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ABSTRACT In this paper, a reconfigurable metal rim antenna with a small clearance and compact structure
for 4G/5G smartphones is proposed. It consists of the system ground plane and a metal rim with two slits,
in which a U-shaped slot of 1 mm (the smallest) clearance is realized between the system ground and metal
rim. The theory of characteristic modes is applied to analyze the eigenmodes of the antenna so as to aid
the optimum design. The characteristic modes (CMs) in the band of interest are studied, and an inductive
coupling exciter is identified as the best since three CMs can therefore be generated in the lower frequency
band (0.69-0.96 GHz), and an SP4T switch can be utilized to increase the bandwidth of the whole lower band.
A prototype antenna of the optimized design was fabricated. A good agreement was obtained between the
measured and simulated results. The 6-dB frequency bands are the lower band (0.69-0.96 GHz), the middle
band (1.7- 2.7 GHz), and the higher 5G band (3.4- 3.6 GHz), respectively, and the total efficiencies are over
50% in all these frequency bands. They indicate that the antenna is a very good candidate for smartphone
applications.

INDEX TERMS Metal rim antenna, mobile antenna, reconfigurable antenna, small ground clearance, theory
of characteristic modes.

I. INTRODUCTION
With the rapid development of wireless communication tech-
nology [1], users are increasingly demanding high-end smart-
phones with many flagship features. Since the space available
for antennas is very limited in a smartphone, the all-metal rim
antenna with a high screen ratio, high data rates, and gorgeous
appearance, covers the 2G/3G/4G bands (0.69 – 0.96 GHz
and 1.7 – 2.7 GHz) and 5G band (3.4- 3.6 GHz) are very
attractive and competitive. However, the emergence of 5G
antennas has reduced the available space of the 4G antennas.
Besides, with the trend towards a larger high screen-to-body
ratio, the ground clearance referring to the no-ground portion
of the terminal becomes smaller. Therefore, designing ametal
rim antenna for 4G/5G bands with a small clearance between
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the metal rim and the ground plane is extremely challenging
and attractive.

Many interesting designs of meal rim antennas have been
developed by researchers. To obtain a good bandwidth and
efficiency, one common method is to transform the metal rim
into an antenna radiator. The metal frame can be divided into
two categories: one is the entire metal rim as the antenna
radiator [2], [3], [4], [5], [6], [7], and the other is a part of
the metal rim as the antenna radiator [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18]. In [2], the whole metal frame
was used as a radiator without any other antenna elements,
and an inductive coupling feeding source was employed to
cover the lower band from 0.8 GHz to 1.0 GHz and the
middle band from 1.7 GHz to 2.7 GHz, respectively. But this
design retained a large ground clearance of 15 mm between
the system ground plane and the metal frame. In contrast, the
designs in [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
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and [18] have utilized other techniques to design smartphone
antennas, such as loading lump elements [8], [9], [10], [14],
parasitic branches [10], [11], [15], [17], or distributed element
matching networks [12], [13], [16] into the clearance area
to obtain multi-band or wide broadband operation. In [9],
an L-shaped microstrip line was used as a capacitive cou-
pling feeding source to cover the lower band with a ground
clearance of 5 mm, while an L-shaped grounded branch
was employed to increase the bandwidth of the higher band.
In [12], [13], and [16], the proposed antennas can cover the
lower band (0.76-0.96 GHz) and middle band (1.7-2.7 GHz)
without any matching work. However, these methods need a
large clearance. It’s not suitable for full-screen smartphones
nowadays.

However, these designs do not cover the new 5G band
(e.g., 3.4 – 3.6 GHz). There are some metal rim antenna
designs for 5G smartphones, but most of them cannot cover
the 4G and 5G bands (0.69-0.96 GHz, 1.7- 2.9 GHz, and
3.4- 3.6 GHz) simultaneously. The antenna in [19] can cover
4G/5G bands, but the ground clearance was 10 mm, which
is too large to meet the antenna design requirement for the
full-screen smartphone. It is extremely important to ensure
the clearance is as small as possible in modern smartphone
designs. Therefore, a metal rim antenna with the smallest
clearance that can cover 4G/5G bands is in high demand and
is also the main objective of this research.

To conduct a comprehensive and systematic study of the
metal rim antenna so as to obtain the best design, the theory of
characteristic modes (TCM) has been used, which was intro-
duced by Harrington and Mautz in the 1970s [20], [21], and
recently, it has received significant attention for the design of
mobile phone antennas. TCM can provide a clear understand-
ing of the physical behaviour of the antenna and is becoming
an important method for analyzing theworkingmechanism of
the antenna. Some metal rim antenna designs using TCM as
a guideline for mobile terminal antennas have been reported
in [10], [22], [23], and [24]. In [24], the characteristic mode
(CM) of the metal rim has been analyzed for the lower band,
and it indicates that the metal rim modes can be used to cover
the bands below 1 GHz. Based on the TCM, a monopole
antenna as a capacitive coupling exciter has been integrated
into a full metal frame, while the higher band (1.7-2.7 GHz)
is achieved by printed multiple branches, but the ground
clearance is up to 11 mm. In [26], a lower band metal rim
antenna based on the TCM was proposed, and the clearance
was 2mm, but it only covered 0.82-0.97GHz. A further initial
study was reported in [27], covering the working frequency
of 0.85 to 0.96 GHz and 1.71-2.69 GHz. However, it does not
cover the whole lower band (0.69-0.96 GHz) and the higher
5G band (3.4-3.6 GHz).

In this paper, a comprehensive study is presented, and a
reconfigurable metal rim antenna with a small clearance for
4G/5G smartphones is proposed and studied by using the
TCM. According to the current distributions of CMs, two
slits are introduced at the upper part of the metal frame to
get a new CM in the lower band. Then an inductive coupling

FIGURE 1. Proposed reconfigurable metal rim antenna configuration
(a) 3D view of the metal rim antenna. (b) Detailed dimensions of the
proposed antenna. (c) Cross-section view (from the middle).

exciter is used to excite three resonant CMs of the ground
and metal rim. An SP4T switch is utilized to increase the
bandwidth of the lower band (0.69 - 0.96 GHz). The ground
clearance is only 1 mm between the metal rim and the system
ground, the smallest in the literature. Therefore, the proposed
metal rim antenna outperforms all other antennas and has the
potential to be utilized in the popular high screen-to-body
ratio smartphone applications.

II. DESIGN AND ANALYSIS OF THE PROPOSED ANTENNA
A. CONFIGURATION OF ANTENNA
Fig.1 shows the geometry of the proposed metal rim antenna.
As shown in Fig. 1(a), an FR4 substrate with a thickness of
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FIGURE 2. (a) The simplified model (unbroken metal rim). (b) MS in the
lower band.

0.8-mm, a dielectric constant of 4.4, and the loss tangent of
0.024 is served as a system printed circuit board (PCB) with
a dimension of 143 × 74 mm2. A metal frame surrounds
the substrate with a thickness of 0.8 mm and a height of
5 mm. A major portion of the metal rim is shorted to the
ground plane, thereby increasing the mechanical stability
and keeping the compact size of the antenna. A 1 mm-wide
U-shaped slot is located between themetal rim and the system
ground, while two symmetrical slits with a width of 2 mm are
opened at the upper part of the metal rim.

As illustrated in Fig. 1(b), the proposed reconfigurable
meal rim antenna mainly contains a SP4T switch, a feeding
network, and two slits at the upper part of the metal rim. A
50-� microstrip line is used to feed the metal rim directly.
The matching circuit and the SP4T switch are shown in the
dashed red box. The PCB is positioned at the centre of the
metal rim, as shown in Fig. 1(c). The electromagnetic solvers,
Altair FEKO and CST microwave studio (they have differ-
ent strengths), are utilized for characteristic mode analysis
(CMA), antenna design and parameter optimizations.

B. LOWER BAND ANALYSIS
In a narrow space surrounded by a floating metal frame,
it is a huge challenge to cover the entire frequency band
(2G/3G/4G/5G), especially in the lower band. The metal
frame around the phone will significantly affect the antenna
performance, such as bandwidth and radiation efficiency.
Therefore, the TCM has drawn increased interest in mobile
handset antenna design and has been employed to solve the
above problems. The TCM brings clearer insights into the
physical behaviour of an antenna by providing a framework
for analyzing the antenna structure without any feeding struc-
ture. From the TCM, the characteristic modes of an antenna
are only affected by its shape andmaterial and are irrelevant to
excitation. The detailed derivation of TCM and its application
can be found in [20], [21], and [28].

CMs can be defined by

X (Jn) = λnR(Jn) (1)

where λn is the eigenvalue associated with the nth mode and
Jn the eigenvector; R and X are the real and imaginary parts

of the impedance matrix, respectively. The mode will be a
resonant mode when λn is equal to 0.

The modal significance (MS) illustrates the ability of each
CM coupling with an external source. It is independent of the
external source and is an inherent property of the character-
istic modes. It can be described in the following equation:

MS =

∣∣∣∣ 1
1+ jλn

∣∣∣∣ (2)

When the MS is more than 1/
√
2 , the mode is considered to

be excited.
The current on a conductive surface excited by an exciter

can be expressed as a linear superposition of the normalized
eigencurrents as

J =
∑n

1
αnJn (3)

where αn denotes the modal weighting coefficient (MWC) of
the nth CM. The magnitude of αn presents the contribution of
the corresponding mode to the total antenna surface current,
and Jn represents its eigencurrent distribution. Where J is the
sum of eigencurrents (Jn). Furthermore, αn can be calculated
as

αn =
V ex
n

1+ jλn
(4)

αn is determined by the modal significance and the external
excitation V ex

n . Therefore, the feeding location of the source
and excitation method is crucial to the antenna design.

Fig. 2(a) shows the 3-D view of the simplified model.
An unbroken metal rim with the size of 143 × 74 × 5 mm3

is used for our initial analysis, and the gap between the metal
rim and the ground plane is 1 mm. The modal significances
are shown in Fig. 2(b). It is shown that Modes B1 and
B2 approach one at 0.84 GHz and 1.0 GHz, respectively.
To analyze the operating principle of the two modes, the
eigencurrents are shown in Fig. 3 at their respective resonant
frequencies. It can be seen that strong currents are around the
U-shaped slot in Fig. 3(a) and (b), identifying these as the slot
modes. Two current zeros appear in the centre of the short side
of the PCB and the metal frame. Therefore, Modes B1 and B2
are associated with the 1λ mode. It can also be observed that
Modes B1 and B2 have very similar current distributions. The
only difference is the current distribution at the lower part of
the structure. For Mode B1, the current is in phase at points
G and C, out of phase of the ground plane. But for Mode
B2, the current is out of phase at points G and C, in phase
on the ground plane. Therefore, only one resonance can be
generated when excitation is introduced.

Because of the similar characteristics, the feeding source
can be put at any place around the U-shaped slot. Here
we choose to place it close to the maximum current point
G, which means an inductive coupling feeding method is
introduced [29]. The result can be obtained by using CMA as
depicted in Fig. 4. The modal weighting coefficient (MWC)
is an important parameter for evaluating whether a CM is
effectively excited or not. As shown in Fig. 4(b), Mode B1
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FIGURE 3. Simulated eigencurrent distribution and normalized patterns
of the metal rim configuration. (a) Mode B1 at 0.84 GHz. (b) Mode B2 at
1.0 GHz.

FIGURE 4. (a) Configuration of the inductive exciter. (b) Magnitudes of
MWC after adding the exciter and the reflection coefficient.

and Mode B2 are excited simultaneously at 0.97 GHz with
different MWC magnitudes, which validate the aforemen-
tioned prediction. The current distributions at different phases
are shown in Fig. 5, and we can see that when the phase is
0 degree, it is similar to the eigencurrent Mode B1; when
the phase is 90 degrees, it looks the same as the eigencurrent
Mode B2. It can prove that Modes B1 and B2 are combined at
one resonance. However, the 6-dB bandwidth is very narrow,
only from 0.95 to 0.98 GHz, which does not meet the mobile
terminal requirement.

To increase the bandwidth [26] of the lower band, as shown
in Fig. 6(a), two slits at the minimum current position at the
upper part of the metal framewithout affectingModes B1 and
B2 are introduced. As shown in Fig. 6(b), a new Mode C1,
regarded as an open slot mode, at 0.8 GHz is generated in
the lower band. Modes C2 and C3 approach one at 0.84 GHz
and 1.0 GHz, respectively, which are very similar to Modes
B1 and B2. The eign-current distributions shown in Fig. 7
can also prove that. It can be easily found that Mode C1 has
different characteristics from Modes C2 and C3. The current
direction of Mode C1 is in phase around the U-shaped slot
and is 0.5λ. The radiation pattern of Mode C1 is orthogonal

FIGURE 5. Simulated total currents at 0.97 GHz. (a) Phase=0 degree.
(b) Phase=90 degree.

FIGURE 6. (a) Modified configuration. (b) MS in the lower band.

FIGURE 7. Simulated eigencurrents of the open two slits. (a) Mode C1 at
0.8 GHz. (b) Mode C2 at 0.84 GHz. (c) Mode C3 at 1.0 GHz.

to Modes C2 and C3, which can be utilized to design high
isolation MIMO antennas.

Apparently, Modes C1, C2 and C3 have similar current
distribution around the U-shaped slot. Therefore, an induc-
tive coupling feeding source located at the maximum cur-
rent position near point G is utilized to excite the three
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FIGURE 8. Configuration of the inductive exciter. (b) Magnitudes of MWC
and the reflection coefficient after adding the exciter.

FIGURE 9. Simulated total currents of the open slits configuration.
(a) 0.8 GHz. (b) 1.0 GHz.

modes simultaneously, as shown in Fig. 8(a). As depicted
in Fig. 8(b), compared to the original structure without open
slits, a new resonance is generated at 0.8 GHz. By observing
the MWC, we can find that the first resonance at 0.8 GHz is
combined by Mode C1 and Mode C2. The second resonance
at 1.0 GHz is mainly combined by Mode C2 and Mode C3.
Thus, Mode C1 and Mode C2 are excited simultaneously at
0.8 GHz, while Modes C2 and C3 are excited at 1.0 GHz.
Clearly, as shown in Fig. 9, the total current distribution and
eigencurrents are very similar, which verifies that Modes
C1, C2 and C3 are effectively excited. To get good lower
bandwidth, we optimized the length of Lb. As shown in
Fig. 10, when the feeding source is near grounded point G (at
maximum current position), the 6-dB bandwidth can roughly
cover the frequency band from 0.82 to 0.98 GHz.

C. EXCITATION AND WORKING PRINCIPLE
Inductive coupling and capacitive coupling are two meth-
ods to excite the CMs [29]. The capacitive coupling, called
electric excitation in this paper, is located at the minimum
current position (maximum electric field position). Inductive
coupling, called magnetic excitation in this paper, is always

FIGURE 10. Simulated reflection coefficient.

placed at the maximum current position (maximummagnetic
field position); electric-magnetic excitation is placed between
the maximum and minimum current position; The feeding
method mentioned in Section II-B is a magnetic excitation,
which can directly feed the metal rim without any match-
ing circuit [2], [3], [6], [17]. When the electric or electric-
magnetic feeding method is utilized for metal rim antenna
design, an L-shaped feeding line as the excitation is always
used to excite the metal rim mode [5], [7], [10], [13], [15],
[18]. And it can also be replaced by a capacitor in series
with the feeding line, which was used in this paper. The
feeding source is located at the corner of the PCB (unlike
Section II.B), which divides the U-slot into two parts.

In order to better understand the working principle of
the proposed metal rim antenna, the design evolution and
simulation working principle of each reference antenna is
given in Fig. 11. Ant-1 (feedline without C1), Ant-2 (feed-
line with C1), Ant-3 (including Ant-2, L2 and a high-pass
matching circuit). The simulated reflection coefficients for
the above three cases are shown in Fig. 12.

For Ant-1, three resonances are generated at the lower
band, the middle band, and the higher band, respectively.
Compared to Ant-1, Ant-2 has a new resonant mode gen-
erated at the lower band by using a capacitor C1. A new
resonant mode at 1.75 GHz can be generated by utilizing an
inductor L2, as shown in Fig. 11(c). After using a high-pass
matching circuit, the Ant-3 can generate two lower and three
higher resonances to cover the lower band (0.82 - 0.96 GHz),
the middle band (1.71 - 2.69 GHz), and the higher 5G band
(3.4 - 3.8 GHz). Fig. 13 shows the simulated input impedance
on the smith chart. It clearly shows the effect of the matching
network. This significantly widens the metal rim antenna’s
lower band bandwidth. The proposed reconfigurable metal
antenna, which adds a switch to cover the whole lower band,
is introduced in Section II-D.

Fig. 14 shows the simulated current distributions at the
corresponding resonant frequencies of 0.93, 1.75, 2.3, and
3.5 GHz in the proposed antenna. Fig.14(a) shows the current
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FIGURE 11. Configuration of reference antennas. (L1= 10 nH, L2= 5 nH,
C1= 3.3 pF, C2= 1.6 pF).

FIGURE 12. Simulated reflection coefficients for Ant-1, Ant-2 and Ant-3.

distribution along the U-shaped slot path. It is clearly seen
that the current along the path has two nulls, which means
the resonant mode at 0.93 GHz is a 1λ loop mode. Fig. 14(b)
and (c) show the current distribution along the path JQOKJ.
As analyzed in Section II-B, the path JQOKJ can be seen as
a small open slot. The resonant modes at 1.75 and 2.3 GHz
are slot mode (0.5λ) and open slot mode (1λ), respectively.
Fig. 14(d) shows the current mainly distributes in the right
metal loop JBCKJ, which generates a 1λ loop resonant mode
at 3.5 GHz. Based on the above analysis, we can get the fol-
lowing conclusions. The proposedmetal rim antennaworks at
1λ loop mode in the lower band. The matching circuit works
on the lower band to widen the bandwidth. In the middle and
higher band, the slot, open slot, and loop mode are excited.

It is necessary to understand how the design parameters
affect antenna performance. To optimize the antenna perfor-
mance, some important design parameters and their effects
are to be studied. Fig. 15(a) shows the effect of changing
the length of La. As the length of La (the right shorting end
distance) is reduced, the lower band is almost unchanged, and

FIGURE 13. Simulated input impedance on the Smith chart for Ant-1
(curve 1), Ant-2 with C1 (curve 2), Ant-2 with C1, L1 and L2 (curve 3), and
Ant-3 (curve 4).

FIGURE 14. Current distributions of the proposed antenna at
(a) 0.93 GHz, (b) 1.75 GHz (c) 2.3 GHz (d) 3.5 GHz.

the 5G higher band is shifted down. There is no significant
change in the middle band. Similarly, when the length of
Lb (the left shorting end distance) decreases, the middle and
higher bands keep stable, while the lower band is shifted up.
Another important parameter is the location of the inductor
L2. As shown in Fig. 15(c), it has a big effect on the middle
band. When the length of OQ increases, the resonant modes
are all affected. As the value of L2 increases, the lower and
higher bands keep stable, and only the second resonance
shifts down.

D. INCREASING THE BANDWIDTH FOR THE LOWER BAND
It is not easy to cover the whole lower band (0.69-0.96 GHz)
only using a part of the metal rim in a limited antenna clear-
ance of 1 mm. Therefore, the SP4T switch is introduced in
the design. The introduction of the SP4T switchwill make it
possible to tune the lower band resonant frequency by varying
the different channels.

The QPC8013Q used is a low loss and high isolation SP4T
switch with performance optimized for LTE and diversity
applications. It has four R.F. channels, RF1-RF4. Each chan-
nel has a capacitor in series with values of 0.4 pF (RF1),
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FIGURE 15. Effects of different parameters. (a) Length of La. (b) Length of Lb. (c) Location of inductor L2. (d) The value of L2.

FIGURE 16. The configuration of the SP4T switch.

0.6 pF (RF2), 0.8 pF (RF3), and 1.0 pF (RF4), as shown
in Fig. 16. The on/off state of each R.F. channel can be
controlled independently.

As shown in Fig. 17(a), the lower frequency bands are
shifting by updating the ON/OFF states of the switch, which
can enable the proposed antenna to cover 0.69-0.96 GHz.
Table 1 summarizes the obtained working frequency band

TABLE 1. Working frequency at different states.

of the proposed antenna with different states. The simulated
total efficiency is over 68%, as shown in Fig.17(b).

III. PERFORMANCE EVALUATION
A. FREE SPACE
The proposed reconfigurable metal rim antenna with small
clearance is fabricated and measured. As depicted in Fig. 18,
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FIGURE 17. Simulated results of proposed antenna for different states
when C1=3.3 pF. (a) The reflection coefficients. (b) The total efficiency.

by changing the channels, the measured 6-dB bandwidths
are 270 MHz (0.69-0.96 GHz), 1.2 GHz (1.7-2.9 GHz) and
0.4 GHz (3.4-3.8 GHz), which meets the 4G and 5G fre-
quency band requirements. Furthermore, themeasured results
are well-validated with the simulated ones, as shown in
Figs. 18 and 19. The differences between the measurement
and simulation ones are mainly due to fabrication tolerance.
As shown in Fig. 19, the measured total efficiency is over
50% for 4G and 5G bands.

As shown in Fig. 20, the simulated and measured normal-
ized radiation patterns in the three principal planes are in
good agreement. For the lower band, the radiation pattern
is near-omnidirectional. For the high-order resonant frequen-
cies (2.1 and 3.5 GHz), patterns with stronger radiation and
more nulls are observed.

B. EFFECTS OF HAND
Fig. 21 shows three different positions when holding the
metal rim, namely the top, middle and bottom positions to
represent the user’s typical hand behaviours. The relative

FIGURE 18. (a) Prototype of the proposed metal rim antenna and the
measurement setup. (b) Measured reflection coefficient results of the
proposed metal rim antenna at different states.

FIGURE 19. Measured total efficiency results of the proposed metal rim
antenna at different states.

permittivity and conductivity of the human hand model vary
with frequency, which has been given in [30]. Generally, the
hand of users reduces the total antenna efficiency. The total
efficiency of the hand model is shown in Fig. 22. When the
user’s hand is close to the metal rim antenna, efficiency drops
dramatically as expected. The main reason is that the human
hand is a lossy medium. It absorbs a considerable part of the
radiated power, leading to a lowQ-factor. This can be verified
by observing the efficiency.
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TABLE 2. Comparison between the proposed antennas and references.

FIGURE 20. Simulated and measured 2-D radiation patterns of the
proposed antenna. (a) 0.9 GHz. (b) 2.3 GHz. (c) 3.5 GHz.

C. COMPARISON
In order to evaluate the performance of the proposed antenna
with respect to available designs, the proposed antenna is
compared with recently published designs, as shown in
Table 2. The key parameters are the utilization rate of the
metal rim, the width of ground clearance, bandwidth, the
lower band, the 5G band, and total efficiencies in multiple

FIGURE 21. Configuration of hand-grip smartphone at different positions.

FIGURE 22. The simulated efficiency of hand grip at different positions
when C1 = 3.3 pF at state 1.

bands. From Table 1, we can find that the antenna proposed in
[4] is suitable for the metal frame and self-decoupled system,
but the LTE700 band is not covered. Besides, some antenna
systems are not suitable for full-screen metal-frame smart-
phones because of the large ground clearance. The proposed
antenna not only has the ability to cover the 2G/3G/4G bands
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but can also meet the sub-6 GHz spectrum of the 5G band.
Furthermore, the proposed antenna has a compact, simple
structure and does not need large ground

clearance. The limitation of this design needs to use some
lump elements and a switch to cover the whole frequency
band, which affects the efficiency. However, it still meets the
requirement of the full-screen 5G smartphone antenna design.

IV. CONCLUSION
In this paper, a reconfigurable metal rim antenna with the
smallest clearance of 1 mm for 4G/5G smartphone appli-
cations has been proposed, fabricated, and measured. The
proposed antenna was developed through a comprehensive
study of TCM and is optimized for the best performance
with the smallest clearance and compact size. The metal
rim modes with an inductive coupling excitation have been
excited. A SP4T switch has been employed to cover the lower
band from 0.69 to 0.96 GHz. By employing these arrange-
ments, as demonstrated by the simulation and measurement
results, the proposed antenna can cover not only 2G/3G/4G
bands (including LTE700, GSM850, GSM 900, DCS, PCS,
UMTS2100, LTE2300, and LTE2500) but also 5G bands
(3.4- 3.8 GHz). Therefore, the proposed metal rim antenna
design is a very good candidate for 5G smartphones and
mobile devices.
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