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Miniaturized Quad-Port UWB-MIMO Antenna with Band-Notched
Characteristics at 5GHz

Qasim H. Kareem1, 2, * and Malik J. Farhan1

Abstract—Small footprint of the multi-input-multi-output (MIMO) antenna is extremely desirable
for space-constrained ultra-wideband (UWB) communication systems. Compact MIMO antennas with
improved isolation and wide operating bandwidth are the significant subject of the work. Therefore,
this paper presents a miniaturized four-port polarization diversity UWB-MIMO antenna operating in
the frequency range of 3.1–12GHz with band-notched characteristics. Four octagon-shaped radiating
elements with a common ground are placed orthogonal to each other for good isolation. Band rejection
features between 4.5 and 5.5GHz were achieved by including an open-ended slot at the upper edge of
the octagonal-shaped antenna. The MIMO antenna was etched on a low-cost 32.3 × 32.3 × 0.8mm3

FR-4 dielectric substrate. The antenna radiates in a quasi-omnidirectional pattern on the H-plane
throughout the operational bandwidth, with higher than 15 dB isolation, low envelope correlation, and
high antenna gain. As a result, this antenna is well suited for diverse applications and portable devices.

1. INTRODUCTION

Ultra-wideband (UWB) systems have been in demand during the past decade because of wide impedance
bandwidth, good time-domain resolution, and high-speed data rate. The Federal Communication
Commission (FCC) has assigned the 3.1–10.6GHz frequency range to UWB applications [1]. Compact,
low-profile, simple-to-integrate, and omnidirectional antennas are made for this technology to make
it easier to use with devices of small physical size [2]. UWB’s power spectrum is constrained by
multipath fading in dense propagation settings, making MIMO the superior choice for increasing spectral
efficiency [3]. The close spacing of the antennas, particularly in portable devices, unavoidably results in
significant mutual coupling between the radiators. In recent years, various solutions have been proposed
to reduce the impacts of mutual coupling in UWB-MIMO antennas [4–15]. Methods include a short
ground strip and two long protruding stubs on the ground [4], adding a T-shaped decoupling stub
structure [5, 6], locating neutralization line above ground plane [7], etching a line and a T-shaped slot
on the ground plane [8], placing a Y-shaped slot that is cut at the bottom center of the common ground
plane [9], protruding ground structure [10], using orthogonal arrangements of radiators with protruded
ground plane [11], adding electromagnetic bandgap (EBG) [12], hybrid techniques combining defected
ground plane structures (DGS) and stubs [13], and using parasitic elements [14, 15].

While the antenna designs discussed in the preceding literature exhibited acceptable isolation,
some were not small enough, and others were very complex. However, because UWB systems operate
at such a wide bandwidth, they inevitably overlap with several narrowband wireless applications, such
as worldwide interoperability for microwave access (WiMAX) and wireless local area network (WLAN).

As a result, compact antennas with band-notch properties are required to ensure the reliability of
UWB communication. Several strategies have been devised to create a compact UWB-MIMO antenna
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with band-notch characteristics that can be used throughout the UWB spectrum [16–27]. A four-
port UWB-MIMO antenna with dual polarization is proposed in [16]. Perpendicular taper microstrip
feeding techniques are used to provide pentagonal radiators and lower the size of the MIMO system to
40 × 40mm2. Although the MIMO antenna is comparable in size, the technique utilized to construct
the antenna and reduce isolation to 15 dB is somewhat complicated. [17] presents a small quad-element
octagonal fractal UWB-MIMO antenna. Koch fractal geometry’s self-similar and space-filling features
are exploited to miniaturize the design. The design employs grounded stubs to boost isolation to 17 dB at
bandwidth 2–10.6GHz. The antenna is 45× 45mm2 and has a quasi-omnidirectional radiating pattern.
The common ground, however, is not connected. [18] shows two similar semicircular radiators with the
symmetrical graded elliptical technique for UWB applications. Asymmetric curved-I shaped DGS is
adopted, which increases the bandwidth from 1.99 to 10.02GHz while decreasing mutual coupling to
13 dB. An 8.6mm edge-to-edge spacing separates the two radiators to give exceptional variation with
an overall optimum size of 50 × 35mm2. [19] presents a dual-port Yagi MIMO antenna design for
UWB applications based on loop excitation. The antenna’s total size is reduced to 50 × 80mm2 by
implementing half of the driven loop element on either side of the substrate.

[20] proposes a four-port planar UWB-MIMO antenna placed on a substrate with a 3.1 to 10.6GHz
bandwidth. The substrate’s two sides are symmetrical, with each side consisting of two radiators with
partial ground planes to raise the isolation to 20 dB. The average gain value is 3.28 dBi, and the radiation
pattern is omnidirectional. [21] presents a MIMO antenna for UWB applications that operates in the
frequency range of 3.1 to 10.6GHz. Two identical circular monopoles are created on a substrate. A
planar decoupling design is added between the two antennas to create broad isolation. A central slot
is engraved on the common ground to boost isolation to more than 31 dB. However, the antenna size
is incompatible with compact portable devices. [22] illustrates a UWB-MIMO antenna with a triple-
band rejection capability for two ports. The antenna rejects the frequencies of WLAN, WiMAX, and
X-band. Electromagnetic Band Gap (EBG) structures aid in achieving band notches in WLAN and
WiMAX bands. A notch in the X-band downlink satellite communication band comprises an EBG
structure that is uniplanar plus-shaped. With an overall dimension of 64 × 45mm2, decoupling strips
and a slotted ground plane improve isolation to 15 dB. [23] presents a four-port UWB-MIMO antenna
ideal for wireless body area network (WBAN) and wireless personal area network (WPAN) applications.
The antenna has four microstrip feedlines with circular patches backed by circular stepped slots, with
slot antennas arranged orthogonally to reduce the size to 36× 36mm2 and enhance isolation to 15 dB.
The elements operate at 3.1–11.8GHz with a realized gain of 3.5 dBi and no band-notch features. [24]
proposes a four-port UWB-MIMO antenna that uses a neutralization-line technique to reduce mutual
interaction between elements. A half-circle shaped disc is joined to a rectangle patch, and each of
the two symmetrical antennas is connected to a neutralizing line to increase the isolation to −23 dB
in the 3.5–10.1GHz band. A compact four radiator reconfigurable design with reject demand bands
ranging from 4.9 to 6.3GHz and an impedance matching range (2–12GHz) was presented in [25, 26].
Two radiators are arranged orthogonally to use the polarization variety and good isolation (> 17 dB)
on a small substrate. Because of the angular placement and board cutting, the design is complex and
challenging to manufacture. [27] presents four compact orthogonal MIMO antennas to improve isolation
to −15 dB in the 3.1–10.6GHz frequency band. The antenna size was lowered to 40×40mm2 by altering
the circular patch shape. However, the peak gain is 3 dBi, and the correlation coefficients are less than
0.4.

MIMO antenna design for the UWB region with notch band is progressing in light of the preceding
brief literature review, but there is still a need for compact, band-notched characteristics, simple
structure, broadband, and highly efficient antenna. As a result, our effort aims to design and analyze
a compact quad-port band-notched UWB pattern diversity antenna with enriched isolation. Four
antenna elements are symmetrically arranged and joined to a common ground. Compared to a two-
element antenna, a four-element antenna considerably improves the quality of communication channels.
Improved impedance bandwidth, high isolation, and improved diversity performance are all covered
by the defective ground structure used to modify the ground plane. Furthermore, the slotted stubs
are incorporated to reduce the mutual coupling between the radiating elements. The proposed design
results in a compact size (32.3×32.3mm2) and the smallest UWB diversity antenna currently available.
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2. GEOMETRY OF ANTENNA

2.1. UWB-Antenna Radiator

The designed unit cell of UWB-antenna is illustrated diagrammatically in Fig. 1. It comprises an
octagonal resonating element fed by a microstrip line and a rectangle ground plane. A slot along the
upper edge of the octagonal radiator with an open-ended slot is etched for notching the frequency
band between 4.5 and 5.5GHz. Impedance matching is improved by carving a U-shaped gap into the
ground plane. The antenna is printed on a 0.8mm thick sheet of FR-4 dielectric material with a relative
permittivity of 4.3. The designed antenna is simulated, designed, and implemented using a computer
simulation technology (CST) tool. Table 1 includes the dimensions of the octagonal monopole element.

Table 1. Dimensions of optimized parameters.

Parameters
Dim.

(mm)
Parameters

Dim.

(mm)
Parameters

Dim.

(mm)
Parameters

Dim.

(mm)

L 25 L4 2.7 W5 3.45 c1 0.78

W 10.9 L5 1.9 a1 2.96 c2, c3 0.77

a, b, c 3.76 W1 1.97 a2 2.66 R1 4.5

L1 13 W2 5.3 b1 2.96 R2 5.2

L2 10.4 W3 0.75 b2 1.43 Ls 32.3

L3 1 W4 2.7 b3 1.2 Ws 32.3

(a) (b)

Figure 1. UWB-antenna structure: (a) Schematic layout; (b) Enlarge view of radiator.

Figure 2 illustrates the antenna design process. As shown, a 50-ohm microstrip line feeds an
octagon-shaped radiator (step 1). Since the surface beneath the antenna radiating patch behaved as
an imbalanced impedance, the radiator did not respond to any frequency band. An impedance match
between the patch and feed line can be seen in Fig. 2(b) by carving a U-shaped gap into the ground
plane beneath the radiator’s edge (step 2). In Fig. 2(c), an open-ended slot is implanted into the
antenna radiator to eliminate the 4.5–5.5GHz interfering band, as illustrated in Fig. 3. As depicted
in Fig. 2(d), the next step involves loading an additional slot opposite to step 3 onto the radiator to
enhance impedance bandwidth (step 4) further. The resonant frequency of band-notched structure can
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(a) (b) (c) (d)

Figure 2. Octagonal-shaped antenna design, (a) Step-1, (b) Step-2, (c) Step-3, (d) Step-4.

Figure 3. Reflection coefficient of the design
steps (1–4).

Figure 4. Surface current distribution at 5GHz.

be calculated as:

fL1 =
C

2L1
√
εreff

(1)

εreff =
εr + 1

2
(2)

where fL1 is the frequency of band-notched, L1 the length of the band-notch slot, εr the substrate’s
dielectric constant, εreff the effective relative permittivity, and c the speed of light.

The slot length of band-notched is calculated as [28]

L1 = 2 (a1 + b1 + c1 + b2 + b3) +Wslot (3)

The band-notched frequency corresponds to the 5GHz band, which has a slot length of 18.4mm.
Further, the MIMO antenna’s band-notch response is validated by monitoring surface current
distributions at 5GHz. Fig. 4 illustrates the current distribution at 5GHz with port-1 active and port-2
terminated with a 50 ohm matched load. A high current concentration is observed at this frequency
along with the radiator’s upper slot, resulting in the band’s elimination. As a result, band-notched
features are obtained by inserting an open-ended slot into the octagonal-radiating element.

2.2. Four-Port UWB-MIMO Antenna

The band-notched UWB-MIMO antenna’s geometric layout is shown in Fig. 5, and its design parameters
are listed in Table 1. The proposed design incorporates four identical octagon-shaped microstrip-line-fed
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(a) (b)

Figure 5. Geometric layout of the proposed design, (a) front and (b) back view.

Figure 6. Transmission coefficients with DGS and without DGS.

radiators positioned in orthogonal orientations to provide diverse performance. The antenna feeding
locations are denoted in the layout schematic as port1, port2, port3, and port4. The orthogonal radiation
created between adjoining octagon-shaped elements results in increased isolation of more than −15 dB in
the working band, causing a decrease in coupling between elements. However, because of the proximity
of the resonating components, the weak mutual coupling is detected in Fig. 6 without DGS at lower
frequencies, which can be minimized by incorporating ground surface decoupling devices. As a result, a
DGS is added on the backside of the dielectric substrate between the antenna elements’ ground patches
to improve inter-element isolation. In addition, the square-slot constraint on the current emitted to
adjacent excited elements increased the level of mutual coupling. The size and spacing of the circular
slots were determined to get the optimal decoupling response by examining several simulations and the
surface current distribution.

Additionally, these slots joined the ground of the four radiators to ensure that the antenna
was designed with the same voltage. In a practical system, the resonating elements should share a
common plane to interpret the signal intensity accurately; if not, the MIMO system will not operate
efficiently [29, 30]. The antenna prototype is shown in Fig. 7, with a total size of 32.3× 32.3× 0.8mm3.

3. RESULTS AND DISCUSSIONS

A low-cost FR4 substrate with 4.3 dielectric permittivity and tan δ = 0.025 loss tangent is used to
print the UWB-MIMO antenna. The size of the substrate is 32.3 × 32.3mm2. S-parameters and the
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(a) (b)

Figure 7. A prototype of the proposed design, (a) front and (b) back view.

characteristics of the proposed geometry were simulated and measured using the CST Microwave Studio
and KC901 vector network analyzer, respectively.

3.1. S-Parameters

Reflection coefficients is a significant metric for determining the antenna’s operating bands. Fig. 8
illustrates the simulated and measured findings for return loss (S11–S44). The designed antenna provides
a wider bandwidth of 3.1–12GHz with a band-notched at 5GHz. The outcomes are nearly identical
at low frequencies, with minor exceptions at higher frequencies. This impact may be caused by the
increased sensitivity of measured and constructed limitations to higher frequencies. For most portion,
the actual reflection coefficient values match those simulated.

Figure 8. Simulated and measured results for
the reflection coefficients.

Figure 9. Simulated and measured results for
the transmission coefficients.

The S-parameters, S12, S13, and S14, are important for characterizing the mutual coupling of the
MIMO system. Fig. 9 illustrates the measured and simulated findings for S12, S13, and S14. These
parameters are all less than 15 dB across the operational frequency spectrum. Due to the proposed
antenna’s symmetrical structure, S12 and S14 are nearly identical. Additionally, the measured values of
S12, S13, and S14 are well within the range of the simulated values. A higher level of isolation is seen in
the UWB-MIMO antenna, as evidenced by these findings.
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3.2. MIMO Antenna Performance

The scattering matrix or S-parameters alone are insufficient to characterize a MIMO antenna completely.
Therefore, the total active reflection coefficient (TARC) is introduced as a new parameter. It is the
total reflected power ratio to the total incident power, expressed as a square root [31].

TARC can be expressed as follows for a MIMO antenna with N elements:

Γt
a =

√√√√ N∑
i=1

|bi|2√√√√ N∑
i=1

|ai|2
(4)

where ai and bi denote the incident and reflected signals at the antenna’s ith port. Since ai and bi
are associated with S-parameters, the TARC of an antenna can be described in terms of S-parameters.
With a straightforward calculation based on the relationship,

[b] = [S][a] (5)

The quad-port MIMO antenna system’s TARC is expressed as [32]

(
Γt
a

)
4−port

=

√√√√ 4∑
i=1

∣∣∣Si1 + Si2e
jθ1 + Si3e

jθ2 + Si4e
jθ3

∣∣∣2
2

(6)

where, θ is the phase of S-parameters, Sii the return losses at tth port, and Sij the mutual coupling
between ith and jth ports.

Theoretical calculations obtain the TARC curves shown in Fig. 10 (Equation (6)). The TARC
curves represent the MIMO antenna system’s effective bandwidth. The UWB-MIMO antenna system’s
operational band is robust and is not significantly influenced by phase variations in the other ports’
excitation.

Figure 10. TARC and ECC of the quad-port UWB-MIMO antenna.

Additionally, the mean effective gain (MEG), channel capacity loss (CCL), and the envelope
correlation coefficient (ECC) are important characteristics that determine the performance of a MIMO
antenna [4]. All elements are represented by MEGs, which measure the average signal strength received
by each. MEGs are calculated by dividing the average received power by the average incident power,
defined using Equation (7). Table 2 presents the numerical results for quad-port.

MEGi = 0.5µirad = 0.5

1−
K∑
j=1

|Sij |

 (7)
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Table 2. Mean effective gain of the proposed UWB-MIMO antenna.

Freq. [GHz]
Mean Effective Gain (dB)

Ant-1 Ant-2 Ant-3 Ant-4

4 −7.734 −7.733 −7.734 −7.734

6 −6.560 −6.560 −6.560 −6.560

8 −6.471 −6.472 −6.471 −6.471

10 −6.292 −6.293 −6.293 −6.293

where i is the antenna under observation, k the number of antennas, and µirad the radiation efficiency.
For optimal diversity performance, the practical standard is that MEG should be −3 ≤ MEG(dB) <
−12, which is validated for all MIMO antennas in the proposed design.

Theoretically, adding more antennas to a MIMO system can boost its potential capacity.
However, the MIMO system’s channel capacity will be decreased due to uncorrelated Rayleigh fading.
The capacity loss (Closs) of a quadport MIMO antenna can be determined using the following
equation [31, 32]:

Closs = − log 2 det
(
ψR

)
(8)

where (ψR) is the correlation matrix between the receiving antennas as defined by

ψR =

∣∣∣∣∣∣∣
ρ11 ρ12 ρ13 ρ14
ρ21 ρ22 ρ23 ρ24
ρ31 ρ32 ρ33 ρ34
ρ41 ρ42 ρ43 ρ44

∣∣∣∣∣∣∣ (9)

ρij = −|
∑4

n=1 S∗
in Snj |, and ρii = 1 − |

∑4
n=1 S

∗
inSni|, for i, j = 1, 2, 3, or 4. The proposed MIMO

antenna’s simulated losses are displayed in Fig. 11; it can be observed that the channel capacity loss is
less than 0.02 bits/s/Hz in the operating band except 5GHz.

Figure 11. Channel capacity loss.

ECC defines the degree of decoupling between the antenna elements. The lower the ECC value is,
the greater the diversity gain is. ECC levels less than 0.5 are considered acceptable for MIMO antennas.
The correlation coefficient ρe can be calculated using the formula from the three-dimensional radiation
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pattern [4].

ρe =

∣∣∣∣∫ 2π

0

∫ π

0

(
XPREθiE

∗
θjPθ + E∅iE

∗
∅jP∅

)
dΩ

∣∣∣∣2∫ 2π

0

∫ π

0

(
XPREθiE

∗
θiPθ + E∅jE

∗
∅iP∅

)
dΩ×

∫ 2π

0

∫ π

0

(
XPREθjE

∗
θjPθ + E∅jE

∗
∅jP∅

)
dΩ

(10)

where XPR represents the cross-polarization ratio; i and j are port numbers; and P∅ and Pθ are the
phi and theta components of the angular diversity function. Before estimating the ECC from far-field
radiation patterns, Fig. 12 plots 3D-radiation patterns at 8GHz while exciting ports1–4. The graphic
demonstrates that elements have polarization variety, with element 1 having nulls in the direction
where others have the highest radiations and element 2 having nulls in the direction where others have
the greatest radiations. The sun-correlated patterns result in low ECC values, which guarantees that
the antenna operates efficiently in densely populated areas. Fig. 10 plots ECC values over the whole
frequency range to demonstrate this. As illustrated, the ECC values for the proposed design are less
than 0.1 in a uniform scattering environment between 3 and 12GHz, indicating that the antenna radiates
the most of the input power, and only a negligible portion of it is lost in coupling with other ports of
the antenna.

(a) (b)

(b) (d)

Figure 12. Three-D radiation pattern for quad-port at 8GHz, (a) Ant.1, (b) Ant.2, (c) Ant.3, (d)
Ant.4.

3.3. Radiation Pattern

The polarization diversity is explained with the help of simulated and measured two-dimensional
radiation patterns in the E- and H-planes for frequencies of 4, 5, 8, and 10GHz, as shown in Fig. 13.
The figure demonstrates that the characteristics of the E-plane at higher frequencies are nearly identical
to those of low frequencies. Cross-polarizations are minor in comparison to E-plane co-polarizations
at the four sample frequencies. However, the discrepancies between co- and cross-polarizations are
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at 4 GHz at 5 GHz at 8 GHz at 10 GHz 

(a)

at 4 GHz at 5 GHz at 8 GHz at 10 GHz

(b)

Figure 13. 2-D radiation pattern simulated and measured in xz and yz plane, (a) E-plane, (b)H-plane.

Figure 14. Gain and total/radiation efficiency of the proposed antenna.

considerable, indicating a good E-plane radiation pattern. Further, the H-plane co-polarizations
are quasi-omnidirectional, whereas the cross-polarization is smaller for the frequencies. Besides, the
differences are significant, resulting in a stable radiation pattern in the H-plane. Moreover, the notched
band at the 5GHz band has a lower gain than other sample frequencies.

Antenna gain is also related to radiation characteristics. It describes how much an input power’s
amplitude is concentrated and expanded, which means the antenna’s ability to send and receive signals
in a certain direction. Fig. 14 shows the changes of the simulated peak gain from 1.5 to 4.8 dBi for
3–12GHz impedance bandwidth except for the notched band. Moreover, it is poor at low frequencies
(< 4.5GHz) because of the element’s small size. However, the peak gain of higher-order modes is greatly
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boosted because radiation modes become partially orientated at higher frequencies.
Figure 14 shows the antenna peak gain and total efficiency. Again, the peak gain and total efficiency

exhibit band-notched features in line with previous findings. Additionally, the efficiency is greater than
75% across the full impedance bandwidth (3–12GHz) except for the notched band at 5.5–12GHz and
drops to 60% only at the lower narrow frequency band (< 4.5GHz), showing the UWB-MIMO antenna’s
excellent efficiency.

3.4. Performance Comparison with Previous Works

Employing Table 3, we compare the proposed extended UWB-MIMO antenna with published works on
UWB-MIMO antenna applications. While the comparison is not exhaustive, it comes close to describing
the current state-of-the-art UWB-MIMO antenna technology. The comparison findings demonstrate
that the presented antenna provides an acceptable trade-off among size, isolation, bandwidth, radiation
pattern, gain, MIMO diversity (TARC, MEG, ECC, and CCL), band-notched characteristics, and
element number. The notch frequency (5GHz) was eliminated in the given MIMO antenna by placing an
open slot in the radiator patch in which no active elements or filter circuits are involved. Additionally,
the orthogonal arrangements of the radiators improved isolation, and the monopole elements’ connected
ground patches provided a common reference voltage.

Table 3. Comparison with published works.

Ref.
PCB

size (mm2)

Bandwidth

(GHz)

Gain

(dBi)

Isolation

-(dB)

No. of

elements

Notched

Band

(GHz)

Efficiency

(%)

CCL

(bps/Hz)

[16] 48× 48 3–11 2–4.5 < 15 4 NM 65–95 NM

[17] 45× 45 2–10.6 1.8–4.2 < 17 4 5.5 NM 0.3

[18] 35× 50 2–10 2.8–8.1 < 13 2 NM 93–95

[19] 50× 80 4.1–7 8 < 17 2 NM > 80 NM

[20] 40× 40 3.1–11 3.28 < 15 4 NM NM < 0.4

[21] 93× 47 3.1–10.6 3–3.5 < 20 2 NM 80–90 NM

[22] 64× 45 2.3–10.5 1–5.5 < 15 2 3.5, 5.5, 7.5 NM NM

[23] 36× 36 3.1–11.9 3.4–4.5 < 15 4 NM 75–95 NM

[24] 48× 34 3.5–10 0.9–2.9 < 20 4 NM 70–97.8 < 0.3

[25] 50× 25 2–12 2–4.4 < 17 4 5.4 NM NM

[26] 40× 40 3–13.5 3.5 < 15 4 NM > 89 < 0.25

This

work
32.3× 32.3 3.1–12 4.8 < 15 4 5 > 75 < 0.03

4. CONCLUSION

This paper presents a compact quad-port UWB-MIMO antenna. High performance is achieved by
integrating basic approaches such as shape modification and impedance transformer to improve the
bandwidth from 3.1GHz to 12GHz frequency range of the radiators and ground plane impedance. In
addition, measurements of the prototype are used to verify important parameters of the design, and
the values are within limits. The prototype measurements correspond well to the simulations. As a
result of these findings, the proposed UWB-MIMO antenna has a wide impedance bandwidth (3.1–
12GHz), consistent gain (3.8), high diversity qualities, quasi-omnidirectional radiation patterns, and
good isolation (< −15 dB). So the antenna under consideration could be used in UWB-MIMO wireless
communication systems, particularly portable ones.
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