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Hepta-Mode Terminal Microstrip Antenna for
Mobile Wi-Fi 6/6E and UWB Channels 5–11

MIMO Applications
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Abstract— A hepta-mode wideband microstrip antenna is pro-
posed for use on the back cover of mobile terminals, targeting
Wi-Fi 6/6E and ultrawideband (UWB) channels 5–11 MIMO
applications. This multiple-input multiple-output (MIMO) ant-
enna design comprises four elements arranged in a sequential
rotation pattern, each featuring four small patches with two
asymmetric notches. Through proper adjustment of patch and
notch dimensions, seven modes are effectively excited by a
rotated L-shaped feeding probe, thereby amplifying bandwidth
of the proposed antenna. In addition, size miniaturization is
achieved using a circle of blind vias. To validate the design
strategy, a prototype of the MIMO antenna is constructed with
dimensions measuring 60.6 × 60.6 × 2 mm3. Meeting the
requirements for mobile antenna specifications, the proposed
MIMO antenna covers a wide range of frequencies, including
Wi-Fi 6/6E and UWB channels 5–11, with a measured −6-dB
impedance bandwidth of 5.14–9.05 GHz and an isolation of
over 12 dB between each antenna element. Combining broad
bandwidth, compact dimensions, and a low profile, this MIMO
antenna demonstrates significant potential for supporting diverse
wireless services on mobile terminals.

Index Terms— Broadband antennas, microstrip antennas,
mobile antennas, multimode antennas, multiple-input multiple-
output (MIMO).

I. INTRODUCTION

WITH the rapid advancement of mobile communication
technologies, such as ultrawideband (UWB) and wire-

less fidelity (Wi-Fi), there is a growing need for mobile phones
to accommodate more antennas to cover an expanding array of
frequency bands. In addition, to achieve higher transmission
rates, the multiple-input multiple-output (MIMO) technique
requires a greater number of antennas [1], [2], [3], [4].
Traditional terminal antennas, typically located in the frame
area [5], [6], [7], [8], [9], [10], [11], [12], encounter challenges
from spatial constraints. To reconcile the rising demand for
antennas with limited space availability, back cover antennas,
such as microstrip [13], [14], [15], [16], [17], slot [18], and
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PIFA [19], [20] antennas, have garnered considerable attention.
Microstrip antennas stand out for their low profile and easy
integration. However, conventional microstrip antennas are
hampered by a narrow bandwidth owing to their high quality
factor, which hampers their deployment in terminals.

Currently, three main approaches are commonly utilized
to increase the bandwidth of microstrip antennas. The first
method incorporates parasitic structures, such as parasitic
patches [21], monopoles [22], or distributed circuits [23], [24],
to broaden the bandwidth, albeit at the expense of increased
space requirements. The second strategy employs frequency-
reconfigurable technology [25], [26], [27]. Through specially
designed circuits with switching capabilities, antennas can
dynamically operate in various narrowband modes, thus
achieving broadband performance. The third approach involves
coupling multiple modes, often utilizing additional structures,
such as slots, notches, and vias, to combine several operational
modes for wideband applications [28], [29], [30], [31], [32],
[33], [34], [35], [36], [37]. In [28], symmetric notches and
two sets of shorting vias are employed to excite TM10, TM01,
and monopole modes, achieving a broad bandwidth of 41%.
Similarly, in [30], a broadband antenna with two high-order
modes is proposed by adjusting slot and blind via sizes, main-
taining a low profile of 0.043 λ0 (where λ0 is the free-space
wavelength at the center frequency). By segmenting patches
into periodically arranged rectangular units with gridded [33],
[34], [35], [36] or parallel [37] slots, antiphase TM20 mode can
be excited, resulting in a dual-mode wideband performance
with a relative bandwidth of up to 41%. In addition, coupling
feeding methods, such as L-shaped probes [38], [39] and
slot-coupled lines [40], [41], are commonly employed in
multimode designs to facilitate wideband impedance matching.
Despite their broadband capabilities, multimode antennas often
feature intricate structures and large footprints, limiting their
widespread application in terminals. Consequently, designing
wideband microstrip antennas with low profiles and compact
sizes remains a significant challenge.

In this study, we propose a hepta-mode wideband microstrip
antenna positioned on the back cover of mobile terminals for
MIMO applications in Wi-Fi 6/6E and UWB channels 5–11.
Unlike previous research, we explore additional modes to
achieve an even wider bandwidth. Beginning with an antenna
element comprising four small patches, we introduce two
asymmetric notches on each small patch and utilize a rotated
L-shaped feeding probe for impedance matching. This results
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Fig. 1. Geometry configuration of the proposed four-element MIMO antenna.
(a) Exploded view. (b) Top view. (c) Side view.

in the simultaneous excitation of seven modes and a broad
bandwidth across the four patches. In addition, employing a
circle of blind vias enables size reduction of the antenna ele-
ment, allowing the MIMO antenna to accommodate the limited
space typical of mobile phones. We fabricated and measured
a prototype of the proposed MIMO antenna, confirming its
coverage of a wide bandwidth of 5.14–9.05 GHz within a
compact dimension of 60.6 × 60.6 × 2 mm3. These results
underscore the significant potential of the proposed MIMO
antenna for mobile Wi-Fi and UWB applications.

II. ANTENNA CONFIGURATION AND OPERATING MODES

The proposed MIMO antenna’s geometric configuration
is depicted in Fig. 1, while Table I lists the optimized
dimensions. Comprising four identical antenna elements

TABLE I
DIMENSIONS OF THE PROPOSED DESIGN WITH θ = 61◦ (UNIT: mm)

Fig. 2. (a) Top view of the antenna element. (b) Simulated reflection
coefficient of the antenna element. Mi represents the i th resonant mode in
the band. (c) Names of the seven resonant modes above.

labeled as Ants 1–4 in Fig. 1(a), arranged in a sequential rota-
tion pattern, the antenna structure is supported by a dual-layer
configuration with a footprint of lg × lg. The upper layer,
an FR4 substrate (εr = 4.4 and tan δ = 0.02), has a thickness
of h1, while the lower layer is an air layer with a thickness
of h2, as illustrated in Fig. 1(c). Each antenna element is
rectangular, sized lp × wp, and positioned at a distance of d
from adjacent elements. One antenna element comprises four
small patches on the substrate’s top layer, an L-shaped probe
with a narrow strip on the bottom layer, and 12 equally tall
metal columns connected to the bottom metal ground. The
small patches are spaced gx apart in the x-axis direction and
gy in the y-axis direction, with two asymmetric notches, sized
gs × ls and gs × ls1, etched on their edges. The detailed
structure of the top narrow strip of the L-shaped probe is
depicted in the inset of Fig. 1(b), featuring dimensions l1 ×

(l2 + lf) and a rotation angle θ relative to the long side of
the antenna element. Positioned symmetrically around each
antenna element between the substrate and the metal ground,
12 metal columns with a height of h3 and a diameter of d1
are located. Serving as both the dielectric back cover and the
space between the mainboard and the back cover, this dual-
layer configuration aligns with typical mobile phone designs.

To elucidate the operational principle of the suggested
MIMO antenna, we first examine an individual antenna
element. Fig. 2(a) depicts the top view of the antenna element,
featuring four small patches with two asymmetric notches,
a rotated L-shaped feeding probe, and a circle of blind vias.
Through meticulous adjustment of the size and placement of
these elements, seven resonant modes are concurrently excited,
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facilitating a wide bandwidth of 5.13–9 GHz, as evidenced
by the simulated reflection coefficient depicted in Fig. 2(b).
Furthermore, the specific dimensions of the individual antenna
element deviate slightly from those of the entire MIMO
antenna, with l2 measuring 9 mm and lf measuring 1.9 mm.
Fig. 2(c) labels the seven operating modes for the proposed
antenna element. In a microstrip antenna oriented in the xoy
plane and orthogonal to the z-axis, resonant modes TMmn are
typically induced. Here, m and n denote the electric-field’s
distribution over m half-wavelengths along the x-axis and n
half-wavelengths along the y-axis. Moreover, if m or n is
denoted as m or n, it signifies a phase reversal of the electric
field at the midpoint of the patch side along the x-axis or y-
axis. For convenience, these seven modes are denoted as Mi ,
representing the i th resonant mode of the proposed antenna
element within the operating frequency band.

In this study, owing to the multimode coupling method
and asymmetric feeding structure, the modes of the proposed
antenna element exhibit a degree of impurity. To provide
a more fundamental understanding of the operating modes,
we have identified seven resonant frequencies with relatively
pure modes based on electric-field distributions and radiation
patterns, as depicted in Fig. 3. These seven modes can be
categorized into three mode pairs and one monopole mode,
as observed from the electric-field distributions. Each mode
pair comprises TMmn and TMnm modes, exhibiting approxi-
mately symmetrical 90◦ rotation of electric-field distributions
and 3-D radiation patterns about the z-axis. Because the
proposed antenna element has a rectangular shape, TMmn

and TMnm modes are nondegenerate. For clarity, we will
detail one mode from each mode pair below. The first mode
pair includes TM10 + TM20 (M1) and TM01 + TM02 (M2).
Mode TM10 + TM20 represents a hybrid mode featuring
an antiphase double-half-wavelength electric-field distribution
along the x-axis and a uniform distribution along the y-axis.
Consequently, equivalent magnetic currents are generated in
the same direction on the radiation apertures, resulting in a
broadside radiation pattern. The second mode pair comprises
TM20 (M3) and TM02 (M4). Mode TM20 exhibits an antiphase
uniform amplitude distribution along the y-axis and a double-
half-wavelength distribution along the x-axis. The directions
of equivalent magnetic currents are opposite on the radiation
apertures, leading to a conical radiation pattern. A slight
coupling exists between modes M3 and M4 owing to their close
resonant frequencies, causing some deviations between actual
and theoretical field distributions. The third mode pair includes
TM22 (M6) and TM22 (M7). The electric field of TM22 displays
a double-half-wavelength distribution along both the x-axis
and y-axis, with an extra phase reversal along the x-axis.
Similar to the TM20 mode, the radiation pattern of TM22 is
conical. The monopole mode (M5) exhibits an electric field
symmetrically distributed along the diagonal of the antenna
element, generating an equivalent magnetic current for the
conical radiation pattern.

III. ANTENNA EVOLUTION AND PARAMETRIC ANALYSIS

Microstrip antennas can be analyzed using the equivalent
circuit theory of transmission lines. As demonstrated in [42],

Fig. 3. Electric-field distributions and 3-D radiation patterns of the proposed
antenna element at seven resonant frequencies.

transmission lines’ effective permeability or permittivity
correlates positively with the series or shunt capacitance of
the equivalent circuit. Moreover, based on the relationship
between resonant frequency and electrical length, it can be
inferred that the resonant frequency inversely correlates with
the effective permeability and permittivity. Thus, tuning the
component values of the equivalent circuit of the microstrip
antenna enables adjustment of the resonant frequency.

Using the abovementioned approach, the microstrip
antenna proposed achieves multimode broadband performance
through specialized structural design, as depicted in Fig. 4.
Initially, Ant A is divided into four small patches with two
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Fig. 4. Evolution process of the proposed antenna element and the
corresponding reflection coefficients. (a) Ant 1: four small patches. (b) Ant 2:
add notches on the short side. (c) Ant 3: add a circle of blind vias.

perpendicular slots, effectively adding two series capacitors
in the equivalent circuit of Ant A. By adjusting the width
of these slots, the value of the series capacitors is tuned,
thereby bringing the four lower modes M1–M4 closer together.
Eight symmetrical notches are etched on Ant A to further
broaden the bandwidth to create Ant B. These notches extend
the surface current path of the patches, effectively increasing
the electrical lengths of the modes and reducing their reso-
nant frequencies. Consequently, the frequencies of the higher
modes M5–M7 decrease significantly, facilitating the simulta-
neous excitation of seven modes for wideband performance,
as depicted in Fig. 4(b). However, the achieved broadband
results do not encompass the target frequency band. Ant C
with a circle of blind vias is introduced to address this with-
out increasing the antenna size or compromising broadband
performance. These blind vias act as parallel-plate capacitors
between the patches and the ground. By adjusting the diameter
or height of these blind vias, the shunt capacitance of the
equivalent circuit for Ant C increases, consequently increasing
the effective permittivity and lowering the overall bandwidth
of the antenna. As depicted in Fig. 4(c), the proposed antenna
element covers the target band from 5.13 to 9 GHz through
the excitation of seven modes.

To further illustrate the control of the seven modes, an anal-
ysis of certain critical parameters is shown in Fig. 5. First,
the widths of the two perpendicular slots are examined with
the simulated reflection coefficients in Fig. 5(a) and (b). The
slot parallel to the short side disrupts the surface current
along the x-axis, effectively introducing a series capacitor.

Fig. 5. Reflection coefficients for different parameters of the proposed
antenna element. (a) gx. (b) gy. (c) ls. (d) ls1. (e) l1. (f) l2. (g) dp. (h) θ .

Therefore, as the slot width gx increases, the series capaci-
tance decreases, increasing the resonant frequencies of modes
M1, M3, M6, and M7, whose surface currents have compo-
nents along the x-axis. Similarly, as the width gy increases,
the resonant frequencies of modes M2, M4, M6, and M7
rise owing to the interrupted current components along the
y-axis. Second, the lengths of the notches are analyzed
in Fig. 5(c) and (d). The notches on the short side are posi-
tioned at the midpoint of the small patches, where the current
peaks of TM22 and TM22 modes are located. When ls1 is
lengthened, the electrical lengths of M6 and M7 stretch, caus-
ing a downward shift in their resonant frequencies. Moreover,
M2 is a hybrid mode coupled through the slot. Thus, as the
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Fig. 6. Analyses of different parameters of the blind vias. (a) dy. (b) h3.

lengths ls of the notches on the slot increase, the resonant
frequencies of M2 and M7 decrease. Third, the main parame-
ters affecting impedance matching are studied. The size of the
L-shaped probe’s narrow strip significantly influences the feed-
ing port’s capacitance and inductance. As shown in Fig. 5(e),
the strip width l1 mainly impacts the impedance matching of
low-frequency modes by changing the series capacitance of
the port, thus affecting the frequencies of modes M1 and M2.
Similarly, Fig. 5(f) shows that the length of strip l2 primarily
affects the impedance matching of the high-frequency modes
M3–M6 by adjusting the series inductance of the port. In addi-
tion, owing to the varying input impedance of the antenna
at different positions, the port location also determines the
matching of all seven modes. As illustrated in Fig. 5(g) and (h),
changes in the distance dp from the metallic column to the
center O’ of the antenna element or the rotation angle θ of
the narrow strip significantly affect the matching of each mode.
Furthermore, the diameter d2 of the metallic column slightly
impacts antenna performance. Ultimately, by appropriately
adjusting these parameters, the seven modes can be tuned
through the asymmetric slots or notches and excited simulta-
neously by the L-shaped probe, thereby achieving broadband
performance.

To further illustrate the principle of size miniaturization,
we analyzed the position and size of the blind vias. As depicted
in Fig. 6(a), the distance ratio between adjacent blind vias
along the x-axis and y-axis is fixed at 1.26, which matches
the aspect ratio of the small patch. As the distance dy
increases, the blind vias move closer to the edge of the
small patch, where the electric field is stronger. This results
in a larger equivalent capacitance of the blind vias, causing
the frequency decrease across the whole band. Similarly,
as shown in Fig. 6(b), increasing the height h3 of the blind
vias reduces the distance between the blind vias and the
small patches, which increases the equivalent capacitance and
causes a downward shift in the frequencies of all seven modes.
By appropriately adjusting the position and size of the blind
vias, it is possible to achieve size miniaturization by lowering
the frequency band without increasing the antenna’s physical
dimensions.

Fig. 7. Analysis of the proposed antenna integrated on a common ground
layer. (a) Configuration. (b) Total efficiencies. (c) S-parameters.

Fig. 8. Top view of the fabricated four-element MIMO antenna prototype.

Based on the proposed antenna element, we developed a
four-element MIMO array. We arranged these four elements
in a sequential rotation style and optimized their spacing to
achieve high isolation within a compact size. To demonstrate
the practical applicability of the proposed MIMO antenna,
we integrated it with a common mobile phone’s ground
layer. As shown in Fig. 7(a), both the substrate and ground
layers measure 156 × 70 mm2, typical of a smartphone. The
MIMO antenna is placed on the upper half of the back cover,
maintaining the dimensions listed in Table I. Fig. 7(b) and (c)
present simulated total efficiencies and S-parameters of the
proposed MIMO antenna. The S-parameters closely match
those of the initial design, with the −6-dB impedance band
covering Wi-Fi 6/6E and UWB channels 5–11 and isolations
exceeding 12 dB. The total efficiencies of all four antenna
elements remain above 40% across the operating frequency
band, which is sufficiently high for terminal antennas. Overall,
these additional simulation results confirm the feasibility and
practicality of the proposed antenna design.

IV. FABRICATION AND MEASUREMENT

A prototype of the proposed MIMO antenna was fabricated
and measured to validate the design strategy. Fig. 8 shows
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Fig. 9. Simulated and measured S-parameters of the proposed four-element
MIMO antenna. (a) Reflection coefficients. (b) Transmission coefficients.

a photograph of the fabricated antenna. The patches of the
entire antenna are printed on an FR-4 substrate board using
the printed circuit board (PCB) process. Utilizing computer
numerical control (CNC) technology, the copper ground plane
and blind vias are integrated and processed. Six cylindri-
cal columns with a 1-mm radius and a relative permittivity
of 3.0 support the FR-4 substrate board above the copper
ground board. In addition, the ground plane has four holes
soldered to the outer conductors of four subminiature A
(SMA) cable connectors. The inner conductors, serving as
the metallic columns of the L-shaped probes, are soldered to
the four strips of the L-shaped probes on the lower surface
of the substrate. The proposed four-element MIMO antenna
was numerically simulated and optimized using the com-
mercial electromagnetic simulation software HFSS 2023 R1.
The fabricated prototype was tested with an N9917A vec-
tor network analyzer and a standard microwave anechoic
chamber.

The simulated and measured S-parameters of the pro-
posed four-element MIMO antenna are shown in Fig. 9.
The measured reflection coefficients of all four antenna ele-
ments exhibit a broad −6-dB impedance bandwidth ranging
from 5.14 to 9.05 GHz, effectively covering the Wi-Fi 6/6E
and UWB channels 5–11 bands. As shown in Fig. 9(a),
the measured reflection coefficients closely align with the
simulated modes. It is also worth noting that the effective
permittivity of the FR-4 substrate tends to decrease at fre-
quencies above 7.0 GHz, leading to a noticeable upward shift
in the resonant frequencies. As illustrated in Fig. 9(b), the
simulated and measured isolations between any two elements
exceed 12 dB.

The total efficiency and peak realized gain are measured
and shown in Fig. 10. Within the desired band, the simulated
peak realized gain ranges from 3.9 to 8.6 dBi, and the total
efficiency is above 43.2%. Owing to structural symmetry,

Fig. 10. Total efficiencies and peak realized gains of the proposed MIMO
antenna in simulated and measured results.

Fig. 11. Simulated and measured 2-D radiation patterns of the proposed
four-element MIMO antenna at (a) 5.5, (b) 6.1, (c) 6.7, (d) 7.1, (e) 7.7, (f) 8.5,
and (g) 8.9 GHz.

only the total efficiency of Ant 1 is presented, ranging from
43.6% to 85.1%. Similarly, the measured peak realized gain
of Ant 1 is shown, varying from 4.5 to 8.3 dBi within the
band, consistent with the simulated results. Fig. 11 illustrates
the 2-D radiation patterns of Ant 1 in the xoz and yoz
planes at the resonant frequencies of all seven modes. The
measured results closely match the simulated ones in both
θ - and ϕ-polarizations, demonstrating broadside or conical
radiation characteristics. Although the proposed antenna’s
radiation patterns and realized gain are somewhat unstable,
they remain acceptable for MIMO applications in mobile
terminals. Furthermore, based on the simulated and measured
far-field radiation patterns, the envelope correlation coeffi-
cients (ECCs) between the antenna elements are calculated
and provided in Fig. 12. Both ρ12 and ρ13 are less than
0.04 across the entire band, which is considerably low for
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TABLE II
COMPARISON AMONG THE PROPOSED ANTENNA AND OTHER BACK COVER ANTENNAS

Fig. 12. Simulated and measured ECCs of the proposed four-element MIMO
antenna.

mobile MIMO antennas. The measured results indicate that
the proposed MIMO antenna is well suited for mobile Wi-Fi
and UWB applications.

To highlight the performance advantages of the proposed
antenna, Table II compares its performance with other back
cover antennas reported in the literature. Various types of
antennas, such as microstrip antennas [14], [15], [16], [17],
conjoined open-slot antennas [18], and planar inverted-F
antennas (PIFAs) [19], are employed for diverse mobile MIMO
applications. In a similar footprint area, antennas in [15]
and [16] achieve narrower bandwidths with only two or three
resonant modes. Despite a smaller footprint, the narrowband
antennas in [14] and [17] exhibit a lower bandwidth-to-
volume ratio. The broadband antennas in [18] and [19] show
lower isolation and efficiency, limiting their utility in mobile
MIMO antenna applications. Moreover, compared with some
ultra-wideband antennas with smaller dimensions and simpler
structures, such as monopole [43], [44] and slot [45], [46]
antennas, our antenna uniquely integrates into the mainboard
of mobile terminals. In short, the comparison shows that
our design offers broader bandwidth with seven modes while

maintaining physical dimensions comparable to those of pre-
vious back cover antennas. The proposed MIMO antenna
demonstrates valuable applications across multiple mobile
communication bands.

V. CONCLUSION

In this study, we propose a hepta-mode wideband microstrip
antenna positioned on the terminal’s back cover for mobile
Wi-Fi 6/6E and UWB channels 5–11 MIMO applications. The
proposed MIMO antenna comprises four identical elements
arranged in a sequential rotation style. Each element integrates
four small patches with two asymmetric notches, enabling the
excitation of seven resonant modes to enrich the bandwidth.
In addition, we adopt an L-shaped probe feeding method to
stimulate these seven modes and employ a circle of blind vias
for size miniaturization. Fabricated within compact dimensions
of 60.6 × 60.6 × 2 mm3, our MIMO antenna spans the
Wi-Fi 6/6E and UWB channels 5–11 bands, ranging from
5.14 to 9.05 GHz, with measured total efficiencies from
43.6% to 85.1%. The isolation between each antenna element
surpasses 12 dB, and the ECCs remain below 0.04 within
the operating bandwidth. With its attributes including broad
bandwidth, compact size, and low profile, the proposed MIMO
antenna shows significant potential for supporting multiple
wireless services on mobile terminals.
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