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ABSTRACT This paper presents an LTE MIMO closed slot antenna system for laptops with a metal cover.
Its main and auxiliary antennas have the same structure that measures 130 x 3 mm?. They are configured in
a manner of reflection symmetry on the display metallic ground plane and are 5 mm away from the hinge.
The distance between the two antennas is 20 mm, and the profile height of the MIMO antenna system
is only 3 mm. This LTE closed slot antenna is excited by an exciter of 30 x 3 mm? to cover the LTE
eight-band operation (LTE700/GSM850/900/1800/1900/UMTS/LTE2300/2500). The exciter is a simple
planar inverted-F antenna (PIFA) structure loaded with reactive matching elements, which can enhance the
impedance matching in the desired frequency bands. This LTE MIMO closed slot antenna system has good
isolation of at least 16 dB without adding any additional isolation elements. The measured antenna efficiency
of the MIMO antenna system is larger than 40% in the low-frequency band and 50% in the high-frequency
band, meeting the practical application requirements.

INDEX TERMS Laptop antennas, closed slot antennas, LTE MIMO antennas, ECC (envelope correlation

coefficient).

I. INTRODUCTION
With the popularity of the fourth-generation (4G) mobile
communication long-term evolution (LTE) technology and
the demand for fast wireless transmission rates, multiple-
input multiple-output (MIMO) systems have been widely
used in many mobile communication devices to respond to
today’s massive data transmission. In addition, thin portable
smart phones, tablets, or laptops with a fashionable appear-
ance of a metal cover and a high screen-to-body ratio are
a trend-setting mobile communication device. However, the
large screen-to-body ratio, metal back cover, and slim appear-
ance restrict the space allowed for antenna design. On the
basis of the above conditions, it is a serious challenge for
antenna researchers to configure in an internal-space-limited
metal-cover mobile communication device an LTE MIMO
antenna system with high isolation.

High transmission speed, light weight, thin appearance,
and fashionable metal texture of the cover are the features that
most consumers require nowadays when choosing mobile

The associate editor coordinating the review of this manuscript and
approving it for publication was Mohammad Tariqul Islam.

communications products. Therefore, the antenna features of
miniaturization, low profile, easy integration with the mobile
device’s metal frame, and multiband operation have been the
goals that antenna designers are pursuing. Among the anten-
nas revealed in recent years [1]-[12], the required operating
bandwidth has been covered mainly by adding multiple seg-
ments of metal branches [1], [2] or by exciting the resonant
modes of the slot structure [3], [4]. Moreover, matching cir-
cuits formed by chip capacitors and inductors have been used
to enhance the antenna bandwidth and reduce the antenna size
[5]-[8]. Other antennas have integrated metal covers or metal
frames as part of the radiation structure [9]-[14], including
using a slot structure with high-pass and low-pass matching
circuits to increase the bandwidth [9]-[12], using integrated
metal frames to form a loop structure [13], and using inte-
grated metal frames and metal ground planes to form a slot
structure [14]. With surrounding metals closely integrated, all
the structures adopted in [9]-[14] can effectively miniaturize
the antenna and reduce the antenna’s profile height. In the
above-mentioned antennas that can support LTE eight-band
operation, the minimum antenna profile height required is
still as large as 7 mm [9]-[12]. This large profile height
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severely limits the screen-to-body ratio that can be achieved
in a mobile communication device. Hence, for the purpose of
maximizing that ratio, it is worth our effort to further reduce
the antenna’s profile height. Moreover, the desired ratios of
the high modal frequencies to the low ones in [11] and [12]
were achieved by implementing meandered slots, which in
terms of aesthetic perception are less preferred than simple
straight slots.

TABLE 1. Comparison of the LTE MIMO antenna system for laptop
computer applications.

Ref. antenna size Strengths

width x length Weaknesses

1. Large antenna
size.

2. Isolation
components are
needed

1. Isolation

17 16 mm x29 mm | good isolation

2 mm x60 mm

1. Simple
antenna structure

component is
needed.
2. Isolation

with low profile

. . component size is
2. Good isolation P

larger than

antenna’s.
. 1. Antenna
1. Simple
performance may be
antenna structure downeraded by the
19 4 mm x84 mm 2. Good isolation 8 y U
. . . opening and closing.
without isolation .
component 2. Only suitable for
P specific styles.
1. Antenna
1. Simple performance may be
antenna structure | downgraded by the
20 3 mm x25 mm with low profile opening and closing.
2. Good isolation | 2. Only suitable for
specific styles.
1. Simple
antenna structure
proposed | 3 mm x130 mm with low profile Only suitable for

2. Good isolation
without isolation
component

specific styles.

In order to satisfy consumers’ demand for narrow-bezel
(or narrow-edge-frame) and metal-textured mobile communi-
cation devices, some recently introduced antennas have been
configured in the hinge slot region of a laptop computer
so that the laptop computer can have a large screen with
a full metal cover [15], [16]. Currently, in the design of
an LTE MIMO antenna system for laptop computers (refer
to Table 1 for comparison), a resonator in LTE700 and
LTE2300/2500 band is used to reduce the mutual coupling
between two adjacent antennas [17], and a T-type isolation
element is used to trap the ground-plane surface current
between the main and auxiliary antennas so that the mutual
coupling can be reduced [18]. Unfortunately, the isolation ele-
ments adopted in the above two cases occupy too much space
since their sizes are about the same as those of the antennas
themselves, and hence further improvement should be carried
out. In addition, there is also research for the MIMO antenna
system configured between the hinges [19], [20]. This type of
design is beneficial to the realization of an all-metal cover and
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can produce multiple frequency bands. In [19], the MIMO
antenna system is designed by connecting the metal hinges,
ground planes, and numerous properly configured metal con-
nectors to form several open and closed slots. Such a design
can only be realized with specific coordination of the mech-
anism’s appearance, and thus is limited in practical applica-
tion. In [20], the MIMO antenna system is configured in the
closed hinge-slot region of the laptop, and a metal sheet is
placed between the two antennas to optimize the isolation.
Because the system uses the exciter to excite the hinge-slot
modes, the antenna performance may be downgraded by the
coupling variation owing to multiple times of opening and
closing the laptop.

To solve the above issues, this paper proposes an LTE
MIMO closed slot antenna system that is configured on the
display ground plane and that can produce all LTE bands. The
salient features of this design are that only straight slots are
needed, the profile height of the antenna can reach a record
low of only 3 mm, and a high screen-to-body ratio can be
achieved. This closed slot antenna with 3 mm profile height
covering all LTE bands is the lowest-profile LTE antenna
structure design [9]-[12], [18]-[20]. In addition, no isolation
element is needed in the proposed design that is very suitable
for laptops with a metal cover.

FIGURE 1. Overall configuration of the proposed LTE MIMO antenna
system.

Il. PROPOSED MIMO ANTENNA SYSTEM DESIGN

A. MIMO ANTENNA SYSTEM STRUCTURE

Figure 1 shows the overall configuration of the proposed LTE
MIMO antenna system. As shown in the figure, the display
ground plane and keyboard ground plane of this design are
both 310 x 200 mm? in dimension. Such a dimension is
commonly seen in 14-inch laptops available on the market.
It is noteworthy that no conventional elongated hinge slot
exists between two ground planes, such as Surface Book 2,
Yoga 3 Pro and YOGA (€930, etc. The LTE MIMO antenna
system consists of two closed-slot antennas of the same size
and structure, with each slot measuring 130 mm in length
and 3 mm in width. The main and auxiliary antennas are
configured on the display ground plane with reflection sym-
metry. With a short distance of only 20 mm in between, they
are placed 5 mm away from the hinge, and 15 mm away
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from the two sides of the display ground plane. Although
no additional isolation element is included in the design,
a measured in-band isolation of larger 16 dB can be achieved,
as will be shown later. Here, the main and auxiliary antennas
are denoted by Ant 1 and Ant 2, respectively.

FIGURE 2. Structural details of Ant 1.

Because Ant 1 and Ant 2 have the same structure, only the
design mechanism of Ant 1 is explained here. Figure 2 shows
the detailed structure of Ant 1, which is a closed slot of
130 x 3 mm? with an exciter inside. The exciter is designed
to excite the resonant modes of the closed slot to produce
the required LTE frequency bands. This exciter is printed
on an FR4 substrate with a thickness of 0.4 mm and a size
of 30 x 3 mm?. The FR4 substrate, 41 mm away from
the right-end of the slot, has a relative dielectric constant
of 4.4 and a loss tangent of 0.02. This exciter is a planar
inverted-F antenna (PIFA) loaded with LC matching elements
that can effectively increase the matching bandwidth at low
and high bands. Point A in the figure is the feeding point of the
exciter, which is connected to the inner conductor of a 50-Q
mini coaxial line, while Point B is the grounding point linked
to the outer conductor of the coaxial cable, and point G is
the grounding point of the shorting segment. For impedance-
matching enhancement, a surface-mount chip inductor
(L = 2 nH) is inserted into the shorting segment, and a
surface-mount chip capacitor (C = 2 pF) is inserted into
the horizontal metal segment just to the right of the short-
ing segment. The inserted chip inductor can enhance the
impedance matching in both the low- and high-frequency
bands, whereas the inserted chip capacitor can increase the
operating bandwidth of the low-frequency band, so that the
eight LTE bands can be covered the detailed design mecha-
nism will be explained later.

FIGURE 3. Photographs of the proposed MIMO antenna system.

B. EXPERIMENT AND MEASUREMEMT RESULTS
Figures 3 and 4 show the photographs of the proposed MIMO
antenna system and Ant 1, respectively. Figure 5 shows
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FIGURE 4. Photograph of Ant 1.
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FIGURE 5. Simulated and measured S-parameters of the proposed LTE
MIMO antenna system.

the reasonably agreed measured and simulated S-parameters
of the proposed MIMO antenna system. For either simu-
lated or measured data, the impedance bands cover three
low bands (LTE700/GSM850/900) and five high bands
(GSM1800/1900/UMTS/LTE2300/2500). Here, the adopted
criterion for the impedance bands is the 6 dB return loss
(or, equivalently, the 3:1 standing-wave ratio), which is
widely applied to current mobile communications devices.
This LTE MIMO closed slot antenna system has a good mea-
sured isolation (|S12|) performance of at least 16 dB without
implementing any additional isolation element. The simu-
lation software used in this research was ANSYS HFSS®
(Version 15) [21]. It can be seen that there are some deviations
between the measured and simulated return loss, which may
be caused by the introduced coaxial cable in the experiment
and the discrepancies in the simulated and fabricated param-
eters of the FR4 substrate.

The above LTE eight-band operating frequencies are gen-
erated by four resonant modes contributed by closed slot:
Modes 1, 2, 3, and 4. For convenience, these modes are asso-
ciated with the dip frequencies of the reflection-coefficient
curves in figure 5. In the ascending sequence observed from
the simulated reflection coefficients for Ant 1, they occur
at 710 MHz (Mode 1), 910 MHz (Mode 2), 1840 MHz
(Mode 3), and 2600 MHz (Mode 4). Figure 6 demonstrates
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FIGURE 6. Simulated electric field distributions in the closed slot hosting
Ant 1 at 710, 910, 1840, 2600 MHz.

the simulated electric field distributions in the closed slot
for Ant 1 at these four frequencies. Obviously, the first two
modes are in half-wavelength resonance in the closed slot,
and the remaining two modes in full-wavelength resonance.

100 . . . .
S 80}
'
Q
£ o
]
=
= 40+
<
£
g 20} Antl Ant2
= Simulated = : = .
< Measured ——  —— )

0.5 1.0 1.5 2.0 2.5 3.0
Frequency (GHz)

FIGURE 7. Measured and simulated antenna efficiencies for Ant 1 and
Ant 2.
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FIGURE 8. Measured and simulated antenna gains for Ant 1 and Ant 2.

Figure 7 exhibits the measured and simulated antenna
efficiency obtained in the operating frequency bands of
this LTE MIMO antenna system. There are slight differ-
ence between the measured antenna efficiencies of Antl and
Ant2. It is probably owing to the tolerance associated with
the lumped circuit elements and FR4 circuit board in the
antenna fabrication. The measured efficiencies in the low-
and high-frequency bands are about 40~65% and 51~73%,
respectively, which are high enough for practical applica-
tions. Figure 8 shows the measured and simulated antenna
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FIGURE 9. Measured 3D radiation patterns of Ant 1.

FIGURE 10. Measured 3D radiation patterns of Ant 2.

gains of the Antl and Ant2. The measured antenna gain is
about 0.5~1.9 dBi in the low band, and 1.8~3.8 dBi in the
high band.

Figures 9 and 10 are the measured 3D radiation patterns
of Ant 1 and Ant 2 of the proposed MIMO antenna system,
respectively, at four different frequencies, 740, 890, 1940, and
2500 MHz, which are around the center frequencies of the
desired LTE700, GSM850/900, GSM1800/1900/UMTS, and
LTE2300/2500 bands, respectively. It can be observed from
the figures that the high-frequency radiation patterns have
more depressions than the low-frequency ones because field
distributions at high frequencies are more rapidly varied than
at low frequencies. In addition, no matter which pattern is
observed, the radiation in the +z direction is always stronger
than that in the —z direction mainly because the keyboard
ground plane acts partially as a reflector. Furthermore, the
patterns in figures 9 and 10 exhibit mutual reflection symme-
try with respect to the xz-plane, which is a reasonable result
because Ant 1 and Ant 2 are structurally the mirror image of
each other.

C. MIMO ANTENNA SYSTEM CHARACTERISTICS ANALYSIS
Apart from the isolation between Ant 1 and Ant 2, the enve-
lope correlation coefficient (ECC) between them is also
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an important parameter to examine for a MIMO antenna
system. In this study, the ECCs were calculated from the
complex 3D electric-field patterns of Ant 1 and Ant 2 [22].
Figure 11 shows the measured and simulated ECCs of the
proposed MIMO antenna system. As shown in the figure, the
measured and simulated ECC values in the LTE frequency
bands are all less than 0.2. Thus, it can be deduced that the two
antennas of the proposed LTE MIMO antenna system have
good channel independence.

FIGURE 11. Measured and simulated ECCs of the proposed MIMO
antenna system.

FIGURE 12. Surface current distributions on the ground plane at 740 and
2500 MHz when only Ant 1 or Ant 2 is excited.

To further understand the in-band interaction between
Ant 1 and Ant 2 of the proposed LTE MIMO antenna sys-
tem, we will study the ground-plane currents between the
two antennas at 740 and 2500 MHz. Figure 12 shows these
currents when only one of the two antennas is excited and
the other is silent. When Ant 1 is excited, the ground-plane
current circulates the closed slot of Ant 1, and no visible
horizontal ground-plane flows to Ant 2. Similar phenomenon
occurs when Ant 2 is excited. Therefore, it can be verified
that the LTE MIMO antenna system has good isolation per-
formance. It can be seen that the surface current distribu-
tions on the ground plane at 740 and 2500 MHz when only
Ant 1 or Ant 2 is excited are 1.0A and 2.0A type are known as
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FIGURE 13. Reference 1, Reference 2, and proposed exciter structures.
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FIGURE 14. Simulated return loss of the closed slot antenna for three
different exciters.

balanced types. Therefore, the proposed LTE MIMO antenna
system has good isolation performance.

D. PARAMETRIC STUDIES

To better understand the design mechanism of the proposed
LTE antenna, we will first carry out performance compar-
ison for the antenna with three different exciters: the pro-
posed, Reference 1, and Reference 2 exciters. The layout
patterns of the three exciters are given in figure 13. For the
Reference 1 exciter, no reactive chip elements are added in the
PIFA structure. For the Reference 2 exciter, the chip induc-
tor is embedded in the shorting segment. Figure 14 shows
simulated return losses of the slot antenna for the three
exciters. For the antenna with the Reference 1 exciter (no chip
elements), only Modes 2, 3, and 4 of the closed slot structure
are excited. They occur around 810, 1850, and 2630 MHz,
the first one of which is within the desired low-frequency
band and the last two of which are within the high-frequency
band. However, the in-band impedance matching is very
poor. When a 12 nH chip inductor is embedded in the
shorting segment of the Reference 1 exciter to form the
Reference 2 exciter, the impedance matching is greatly
enhanced in both bands. However, Mode 1 is still not excited,
the bandwidth associated with Mode 2 is not wide enough
to cover the desired low-frequency band, and the return loss
around 2100 MHz is still slightly smaller than 6 dB. Next,
with an additional chip capacitor of 2 pF inserted in the
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horizontal line segment of the Reference 2 exciter to form the
proposed exciter, Mode 1 is finally excited and the impedance
matching in the high-frequency band is further improved so
that both the desired low- and high-frequency bands can be
completely covered.
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FIGURE 15. Simulated return loss for three different slot length
parameters i.
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FIGURE 16. Simulated return loss for three different slot length
parameters j.

To further explore the operating mechanism of this LTE
antenna, we will study the effects of several relevant structural
parameters on the antenna performance. Figure 15 shows
simulated return losses of Ant 1 for three different slot
lengths, denoted by i. Here, the portion of the closed slot
to right of the exciter is fixed, and the left portion of the
slot is varied. The considered slot lengths are 135, 130, and
125 mm. As can be seen from the comparison figure, when
the length i is shortened from 135 to 125 mm, Mode 1
and Mode 3 tend to have higher resonant frequencies, thus
verifying that Modes 1 and 3 are the modes contributed by
the closed slot. On the contrary, if the left portion of the
slot is fixed and the right portion is varied, the slot length
for distinction purpose is denoted by j. The simulated return
losses for j = 120, 125, and 130 mm are shown in figure 16,
which indicates that when the slot is shortened from the
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right end, Mode 2 and Mode 4 contributed by the closed
slot tend to have higher resonant frequencies, thus verifying
that Modes 2 and 4 are also the modes contributed by the
closed slot. From the above results caused by the varia-
tions in the length parameters i and j, we have verified that
Modes 1~4 are all the resonant modes contributed by the
closed slot.
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FIGURE 17. Simulated return loss of Ant 1 for three different
parameters h.

Figure 17 presents simulated return losses of Ant 1 for
three different separations, denoted by 4, between the hinge
and the lower edge of the closed slot. With £ increases from
5 to 15 mm, its return loss does not change much, indicating
that the antenna performance is not sensitive to this parameter.
Nevertheless, the smallest one of # = 5 mm among the three
separations is chosen in the proposed design. The simulation
done on the effect of the separation & can provide a reference
for the practical configuration and application of the closed
slot antenna.

Next, the change of the gap p between Ant 1 and Ant 2 is
considered under the condition that the length of the closed
slot and the relative location of the exciter in the closed slot
are fixed. The increase of p leads to the decrease of the dis-
tance between Ant 1 (2) and the right (left) edge of the display
ground plane. Figure 18 shows simulated S-parameters of the
proposed MIMO antenna system for three different values
of p. When p decreases from 25 to 15 mm, the reflection-
coefficient curves remain almost unchanged, but the isolation
(|S12]) decreases. The smallest isolation in the low band drops
by about 2 dB, from 18 to 16 dB, and in the high band drops
by about 3 dB, from 16 to 13 dB.

IIl. PROPOSED MIMO ANTENNA SYSTEM
COMPATIBILITY ANALYSIS

A. STYDY ON COMPATIBILITY OF INTEGRATION

WITH PERIPHERAL METAL ELEMENTS

Besides the display and keyboard ground planes, some metal
components may also exist in commercially available laptops.
These metal components, such as a monitor to be integrated
on the display ground plane and printed circuit boards and
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FIGURE 18. Simulated S-parameters of the MIMO antenna system for
three different gaps between Ant 1 and Ant 2.

batteries to be integrated on the keyboard ground planes, may
affect the performance of the MIMO antenna system to some
degree. For the antenna system to be practical, its perfor-
mance should not be severely downgraded by the presence
of these metal components. Hence, it is worthwhile to check
the compatibility of these metal components with the antenna
system. Two cases are considered here: a metallic board of
310 x 180 x 3 mm?> on the display ground plane (denoted
by board-1 in figure 19(a)) and a metallic board of the same
size on the keyboard ground plane (denoted by board-2 in
figure 19(b)). In figure 19(a), the lower edge of metallic
board-1 aligns with the upper edge of the closed slots, and
in figure 19(b), the metallic board-2 on the keyboard ground
plane clings to the hinge.

Figure 20 shows simulated S-parameters of the proposed
LTE MMO antenna system with one of the two metallic
boards integrated. For comparison, result of the proposed
antenna system without an additional metallic board is also
given in this figure. It can be seen that the isolation is not
affected much by the added metallic boards. Although the
impedance matching around 1.85 and 2.6 GHz deteriorates,
the return loss stays above 6 dB in the whole high-frequency
band in the presence of a metallic board. On the other hand,
in the low-frequency band the smallest return loss occurring
around 0.8 GHz reduces to below the criterion of 6 dB in
the presence of metallic board-1. This is undesirable; yet, it
is still larger than 5 dB, which is very close to the desired
6 dB. For mobile antennas deployed in a laptop, the effi-
ciency is a very important parameter to examine to determine
whether a design is acceptable or not. Figure 21 shows the
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FIGURE 19. The structure of the proposed LTE MIMO antenna system
integrated with a metallic board on the (a) display ground plane and (b)
keyboard ground plane.
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FIGURE 20. Simulated S-parameters of the proposed MIMO antenna
system integrated with metallic boards.

corresponding simulated antenna efficiencies. Observe that in
the high-frequency band the antenna efficiencies, greater than
65%, are not changed much when a metallic board is added to
the proposed LTE MMO antenna system. Around 0.8 GHz,
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FIGURE 21. Simulated antenna efficiency of the proposed MIMO antenna
system integrated with metallic boards.

FIGURE 22. The LTE MIMO antenna system at three different laptop
opening angles.
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FIGURE 23. Simulated S-parameters of the proposed MIMO antenna
system for three different opening angles of the laptop.

the frequencies where the return loss drops below 6 dB,
the antenna efficiencies, whether with an additional metallic
board or not, are still larger than 59%. The antenna efficien-
cies drop below 50% only around the lower edge frequencies
of the low-frequency band. Nevertheless, the smallest one
is still larger than 45%, which is acceptable for practical
applications. In short, results shown in figures 20 and 21
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FIGURE 24. Simulated antenna efficiency of the proposed MIMO antenna
system for three different opening angles of the laptop.

indicate that the proposed MIMO antenna system has very
high integration compatibility.

B. CHARACTERISTICS OF MIMO ANTENNA SYSTEM AT
DIFFERENT LAPTOP OPENING ANGLES

At present, many commercially available laptop computers
can be used at different opening angles. In order to understand
the practicality of this design, three commonly used opening
angles of the laptop will be considered: 90° (the opening
angle set in the design process), 120° (a very commonly
used opening angle), and 300° (the opening angle frequently
used in the multi-user sharing mode), as shown in figure 22.
Figures 23 and 24 show simulated S-parameters and antenna
efficiencies, respectively, of the proposed LTE MMO antenna
system for these three laptop opening angles. As compared
with the performance at the opening angle of 90°, the
impedance matching at the opening angle of 300° deteriorates
in most of the low-frequency band and in a small region of
the high-frequency band, but with the return loss still greater
than 5 dB. Fortunately, the corresponding simulated antenna
efficiencies are still larger than 50%, implying that the pro-
posed LTE MIMO antenna system still has good antenna
performance under these three conditions.

IV. CONCLUSION

In this paper, a new LTE MIMO antenna system consisting
of two mirror-imaged slot antennas have been designed and
implemented on the display ground plane of a laptop com-
puter. Each slot measures only 3 mm in width, and is excited
by a PIFA structure with LC matching elements to support
the operations of eight bands, i.e., LTE700/GSM850/900/
1800/1900/UMTS/LTE2300/2500. With a small separation
of 20 mm between the two slot antennas, the measured in-
band isolation between them is already larger than 16 dB,
even without adding any isolation element. The antennas effi-
ciencies are larger than 40% and 50%, respectively, in both
the low- and high-frequency bands. This antenna system is
very suitable for implementation in laptop computers with a
metal cover and a large screen-to-body ratio.
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