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Abstract—1In this article, we introduce a balanced broadband
mu-near-zero (MNZ) loop antenna, which is designed for Wi-Fi
6/6E applications in full metal housing tablet computers. Dif-
ferent from the previous MNZ segmented loop antenna with
the single 0" mode, the higher order 1%/2"/3"Y modes are
also included for broadband purpose. By adjusting the effective
permeability through the distributed capacitors in the proposed
antenna, the electrical lengths of the 0%/1t/2"4/3'% modes are
reasonably stretched. This allows for multimode synergy in
a single MNZ loop located in full metal housing computers.
Therefore, the proposed MNZ loop antenna, with a planar
structure of 6.8 x 45.4 mm?, exhibits a broad bandwidth with
S11 < —6 dB from 4.5 to 7.5 GHz, covering Wi-Fi 6/6E bands.
As another merit for practical applications, this broadband
MNZ loop antenna is also balanced with less current on the
motherboard, performing excellent robustness against changes in
tablet computer sizes or affecting by hands. The proposed MNZ
loop antenna, with its multiple modes, offers valuable insights
for the development of broadband and robust antennas in full
metal housing devices.

Index Terms— Broadband antennas, full metal housing, mobile
antennas, mu-near-zero (MNZ) antennas.

I. INTRODUCTION

S AN important component of modern wireless mobile

devices, tablet computers are used in various scenarios
due to their portability and handwriting convenience. Among
them, full metal housing architectures are highly favored by
users due to the advantages of attractive appearance, efficient
heat dissipation, rugged shell, and easy integration [1], [2],
[3], [4]. The primary method for wireless communication
in tablet computers is through Wi-Fi. The Wi-Fi 6 protocol
standards cover the 2.4-GHz (2.4-2.484 GHz) and 5-GHz
(5.13-5.83 GHz) bands. Wi-Fi 6E extends the band up
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to 6 GHz (5.925-7.125 GHz) to enhance communication
bandwidth. Generally, mobile terminal antennas for Wi-Fi
6/6E applications require a —6-dB bandwidth ranging from
5.15 to 7.125 GHz and an efficiency above —5 dB, with no
specific requirement for the radiation pattern. Therefore, it is
of great significance to design broadband antennas in full metal
housing tablet computers for Wi-Fi 6/6E applications.

In recent years, antennas used in terminals are widely
investigated [2], [3], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17]. Antennas used in terminals with full
metal housings can be categorized into three types, including
invert-F antenna [2], [5], [6], monopole antenna [7], [8], and
slot antenna [3], [9]. These antennas exhibit good performance
in terms of size and bandwidth. However, both the invert-F
and the monopole antennas require a connection to the moth-
erboard, while the slot antenna requires the engraving of slots
on the motherboard or metal housings. These approaches intro-
duce unexpected currents to the motherboard or metal hous-
ings, resulting in frequency drift and reduced efficiency when
influenced by users’ heads or hands. To mitigate the impact
of unexpected currents, the best approach is to use balanced
antennas [18], [19], [20], [21], [22], [23], [24]. Three methods
have been employed to construct the balanced antennas in
terminals. The first method is to design balanced antenna
structure, such as one-wavelength mode of loop antenna [20],
[21]. The second method involves decoupling between the
ground and unbalanced antenna [22], [23]. For example,
the authors propose the balanced monopole antenna in [22]
and the balanced slot antenna in [23] through the distinct
decoupling structure design. The third method is to use mode
transformers to design antenna from an unbalanced mode to a
balanced mode. Sui et al. [24] introduce a T-shaped structure
for this conversion, reaching a relative bandwidth of 14.1%.
Currently, we have not found any work on designing balanced
antennas in tablet computers with a full metal housing.

Among the balanced antennas, a common method to achieve
broadband performance is multimode design [25], [26], [27],
[28]. The mu-near-zero (MNZ) antenna, whose permeability
can be adjusted approximately through loading capacitors, pro-
vides an approach to tune the wavelength of modes. However,
the MNZ loop antennas in [25] and [26] only study the ot
mode without considering the higher order modes. The MNZ
dipole antennas in [27] and [28] realize mode compression
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between the 1% mode and the 3" mode, with a considerable
size. MNZ antennas applied in terminals with higher order
modes have not been studied yet.

In this article, we introduce a balanced broadband MNZ
loop antenna, which is designed for Wi-Fi 6/6E applica-
tions in full metal housing tablet computers. Based on a
segmented loop antenna structure, we demonstrate the mul-
timode to realize broadband performance. Through adjusting
the effective permeability of the MNZ loop antenna, the
0t/15t/2"4/39 modes are reasonably coupled in the identical
physical dimensions. Therefore, the multimode MNZ loop
antenna with broadband property is realized, covering both
5 and 6 GHz of Wi-Fi 6/6E in a mock-up full metal housing
tablet computer. The simulated bandwidth with S;; < —6 dB
is 4.5-7.5 GHz, accounting for 50% of the central frequency,
with a planar structure of 6.8 x 45.4 mm?. The experimental
results effectively validate the simulation results. Benefiting
from the balanced mode, the proposed antenna exhibits robust
performance affected by the different tablet sizes or by users’
hands. The proposed MNZ antenna, with its multiple modes,
holds significant instructive value for the design of broadband
antennas in mobile terminals.

II. ANTENNA CONFIGURATION

Fig. 1 illustrates a universal tablet computer with a full metal
housing, representing the application scenario for the proposed
antenna. The tablet computer consists of three components,
including a glass screen, a metal motherboard, and a full metal
housing. Typically, the metal motherboard is connected to the
metal back plate of the screen, which can be seen as a large
piece of metal under the screen. The glass screen completely
covers the top surface of the metal housing, leaving a clearance
between the metal motherboard and the metal housing. The
internal structures of real tablet computers are extremely
complex, and there are significant differences among various
types of computers structures, making it challenging to directly
establish models. To simplify the analysis, we only retain the
structures that have the greatest impact on the antenna perfor-
mance, i.e., the metal motherboard and the metal housing, and
create a mock-up environment for antenna design.

Fig. 2 illustrates the geometry of the proposed antenna
in the mock-up environment. As depicted in Fig. 2(a), the
mock-up scenario comprises three metallic parts, which have
obvious impact on antenna performance, including the metal
back cover, frame, and ground. Here, the back cover of
the full metal housing in the tablet computer corresponds
to the metal back cover in the mock-up sample, while the
motherboard together with the metal back plate of the screen
in the tablet computer corresponds to the metal ground in
the mock-up sample. Furthermore, simulations have shown
that the radiation performance of the proposed antenna is
minimally affected by the presence or absence of the glass
screen. Hence, to maintain the brevity of our article, we opt
to omit the glass screen in the mock-up sample. The proposed
antenna, based on a printed-circuit-board (PCB) technique,
is situated in the clearance between the frame and the ground.
The dimensions of the tablet computer are /, x wp, and the
clearance is d.. Fig. 2(b) presents a detailed top view of the
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Fig. 1. Application scenarios of the proposed antenna in full metal housing
tablet computer.

antenna structure. The segmented loop antenna has dimensions
l, x w,, with the thickness of f,, placed at a position d,
from the right frame. Six gaps are left in the loop, serving
as distributed capacitors. These gaps can be divided into two
categories, with the middle two gaps labeled as w,.;, and the
remaining four gaps as w.,. These gaps are equidistant from
each other, and the distances are equal to 1/6 of the entire
loop circumference. A lumped port with 50 2 is positioned
centrally between the two leftmost capacitors, serving to excite
various modes on the loop antenna. As depicted in Fig. 2(c),
the overall tablet has a height of h;. The thickness of both
frames and back cover is ;. The thickness of metal ground is
tg. The substrate, made of F4B with &, = 2.65 and tan § =
0.002, has a thickness of #;, and its top and bottom surfaces
are aligned with the ground.

III. MULTIMODE SYNERGY

In this section, we illustrate the multimode synergy in
MNZ loop antenna by loading capacitors. To eliminate the
influence caused by the metal ground, frame, and back cover,
we conduct our discussion in free space. First, we demonstrate
a specific case of an ideal multimodal example to validate the
correctness of multimode synergy. Second, we introduce our
design through parameter analysis, aiming to form a theoretical
guide to the design of multimode MNZ antenna.

A. Specified Multimode Case

Fig. 3(a) demonstrates a loop antenna loaded with capacitors
in free space. The dimensions of the antenna are [, = 43.4 mm
and w, = 5.6 mm. Depending on the capacitor positions,
we divide them into two categories. First, capacitor 1 is
located at the current nulls of the 1** mode and the 3™ mode.
Second, capacitor 2 is located at other current nulls of the
3" mode. The capacitances of capacitors 1 and 2 are C; and
C,, respectively. By setting C; = 0.04 pF and C, = 0.04 pF,
the simulated S;; of the proposed antenna in free space is
presented in Fig. 3(b). According to the simulation results,
four modes are clearly visible, with a frequency ratio between
the highest mode and lowest mode of approximately 1.6. This
is much smaller than the usual frequency ratio of 3 between
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Fig. 2. Antenna geometry of the proposed MNZ loop in a mock-up full metal
housing tablet computer. (a) Three-dimensional view. (b) Top view. (c) Side
view.
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Fig. 3. Design of the multimode loop antenna in free space. (a) Geometry
and capacitor parameters assumption of the MNZ loop antenna. (b) Simulated
S11 and mode distributions of the MNZ loop antenna in free space.

the 3" mode and the 1*' mode in a general loop antenna,
demonstrating that we have realized compression among these
four modes.

To illustrate the correspondence between the modes on the
proposed antenna and the loop antenna without segments,
Fig. 4 displays the surface current distributions. In the O
mode, the surface currents are almost uniform with the same
direction and no phase shift, which is identical to that of a
small-loop antenna. It is a sign of the establishment of the
0" mode resonance [25], [26]. In the 1% mode, the currents
experience two reverses, thus forming two nulls along the
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Fig. 4. Simulated surface current distributions of the MNZ loop antenna in
free space for (a) 0" mode, (b) 1°' mode, (c) 27 mode, and (d) 3" mode.

loop. In the 27 mode, the currents experience four reverses,
constructing four nulls. While in the 3 mode, the reverse
times and nulls are six. The current distributions in all modes
are as identical to the corresponding modes of a general loop
antenna. In other words, we have regulated the frequencies of
the four modes on the loop antenna and realized the mode
compression by loading capacitors with specific values at
different locations, resulting in a multimode synergy effect.

B. Effective Parameter Theory

As depicted in [29], the effective permeability of a trans-
mission line (TL) can be roughly described according to the
right- and left-handed (CRLH) TL theory

—Z—L 1
M= = Lp @’C,

jo

where C; represents the series capacitance per unit time
(in F- m), primarily from our loaded capacitors, and L is the
series inductance per unit length (in H/m), mainly from the TL
in the loop antenna. w is the angular frequency. After adding
series capacitors to the loop antenna, the effective permeability
can be adjusted to be smaller than 1, thus stretching the
wavelength in the loop antenna and constructing a multimode
resonance at a size much larger than the wavelength of the
mode. With the increase of the C;, the resonance frequencies
are decreased. Previous work [25], [26] has proven that when
w = 0, the loop has the 0" mode resonance frequency

1
JVLiCL'

To calculate the nth (n = 1, 2, 3, ...) mode frequency on a
loop antenna with a given circumference /, we can formulate
the following equation by ensuring the electrical dimensions
are equal to their physical dimensions:

I A 2rc
2n A Mr \/SQ(LRCU% — I/CL)

where ¢ = 3 x 10% m/s is the speed of light, &p = 8.85 x
10~'2 F/m is the vacuum permittivity, and w, is the resonant
frequency of the nth mode. As an illustrative example of the
derivation, we select the 0" mode and 1% mode to calculate

ey

wy) =

2

3
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Fig. 5. Analyses of different parameters of the MNZ loop antenna in free

space. (a) Changing C;. (b) Changing C,. (c) Changing /,. (d) Changing 1.

the capacitor values. As depicted in Fig. 3, the resonant
frequencies of the 0™ mode and 1% mode are equal to wy =
27 x 5.17 x 10° rad/s and w; = 27 x 5.96 x 10° rad/s,
respectively. Substituting these values along with equivalent
circumference [ = 132.4 mm into (2) and (3), we obtain a
system of two equations with two unknown variables. By solve
this system of equations, we find the approximate capacitance
and inductance values as C; = 5.66 x 1071© F-m and Ly =
1.68 x 107 H/m, respectively. As depicted in [29], the real
lumped capcatiance and inductance in per unit cell are C =
Cp/d = 0.025 pF and L = Lgd = 36.9 nH, where d = /6 =
22 mm represents the length of per unit cell. Considering both
the distributed and lumped capacitance values, the calculated
results are essentially consistent with the design, indicating
the accuracy of our theory. In summary, through both sur-
face current distributions in Fig. 4 and analyses of different
parameters of the MNZ loop antenna in free space in Fig. 5,
we will illustrate the specified multimode design from a more
engineering point.

C. Design of the Multimode

With the given shape and width of the loop, we have three
degrees of freedom to adjust, including the position of the
capacitors, the capacitance values, and the length and thickness
of the loop. Through the analysis of these parameters, we can
draw the following conclusions.

First, placing the capacitors at the positions of the strongest
currents in the loop has the most significant effect on stretching
the wavelengths. Vice versa, placing the capacitors at the
current nulls has little influence of this mode. To prove this
conclusion, we compare the current distributions of different
modes in Fig. 4. As displayed in Fig. 4(d), the current
distribution of the 3™ mode in the segmented loop is almost
identical to the regular loop. In other words, the 3™ mode is
not stretched. This is because the capacitors are all located
at the current nulls of the 3™ mode. In comparison, the
wavelengths of the 0"/1%'/2" are apparently stretched because
the capacitors are located at the position of the strongest
current. Moreover, from Fig. 5(a) and (b), the changes in C;
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TABLE 1
SPECIFIC PARAMETER SETTINGS (UNIT: MM)
Parameters Iy W 1, Wa Wel We2 By
Size 290 | 186.5 | 434 | 5.6 0.5 0.5 7
Parameters t, ty ty t d, d,
Size 1 1 1 0.3 7 20

and C,, which are both located at the current nulls of the 3™
mode, have little effect on the frequency of the 3™ mode. Both
the current distributions and analyses of parameters illustrate
our conclusion regarding the capacitor positions.

Second, with an increase in capacitance, modes shift to
lower frequencies. As illustrated in (1) and (3), when the
capacitance increases, the permeability decreases with a sub-
sequent decrease in frequency. This phenomenon is also
demonstrated in the parameters analyses in Fig. 5. In Fig. 5(a)
and (b), when we increase C; and C,, the O™ and the 1% modes,
together with the 2™ mode collectively shift to lower frequen-
cies. Simultaneously, the frequency ratio increases, indicating
the mode compression. Besides, very small capacitance near
the open circuit would make parts of modes unable to be
excited. For instance, the 2" mode is not excited when C; =
0 pF in Fig. 5(a). This is attributed to the mode current being
cut by the open circuit. In a short summary, to achieve mode
compression, it is imperative to minimize the capacitance
while ensuring the excitation of all modes, facilitating these
modes to be as close to each other as possible.

Third, with a change in the loop length and thickness, the
modes behave similar to those of complete loop antenna.
As depicted in Fig. 5(c) and (d), as the loop length and
thickness increasing, all modes shift to lower frequencies.
In accordance with these design process, we propose a process
for designing a multimode MNZ segmented antenna to cover
our desired frequency band: 1) selecting the highest mode to
be utilized; 2) calculating the length of the loop antenna, such
that the frequency of its highest mode corresponds to the upper
limit of the desired frequency band; 3) adding capacitors to the
current nulls of all modes; and 4) optimizing the capacitance
to enable multimode to coverage across the entire desired
frequency band based on our requirements.

IV. SIMULATION IN THE MOCK-UP TABLET COMPUTER

In this section, we present and discuss the simulation
results of the proposed antenna in the mock-up scenario. After
optimizing the parameters in Fig. 2, we obtain the structure
with the maximum bandwidth, whose specific dimensions are
listed in Table I. Initially, we demonstrate the broadband
performance and mode distributions. Subsequently, we discuss
the advantages caused by the balanced structure.

A. Broadband Antenna

The simulated S; plot for the proposed antenna is presented
in Fig. 6. The §;; < —6 dB bandwidth spans from 4.5 to
7.5 GHz. The bandwidth covers both 5-GHz (5.15-5.83 GHz)
and 6-GHz (5.925-7.125 GHz) bands of Wi-Fi 6/6E. It is
noteworthy that the proposed MNZ loop antenna exhibits
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Frequency (GHz)

Fig. 6. Simulated S;; of the proposed antenna in the mock-up full metal
housing tablet computer.

superior broadband performance in contrast to its performance
in free space. There are two reasons for this enhancement.
First, despite the antenna’s excitation current being slight, the
radiation aperture also increases after introducing the ground.
This results in a decrease in the Q-factor for the proposed
antenna. Secondly, the metal frame and ground represent two
metal segments parallel to the proposed antenna, effectively
acting as a shunt capacitor. This shunt capacitor improves
impedance matching. In summary, the metal housing increases
the radiating aperture, decreases the Q-factor, and acts as a
shunt capacitor, leading to a significant improvement in the
impedance matching performance.

To further analyze the mode distribution in the mock-up
tablet computer, we present the surface current distributions
in Fig. 7. In Fig. 7(a), the surface currents become nearly
uniform in the same direction at 5.5 GHz, corresponding to
the 0" mode. In Fig. 7(b), the surface currents experience
two reverses at 6.3 GHz, matching the characteristic of the
I mode. In Fig. 7(c), the surface currents have four reverses
at 7.1 GHz, consistent with the behavior of the 2" mode.
In Fig. 7(d), the surface currents have six reverses at 7.5 GHz,
also identical to the 3™ mode. The surface current distributions
demonstrate high similarity of the proposed antenna in free
space. This illustrates that we achieve broadband performance
in the mock-up tablet computer through multimode in the
proposed antenna.

B. Advantages Caused by Balanced Structure

As mentioned above, the balanced antennas exhibit little
current on the ground and metal housing, thereby possessing
the advantages of the robustness on users’ hands and cost
effectiveness. Modeled after the balanced loop antenna, the
proposed MNZ segmented loop antenna also adopts a bal-
anced structure, thereby inheriting these benefits. In Fig. §,
we present the surface current distributions on antenna along
with metal ground and frames at four frequencies. It is evident
that the currents on the ground are significantly smaller than
those on the antenna. In essence, this implies that the loop
antenna has minimal impact on the ground, providing direct
evidence that the proposed antenna is a balanced structure.

Since the currents on the ground are minimal, the dimen-
sions of the tablet computer theoretically have little impact
on the performance of the proposed antenna. As illustrated
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Fig. 7. Simulated surface current distributions of the MNZ loop antenna in
the tablet computer scenario for (a) 0™ mode at 5.5 GHz, (b) 1%t mode at
6.3 GHz, (c) 2" mode at 7.1 GHz, and (d) 3" mode at 7.5 GHz.
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Fig. 8. Simulated surface current distributions of both the MNZ loop antenna
and the ground for (a) 0™ mode at 5.5 GHz, (b) 1% mode at 6.3 GHz, (c) 2"
mode at 7.1 GHz, and (d) 3* mode at 7.5 GHz.

in Fig. 9, we validate this prediction through the parameter
analyses considering both the sizes for tablet computer and
relative position for the proposed antenna. As depicted in
Fig. 9(a) and (b), the simulated S;; exhibits no significant
changes in modes when altering the dimensions of the tablet
computer. Besides, as Fig. 9(c) demonstrates, the simulated Sy;
also remains nearly constant as the relative position of antenna
changes. In other words, benefiting from the balanced antenna,
the proposed antenna is suitable for broadband application in
full metal housing tablet computer with different dimensions
and is hardly affected by the relative position.

Besides, benefiting from the balanced operational modes,
the proposed antenna highlights the significant potential of
multi-input and multi-output (MIMO) techniques to enhance
performance. The schematic of two-element and four-element
MIMO is demonstrated in Fig. 10(a) and (b), respectively.
As depicted in Fig. 10(c) and (d) (isolations between some
elements are omitted owing to the structural symmetry), both
systems have an isolation over 10 dB, meeting the require-
ments of the MIMO techniques. This is attributed to the
minimal ground currents excited by the proposed antennas,
resulting in almost no mutual coupling and high isolations.
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As another additional advantage of the balanced MNZ loop
antenna, it appears to be unaffected by the users’ hands. Here,
we consider three common scenarios for tablet computers,
as shown in Fig. 11(a)—(c). These cases include both landscape
and portraits modes, even include a case where the hand is
covering the antenna in Fig. 11(c). Using predefined hand
models in HFSS, we conduct the simulations of S, along
with the efficiency results, and plot them in Fig. 11(d) and (e),
respectively. From Fig. 11(c), the results for three scenarios
demonstrate nearly identical distributions and bandwidth com-
pared to the proposed antenna without hands. In Fig. 11(e),
the simulated efficiencies in practical scenarios decrease due
to the losses of the users’ hands but remain above 50%. This
meets the existing requirements for wireless communication
in tablet computers. Benefiting from the balanced structure,
the proposed MNZ loop antenna exhibits robust performances
in practical scenarios.

V. EXPERIMENTAL RESULTS

In this section, the experimental results are introduced.
We have constructed, measured, and discussed a prototype
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Fig. 11. Simulated S;; and efficiencies of the proposed antenna in different
practical using cases. (a) Schematic of using case 1. (b) Schematic of using
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Fig. 12. Photographs of the fabricated in the mock-up full metal housing
tablet computer. (a) Top view. (b) Back view.
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Fig. 13. Measured and simulated S;; of the proposed antenna in the mock-up
full metal housing tablet computer.

of the proposed antenna, along with a mock-up tablet com-
puter with the dimensions in Table I. The photographs of
experimental setups are presented in Fig. 12. The proposed
antenna is positioned at the upper right corner of the tablet
computer. To excite the antenna, a coaxial cable surrounded
by insulating tape is connected to vector network analyzer.
A zoomed-in view of the proposed antenna is provided in the
inset. The measured S;; parameter with simulated result is
given in Fig. 13. It can be observed that the measured Sj;
demonstrates broadband characteristics from 4.4 to 8 GHz.
The modes in measured S;; are in agreement with simulated
ones. Cables may introduce losses when the frequency is
higher than 7.5 GHz, resulting a decrease in S;;. The simulated
with measured results cover 5- and 6-GHz band of Wi-Fi 6/6E,
validating our design on the multimode MNZ loop antenna.
The simulated and measured radiation patterns are shown
in Fig. 14. There are almost no nulls in the radiation patterns,
which is beneficial for wireless communication. Additionally,
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Fig. 14.  Simulated and measured 2-D radiation patterns of the proposed
antenna at (a) 5.5, (b) 6.3, (¢) 7.1, and (d) 7.5 GHz (units: dB).

the measured results correspond well to the simulated ones.
The simulated and measured efficiencies of the antenna are
shown in Fig. 15. Across the entire frequency band from
4.5 to 7.5 GHz, the measured efficiency consistently remains
over 70%. Compared to the simulation results, the measured
efficiency decreases in 6-7-GHz band. This is attributed to the
increased losses of cables at higher frequencies. As an exper-
imental verification of the simulation regarding to the effects
of users’ hands, we repeat the using casings in Fig. 10(a)—(c).
The photographs of mock-up applications are displayed in
Fig. 16(a)—(c), respectively. The measured S;; of two different
cases, as shown in Fig. 16(d), illustrates the proposed antenna
keep the broadband performance covering Wi-Fi 6/6E bands
in practical scenarios, even including a case where the hand
is covering the antenna. This validates the robustness of the
proposed antenna under the effects of users’ hands.

To highlight the advantages of the proposed antenna among
balanced antennas in the literature, Table II is listed for com-
parison. Here, A is the free-space wavelength at the lowest
frequency of the operating bandwidth. The antenna proposed
in [20] uses a balanced folded loop antenna structure to create
the balanced mode and cover the Wi-Fi dual band. However,
it receives the limitation on the relative bandwidth and is
not available in Wi-Fi 6E applications. The antenna proposed
in [26] reaches the dual broad bandwidths, considering using
3-D structure and engraving balanced slots to compromise the
integrity of the motherboard. The antennas proposed in [27]
and [28] realize the balance through decoupling with the
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Fig. 15. Measured and simulated efficiencies of the proposed antenna in the
mock-up full metal housing tablet computer.
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Fig. 16. Measured and simulated S;; of the proposed antenna in different
practical using cases. (a) Photograph of using case 1. (b) Photograph of using
case 2. (c) Photograph of using case 3. (d) Measured and simulated S;;.

ground and perform well in the isolation for MIMO. However,
they have a narrow bandwidth, which cannot satisfy the Wi-Fi
6E band. The antennas proposed in [29] use a T-shape trans-
former to transfer an unbalanced mode to a balanced mode,
requiring relatively large dimensions in the space. Besides, all
these antennas are working in free space or mobile terminal
devices with dielectric back cover. No cases of balanced
antennas in mobile terminals with full metal housing are found
in literature research. In this comparison, the proposed MNZ
segmented loop antenna realizes the largest relative bandwidth
among balanced antennas. Additionally, the proposed antenna
is the only one that operates in a tablet computer with full
metal housing.

To further illustrate the potential of the proposed antenna in
practical applications, the MNZ loop antennas are measured
in a real tablet computer with a full metal housing. In order
to recreate the application scenarios of the tablet, the antenna
is placed in the clearance space, covered by the original glass
screen, as depicted in the photographs shown in Fig. 17(a)
and (b). The measured S;; with efficiency is demonstrated
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TABLE I
COMPARISON OF THE PROPOSED ANTENNA AMONG BALANCED ANTENNAS

Ref STRUCTURE TYPE DIMENSIONS* -6dB Bandwidth Measured Antenna type Full metal
) (PLANAR/ 3D) (45°/45°) (GHz/ %) efficiency (%) P housing?

24-27/11.8

[20] 3D 25%x1.3%x0.24 S_6/18.1 >74 Folded loop No
0.82-0.98/18 s

[21] 3D 2.5%0.5x%0.19 17_24/34 >75 Folded slot No

[22] Planar 1.9 x0.80 339-3.61/63 >40 Monopole & slot No

[23] Planar 1.7 x1.48 34-3.6/5.7 >60 Open slot No

Transform from
[24] 3D 11 x0.18 x 0.77 33-3.8/14.1 >42 IFA to loop No
Pro. Planar 6.8 x 1.03 45-75/50 >70 MNZ loop Yes

* Using o” for planar structure while 4, for 3D structure.

**Efficiency is decreased to 25% and 29% when affected by the hand and head, respectively.

0 ‘Wi-Fi 6 Wi-Fi 6E .
e 3 O
; 7 > 4
9
=
2 -6
2
5 8
24 ' 1 1 _10 I i L
4 5 6 7 8 4 5 6 7 8

Frequency (GHz) Frequency (GHz)
() (d)

Fig. 17. Measured Sj; and efficiency of the proposed antenna in real
full metal housing tablet computer. (a) Photograph of the tablet computer
uncovered by the screen. (b) Photograph of the tablet computer covered by
the screen. (c) Measured Sj;. (d) Measured efficiency.

in Fig. 17(c) and (d), respectively. The measured —6-dB
bandwidth is 4-8 GHz, covering two Wi-Fi bands. The lower
frequency shift is because of the changes in the dielectric
environment. A glass screen spreads over the top view of the
proposed antenna, thus enabling the extension of the equivalent
electrical size. It leads to the operating band shifting to lower
frequency. As displayed in Fig. 17(d), the total efficiency keeps
larger than —5 dB. Despite the differences between the sim-
ulated and measured results in the mock-up samples, the test
results from the real tablet computers meet the requirements
for Wi-Fi communication in the industry. This suggests the
feasibility of simulating, designing, and testing antennas in a
mock-up environment, followed by their integration into real
all-metal casing tablets, which holds practical significance for
engineering guidance.

VI. CONCLUSION

In this article, we propose a balanced broadband antenna
designed for Wi-Fi 6/6E application in a tablet computer
with full metal housing. We study the implementation of
realizing multiple modes on the segmented loop antenna by

loading distributed capacitors and give a generalized approach
to design broadband MNZ loop antennas. Through a specific
case study, we successfully compress the 01"/15'/2"4/3™ modes
of the loop. By locating the proposed antenna in the scenario of
a mock-up tablet computer with full metal housing, we achieve
a broadband covering both 5 and 6 GHz of Wi-Fi 6/6E in a
full metal housing tablet computer. Additionally, benefiting
from the balanced structure, the proposed antenna exhibits
nearly identical performance and mode distributions under
different tablet sizes or affecting by hands. The experimental
results in the mock-up tablet computer validate the simulation
results, and the measured results in a real tablet computer
meet the requirements for Wi-Fi 6/6E wireless communication.
However, it should be noted that the proposed antenna has
a limitation. Due to the balanced modes that do not utilize
radiation assistance from the metal ground, its electrical size is
larger compared to traditional monopole and invert-F antennas.
These balanced modes exclude the influence of the users’
hands and head. With sufficient space, the proposed antenna
exhibits good performance, which can be applied to real tablet
computers. To overcome the limitation, several future works
should be undertaken. First, compressing the dimensions of
the propose antenna is necessary. Once it can fit into much
smaller clearance spaces, the proposed MNZ antenna will be
suitable for larger element number MIMO of mobile terminal
communication applications. Second, although the existing
isolations already meet the MIMO application requirements,
we can still increase these through decoupling theories. This
is highly beneficial for future integrated MIMO applications.
In conclusion, we confirm that the proposed multimode broad-
band antenna, together with the MNZ antenna design theory,
holds significant instructive value for the design of antennas
in terminal devices.
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