance, reaching a peak gain level around 7 dBi, which is
well within that anticipated for a compact monopole UWB an-
tenna. The good correspondence between the two gain curves
further proves both design effectiveness and robustness.

3.2.6. Radiation Pattern

The directionality characteristic of 4-port UWBMIMO antenna
is determined through simulated and measured far-fields of
Antenna 1’s radiation patterns at a few major UWB frequen-
cies, e.g., notched bands at 3.5GHz (WiMAX) and 5.5GHz
(WLAN). The measurement is conducted at 3.5, 5.5, 6, 8, and
10GHz in E-plane (φ = 0◦) as shown in Fig. 13. The quasi-
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(a) (b) (c)

(d) (e)

FIGURE 13. Simulated and measured radiation patterns of Antenna 1 at 3.5GHz, 5.5GHz, 6GHz, 8GHz, and 10GHz in the E-plane (φ = 0◦).

TABLE 2. Comparison of 4-port UWB-MIMO antennas.

Ref. Size (mm3) εr
Frequency

Range (GHz)
Notch

Bands (GHz)
Isolation
(dB)

Peak
Gain (dBi)

Efficiency
(%)

ECC

[1] 47× 47× 1.6 4.4 3.0–12.0 3.3–4.3 (WiMAX) > 22 3.5 85 < 0.005

[3] 45× 40× 0.97 4.4 3.1–10.6 4.6–5.9 (WLAN),
6.8–8.8 (X-band)

> 22 6.1 88 < 0.01

[9] 66.2× 66.2× 1.44 4.4 2.08–10.4 2.27–3.62
(Bluetooth/LTE/WiMAX)

> 20 9.6 90 < 0.05

[10] 32.3× 32.3× 0.8 4.4 3.1–12.0 4.5–5.5 (WLAN) > 15 5.0 80 < 0.02

This work 52× 52× 1.5 4.5 3.1–10.6 3.5 (WiMAX),
5.5 (WLAN)

> 24 7.1 > 90 < 0.005

omnidirectional radiation patterns at lower frequencies like
3.5GHz and 5.5GHz are appropriate and applicable in UWB
applications, but directive patterns are observed at higher fre-
quencies. Notably, a wide suppression of gain at 3.5GHz and
5.5GHz proves successful rejection ofWiMAX andWLAN in-
terference through notched band design. The good matching
between measured (blue solid line) and simulated (red dashed
line) outcomes reveals good agreement and consequently en-
sures a very good level of design accuracy and very low fabri-
cation and measurement discrepancy. The antenna is very sta-

ble with a radiation characteristic over the UWB with distinct
nulls at notched bands, thereby supporting not only reliability
of design but also performance support.

3.2.7. Current Density

We draw the current density for antenna 1 at different frequen-
cies. Fig. 14(a) shows the current density at 3.5GHz. We notice
that the current is concentrated around the edges of the C-slot,
and its resonance at that frequency causes destructive interfer-

17 www.jpier.org



El Tayeb et al.

(a) (b)

(c) (d)

FIGURE 14. Current densities at (a) f = 3.5GHz, (b) f = 5.5GHz, (c) f = 8GHz, (d) f = 10GHz.

(a) (b)

FIGURE 15. Photograph of the fabricated MIMO antenna. (a) Top view. (b) Back view.

ence; hence, a notch is implemented. At frequency 5.5GHz
shown in Fig. 14(b), the current is concentrated around the
edges of the EBG, and a notch is constructed. Fig. 14(c) and
Fig. 14(d) show the current densities at two different operating
frequencies, 8GHz and 10GHz, respectively. It is shown that
the current in this case is much concentrated on the edges of
the radiating patch such that much of the input power is radi-
ated from the antenna.

3.3. Fabricated Version

Figure 15 presents the fabricated prototype of the proposed an-
tenna, which was manufactured using an FR4 substate with
a relative permittivity (εr) of 4.5 and a thickness of 1.6mm.
The fabricated notched MIMO antenna has a dimension of
52 × 52 × 1.6mm. Finally, Table 2 shows a comparison of
the proposed UWB-MIMO antenna with other UWB-MIMO
antennas.

4. CONCLUSION
This work successfully demonstrates a miniaturized 4-port
UWB-MIMO antenna with dual band-notched features for the
suppression of WiMAX (3.5GHz) and WLAN (5.5GHz) in-
terference. The suggested design produces a compact four-port
UWB-MIMO antenna size of 52× 52× 1.5mm3 with an FR4
substrate, making it a low-cost solution for feasible applicabil-
ity. Employing EBG structures and an inverted C-slot, the an-
tenna realizes excellent inter-port isolation (> 24 dB) and steep
dual-frequency rejections without adding additional filters or
complicated decoupling techniques. Highlighted performance
metrics have a wide UWB operational band (3.1–10.6GHz),
a stable radiating gain (3.5–7.2 dBi), and radiation efficiency
suppression (< 20%) at a notched band, which confirms ef-
fective interference suppression. Simulations are strongly sup-
ported by measurement, with expected impedance matching
(VSWR < 2), maintaining ECC values well below 0.005 for
optimal isolation and nearly ideal diversity gain (10 dB). Radi-
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ation patterns verify quasi-omnidirectional patterns, making it
an excellent choice for various UWB applications.
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