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Abstract — A novel multi-mode narrow-frame antenna is
presented for 4G/5G metal-rimmed mobile phones in
this paper. The proposed antenna is constituted by a
monopole antenna and a coupling strip, which is printed
on FR4 substrate with thickness of 0.8 mm. The overall
area occupied by the antenna is only 60 x 10.4 mm?,
which can be used as a promising narrow-frame antenna.
The simulated results shows that the return loss of the
antenna can provide four operating bandwidths of 822—
961 (band 1), 1697-3075 (band 2), 3280-3835 (band 3)
and 4475-5050 MHz (band 4), which respectively cover
824-960, 1710-2690, 3300-3600 and 4800-5000 MHz
in 4G/5G communication systems. In order to verify the
accuracy of theoretical analysis and simulated results,
the proposed antenna is fabricated and measured. The
experimental results are basically consistent with the
simulated results, suggesting that the presented antenna
has attractive performance for mobile phones.

Index Terms — Frame antenna, metal rim, multi-mode,
nona-band operation.

I. INTRODUCTION

As the radio access technologies develop rapidly, an
increasing number of portable devices can support the
LTE function [1-2], especially metal-framed smartphones
have evolved into fashionable and popular products for
consumers [3—4]. Nevertheless, the metal characteristics
of the bezel of the smartphone affect the internal
antenna’s performance to a certain extent. Recently,
designing the metal frame of a mobile phone with a novel
structure has become the key to solving the problem.
In [5-6], grounded patches and gaps are utilized to
compensate for the performance loss due to the antenna
being mounted internally. A novel method which takes
part or the whole of the metal rim as antenna elements
is proposed in [7-9] to simplify the antenna design.
Although these antennas based on metal rim have been
successfully implemented, none of them cover the entire

Submitted On: March 6, 2020
Accepted On: May 24, 2020

4G/5G frequency bands.

The 5G operating license of domestic mobile phones
was promulgated and thLe band division of a new
generation of mobile communication was defined by
China's Ministry of Industry and Information Technology
in November 2017 [10]. The 3300-3600 MHz and 4800~
5000 MHz bands are set as 5G wireless communication
frequency bands. At the same time, some innovative 5G
technologies are also proposed in other countries to
obtain faster transmission rates [11-12]. Therefore, the
antenna with high-performance and narrow-frame can be
applied to 5G wireless communications.

In recent years, a variety of methods are employed
to design antenna for 4G/5G mobile phones. On the basis
of loop antenna structure, the frame antennas are designed
in [13-17], but amounts of inductors and capacitors
are used which markedly increase these antennas’
complexity. In [18], a dual-band eight-antenna array is
proposed for multiple input and multiple output (MIMO)
applications in 5G mobile terminals. But, it cannot
fully satisfy the requirement of 4G/5G multiband
communications. In [19], a hybrid antenna is designed
for 4G/5G MIMO application, which is made up of two
antenna modules, namely 4G and 5G antenna modules.
However, it is difficult for such a hybrid antenna to
miniaturize a mobile phone antenna. Four MIMO
antennas are also designed in [20-23], and the
metamaterial structures are introduced to reduce the
coupling between the antenna element, but the decoupling
structures are not conducive to the low profile and
miniaturization of the antenna.

In this paper, the characteristics of multi-mode,
ultra-wideband and multi-band are integrated into an
antenna which applied in the 4G/5G fields. Furthermore,
the designed antenna has compact structure without any
lumped elements. The wider bandwidth is also easily
achieved by using an I-shaped feeding strip and a
stereoscopic coupled grounding strip, which are printed
on the back side of the substrate as a part of mobile phone
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shells.

Il. STRUCTURE AND DESIGN OF THE
PROPOSED ANTENNA

2.1. Structure of Antenna

The complete geometry of the proposed antenna is
shown in Fig. 1. As plotted in Fig. 1 (a), a 0.8 mm thick
FR4 substrate which has a relative permittivity of 4.4 and
a loss tangent of 0.02 is utilized as the mobile phone
housing. The housing has a volume of 120 x 60 x 5 mm?,
and a ground plane with the size of 109.6 x 60 mm?is
printed on the housing. A 50 Q mini coaxial line which
is connected to the feeding point (Point A) and the PCB
grounding point (Point C), is employed to excite the
antenna.

0.8-mm thick FR4 substrate
7 as mobile phone housing —
o (120x60XxBmmY)

A: Feeding point
B: Shorting point
C: Grounding point

(b)

Fig. 1. (a) Configuration of proposed antenna. (b) Detail
dimensions of the antenna modules (Unit: mm).

As can be seen in Fig. 1 (a), the three-branch
coupled parasitic ground strip (including a long branch
and two short branches) and several tuning stubs are used
to excite the multiple modes which work at band 1 and
band 2. The two bands can cover the 824 - 960 MHz and
1710 - 2690 MHz bands effectively. That shown in Fig.
1 (b) is the proposed antenna with detailed dimensions.
In addition, the I-shape driven strip and a rectangular slot
are used to excite the multiple modes which work at band
3 and band 4. The two bands can cover the 3300-3600
MHz and 4800-5000 MHz bands effectively. The
working mechanism of the proposed antenna is analyzed
in detail in the section 2.2.
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2.2 Antenna Design and Analysis
A. Slotted loading method for the high band

In this section, the S;1 and the evolution processes
for different antennas are investigated to clearly explain
the operating mechanism and design procedure of the
proposed antenna. As illustrated in Fig. 2 (a), a ground
clearance of 60 x 10.4 mm? is reserved for the band 3
and band 4. An I-shape strip (Antl) is introduced as the
monopole antenna. As shown in Fig. 2 (c), Antl creates
two 0.254 resonant modes respectively around 3500
MHz and 2100 MHz. The rectangular slot with 1 mm
width is inserted between points D and E (Ant2) to widen
the bandwidth of band 3 and band 4, which improves
the impedance matching through capacity coupling and
creates a 0.252 resonant mode at around 4850 MHz.
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Fig. 2. Comparison of Antl, Ant2 and simulated Sy;. (a)
Antl, (b) Ant2, and (c) Simulated Si;.

For Ant2, bandwidths of 14.6% (3180-3680 MHz)
and 8.6% (4680-5100 MHz) are obtained, which can
meet the requirements for 5G mobile phones.
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B. Technologies for the low band

According to the above analysis in section 2.2A,
Ant2 can cover 3300-3600 MHz and 4800-5000 MHz.
This antenna cannot cover 824-960 MHz and 1710-
2690 MHz from Fig. 2 (c). An effective solution is
introduced to merge multiple modes through utilizing
multiple strips. Here, we will introduce the evolution
process in order to cover the low band. In Figs. 3 (a)—(c),
there are three types of configuration, which represent
three important states during the evolution. The
corresponding simulated Si1 is also given in Fig. 3 (d).

/{ U-shape branch

(@)

Coupling branch

Tuning stubl

L-shape branch

s,,(dB)

-30 - —e— Proposed antenna

1 1 1 1 1

1 1 1 1
06 1.0 15 20 25 30 35 40 45 50
Frequency (GHz)

(d)

Fig. 3. Comparison of An3, Ant4, proposed antenna and
simulated Sii: (a) Ant3, (b) Ant4, (c) the proposed
antenna, and (d) simulated Si;.
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As shown in Fig. 3 (a), a U-shape branch is inserted
into Ant2 to form Ant3. The U-shape branch is disposed
on the right side of the system ground plane, the length
of which is 84.1 mm. Ant3 creates a 0.254 resonant mode
at around 850 MHz. In order to broaden the bandwidth
of the band 1, a coupling branch is added to Ant3 to form
Ant4, as shown in Fig. 3 (b). Thus, the resonance point
at 850 MHz is shifted to 900 MHz, and its bandwidth is
820-973 MHz. To obtain a characteristic of broadband
which coverage in the 1710 MHz frequency band, an L-
shape branch and two tuning stubs are inserted into Ant4
to form the proposed antenna. As illustrated in Fig. 3 (d),
by inserting the L-shape branch and two tuning stubs, the
band 2 is enhanced. The simulated results show that the
S11 of the frequency band 1700-3061 MHz is less than -
6 dB. So, the proposed antenna can cover LTE/WWAN
(4G) bands.

The antenna configuration is modeled by HFSS full-
wave simulator and optimized design parameters are
listed in Table 1.

Table 1: Geometric parameters of the proposed antenna
(Unit: mm)

Parameter Value Parameter Value
W 60.0 Hi 38.4
L 120.0 H> 2.0
H 5.0 Hs 1.8
Wi 50.8 Ws 20.2
W, 29.8 Ws 9.5
Ws 10.0 W- 9.2
Ly 10.4 Le 4.0
L, 9.4 L; 3.0
L3 4.7 Ha 11.2
W, 16.0 Hs 1.0
L4 4.5 Ls 5.0
Ls 7.4 Lo 3.0

C. Operating principle

The surface current distributions of the proposed
antenna at 900, 1800, 2400, 3350 and 4800 MHz are
simulated as depicted in Figs. 4 (a)—(e). As shown in Fig.
4 (a), the strong surface current distributions at U-shape
branch, attribute to the length of U-shape branch is
85.6 mm, which corresponds to about 0.254 at 900 MHz.
Figure 4 (b) plots that the surface current at the 1800
MHz is mainly distributed on U-shape branch and
coupling branch, which infers that the coupling branch
generates a lower-frequency resonant mode around 1800
MHz. In Fig. 4 (c), it can be seen that the surface currents
concentrate upon L-shape branch and I-shape driven
strip. Figure 4 (d) shows that strong current flows along
the I-shape driven strip, which demonstrates that driven
strip can provide a 0.251 resonant mode at about
3350 MHz. Furthermore, the simulated surface current
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distribution excited at 4800 MHz is illustrated in Fig. 4
(e), in which intense and uniform current distributions
can be observed around the rectangular slot. In addition,
it can be confirmed from Fig. 4 (e) that the higher-
frequency resonant mode at about 4800 MHz is mainly
contributed to the rectangular slot of the system ground
plane, owing to the path (length 18.4 mm) corresponding
to about 0.254 at 4800 MHz.

85.6 mm.
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Fig. 4. Simulated surface current distributions at: (a) 900
MHz, (b) 1800 MHz, (c) 2400 MHz, (d) 3350 MHz, and
(e) 4800 MHz.
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Fig. 5. Effects of the rectangular slot on input impedance.
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The rectangular slot has a positive effect on the
impedance matching of the proposed antenna in band 4.
Figure 5 shows the input impedances with and without
the rectangular slot. In band 4, the addition of the
rectangular slot decreases the reactance to improve the
impedance matching. Therefore, the bandwidth of the
band 4 is widely enlarged, covering the 4680-5050 MHz
band.

D. Parametric study

In the design of this antenna, changing the length of
Ws and W1 respectively, the corresponding effects on the
resonant mode are depicted at Fig. 6 and Fig. 7. When
the length Ws varies from 17.7 to 22.7 mm, it can be seen
from Fig. 6 that the change of antenna’s bandwidth is
relatively remarkable in band 2 and band 3.

—=— W5=17.7mm
0 —— W5=20.2mm (Proposed)
N —— W5=22.7mm s
i

s,,(dB)

20

230

1 1 1 1 .| 1 1 1

1
06 10 15 2.0 25 3.0 35 4.0 45 5.0
Frequency (GHz)

Fig. 6. Simulated Si; as a function of the length Ws.

Figure 7 shows the simulated S1; as a function of the
length W, of the U-shape branch. It can be seen from
Fig. 7 that when the value of Wy increases, the antenna
bandwidth becomes narrower in band 1. This indicates
that the length of the U-shape branch is an important
parameter of the designed antenna.
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—— W1=50.8mm (Proposed) \ﬁ
LY
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Fig. 7. Simulated Si; as a function of the length Wi.
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I11. EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 8 shows the fabricated prototype of the
proposed antenna, which is excited by a 50 Q mini
coaxial line. What was used for testing the S-parameters
is an Agilent N5247A vector network analyzer. Figure 9
presents the measured results of Si1, which is consistent
with the simulated results. The measured bandwidths
are 822-961 MHz, 1697-3075 MHz, 3280-3835 MHz
and 4475-5050 MHz, respectively, and they can cover
824-960 MHz, 1710-2690 MHz, 3300-3600 MHz and
4800-5000 MHz which is widely used as the design
specification for 4G/5G mobile antennas.

back view

L 9 gl pna e

2L 1 0L

front view front view

@ (b)

Fig. 8. Photographs of the fabricated antenna. (a) Overall
view and (b) enlarged view.
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Fig. 9. Comparison between the measured and simulated
S11 of the proposed antenna.

Figure 10 shows the 2-D radiation patterns of the
fabricated prototype at 900, 2400, 3350 and 4800 MHz.
As shown in the placement direction of the antenna in
Fig. 1, the copol (Ee) and cross-pol (Ey) in the xoy, yoz
and zox-planes are simulated and measured, and it can
be concluded from Fig. 10, the Eo varies smoothly in
yoz-plane, which is beneficial to actual smartphone
applications.

Figure 11 shows the simulated and measured results
of the gain and efficiency. It can be concluded from Fig.
11 that the measured results are basically consistent with
the simulated results. At the 4G frequency bands, the
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measured antenna’'s gain is around 3.2 dBi, and the
measured radiation efficiency varies from 51% to 70%
measured. In the 5G frequency bands, the measured
gain fluctuates from 2.5 dBi to 3.1 dBi. Meanwhile, the
efficiency of the proposed antenna fluctuates from
53% to 61%, which can satisfy the requirement of
wireless communication for mobile devices. In addition,
a comparison between the proposed antenna and the
typical reported mobile phones according to the
dimensions, frequency bands, bandwidth, and efficiency
is shown in Table 2. Thus it can be concluded that the
proposed antenna is more suited to 4G/5G metal-rimmed
mobile phones.
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Fig. 10. Simulated and measured 2-D radiation patterns
at: (a) 900 MHz, (b) 2400 MHz, (c) 3350 MHz, and (d)
4800 MHz.
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Fig. 11. Simulated and measured gain and efficiency of
the proposed antenna: (a) 4G and (b) 5G.

V. CONCLUSION

A novel multi-mode narrow-frame antenna for
4G/5G metal-rimmed mobile phone is proposed in this
paper. The proposed antenna with compact size of 10.4
x 60 mm? is integrated on a metal-rimmed mobile phone
with size of 120 x 60 x 5 mm?, which meet the volume
requirements of handheld terminals. The bandwidth of
the antenna is widened by using meander technologies
for the operating band of 822-961 MHz, 1697-3075
MHz which can cover 824-960 MHz, 1710-2690 MHz.
The bands of 3280-3835 MHz, 4475-5050 MHz are
obtained by slotted loading method which can cover
3300-3600 MHz, 4800-5000 MHz. Therefore, this
antenna can satisfy the requirements for smartphone
systems without matching circuits or lumped elements.

Table 2: Comparison of proposed antenna and reference antennas

Reference| Dimension (mm?®) | Frequency Band Bandwidth (MHz) Gain (dBi) Efficiency (%0)
[1] 72%6.5%5.8 Octa-band 700-1030/1700-2690 1.56/2.38 >46.5/45.5-81.75
[3] 70%9x5 Octa-band 704-960/1700-2830 0.2-2.49/1.18-4.24 | 44-75/43-76
[7] 71x5x6 Hepta-band 800-1000/1700-2780 /- 62-85.7/66.9-91
[9] 71.6x10x5 Hepta-band 801-1002/1695-3000 0.7-3.4/2.0-5.0 31-38/42-69
[10] 27x10.8x0.8 Deca-band 685-960/1710-2170/3288-3613 1.4-25 40-65/60-92
[16] 120x70x6 Octa-band 675-1050/1600-2800 0-2.1/1.6-3.6  |52.7-78.7/45.6-81
[17] 72x8x5 Hepta-band 824-960/1710-2690 0.98-2.1/2.45-5.1 41-48/49-76
[18] 140x70x1 di-band 3300-3600/5150-5925 —- 51-59/62-80
[20] 100x60x0.5 di-band 2500-2700/3400-3600 - 72-88/53-68

822-961/1697-3075/

Proposed 60x10.4x5 Nona-band 3280-3835/4475-5050 3.4/25-3.1 51-70/53-61
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