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ABSTRACT This paper introduces a multi-resonance feed structure to control the input impedance for
achieving a dual wide-impedance bandwidth technology. According to the simulation, the bandwidth of
the proposed antenna structure was approximately 330 MHz with the lower band (ranging from 670 MHz
to 1000 MHz) and 1210 MHz with the higher band (ranging from 1670 MHz to 2880 MHz) under a
3:1 voltage standing wave ratio. Moreover, the average efficiency was significantly increased from 26.6%
(reference) to 46.5% (proposed) at the lower band (ranging from 550 MHz to 1020 MHz) and even higher
at the higher band, increasing from 15.5% (reference) to 61.2% (proposed) (ranging from 1400 MHz
to 3000 MHz). The radiation pattern also showed satisfactory antenna radiation performance. This proposed
technology has the advantage of achieving input impedance matching more easily and covers most fifth-
generation (5G) NR operating bands in FR1 (nl, n3, n5, n8, n25, n30, n41, n66), indicating its promising

application to 5G communication.

INDEX TERMS Impedance matching, wideband, coupling, 5G communication, antenna feeds.

I. INTRODUCTION

Over the past several years, the increased penetration of
mobile communication into more aspects of life has greatly
changed people’s lives and communication abilities. The
convenience of 4G technology has already solved the problem
of communication anytime and anywhere [1]. At the same
time, with the rapid development of the mobile Internet, new
businesses and services continue to be produced, and mobile
data traffic is also growing rapidly. It may be difficult for 4G
communication systems to meet the increasing demand for
mobile data traffic [2]. To address both concerns, the devel-
opment of the fifth-generation (5G) mobile communication
technology has become a focus for many researchers [3],
[4], [5], [6], [7]. In particular, the sub-6GHz antenna design
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has been popularly studied for mobile devices to solve the
target of diffraction ability and coverage effect for sub-
6 GHz; there are more and more requirements for 5G
communication wide band technology [8], [9], [10], [11],
[12], [13], [14], [15]. In the meantime, the demand for the
miniaturization of mobile devices is also increasing, which
means area constraints for the antenna continue to rise.
However, the antenna performance and bandwidth decrease
as the antenna’s physical area shrinks [16], [17]. As a
result, over the past several decades, the development of
high-efficiency, wide-bandwidth, and miniature antennas has
played an important role in mobile device communication
development [18], [19], [20].

In previous studies investigating wide-bandwidth tech-
nologies, the methods of increasing the dual impedance band-
width can be approximately divided into two approaches.
The most common way is to use the multi-resonance antenna
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feed structure for exciting the antenna to achieve multiband
operation [21], [22]. Enhanced dual-band impedance band-
width can be realized using a series-resonance feed structure
with two series resonators [23]. In [24], [25], and [26],
these studies are mainly applied to the efficiency of multi-
resonance antenna feed structures. This kind of method
is mainly used to control the input impedance matching
of the antenna by adjusting the ratio of inductance and
capacitance in the feed structure to realize the wideband
technology. Another class of methods uses other structures;
for example, a dual-band branch-line coupler structure has
been proposed with operating frequencies of 0.9 GHz to
2.0 GHz [27]. Controlling the characteristic mode of the
metal rim can also enhance the antenna bandwidth and
performance [28], [29]. Additionally, a micro-strip feed
monopole antenna design method can achieve wideband
performance [30]. In addition, antenna design using the
characteristic mode of the printed circuit board (PCB) can
also realize wideband antenna technology [31], [32], [33],
[34], [35], [36], [37]. These approaches have been influential
in the field of wideband antenna design recently. However,
they often occupy excessive physical space on the PCB or
impose specific requirements for the physical location of the
antenna design, making it difficult to achieve the goal of
antenna miniaturization. Consequently, this paper focuses on
improving the multi-resonance antenna feed structure method
to establish a novel multi-resonance feed structure and control
the input impedance of the dual-impedance bandwidth more
conveniently and distinctly.

In this paper, we used the multi-resonance feeding structure
to control the antenna input impedance to achieve the dual
wide impedance bandwidth technology for 5G communi-
cation applications. We used the proposed multi-resonance
feeding structure with a series capacitor to control the
coupling performance with the lower and higher dual bands.
Here, a parallel capacitor mainly controlled the resonance
frequency of the lower band, and a shunt capacitor controlled
the resonance frequency of the higher band to achieve the
proposed antenna input impedance matching. The proposed
antenna was designed in the PCB and achieved the bandwidth
at a low frequency of 330 MHz (ranging from 670 MHz
to 1000 MHz) and a high frequency of 1210 MHz (ranging
from 1670 MHz to 2880 MHz) under a 3:1 voltage
standing wave ratio. The measurement results also showed
satisfactory performance with a bandwidth of 354 MHz
(ranging from 664 MHz to 1018 MHz) in the lower band
and a bandwidth of 1490 MHz (ranging from 1390 MHz
to 2880 MHz) in the higher band under a 3:1 voltage standing
wave ratio. Additionally, the average efficiency increased
from 26.6% (reference) to 46.5% (proposed) in the lower
band at 670 MHz to 1020 MHz and from 15.5% (reference)
to 61.2% (proposed) in the higher band at 1400 MHz
to 3000 MHz. This covers the target frequency bands of 5G
NR FR1, where most operating bands have frequencies of
690-960 MHz (n5, n8, n12) or 1690-2690 MHz (nl, n3, n7,
n30, n34, n41). The proposed antenna has a wider bandwidth
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FIGURE 1. Geometries of the (a) reference and proposed ground planes.
(b) The feeding structure of the reference and the proposed antenna.

and better efficiency compared to antennas operating in the
same frequency bands as those in previous studies. It also
allows for easier manipulation of the impedance matching.
It is worth noting that the proposed technology can be applied
to different scenarios including different evaluation board
sizes, materials, and feeding structure sizes. This proposed
technology has strong prospects in the development of 5G
communication applications.

Il. ANTENNA DESIGN

The geometries of the reference antenna and proposed
antenna are set on a 120 mm X 55 mm X 1 mm PCB on a
frame retardant type 4 (FR-4) substrate (¢, = 4.4, tané =
0.02) as shown in Figure 1. The size of the ground plane
is 110 mm X 55 mm with a clearance of 10 mm X
55 mm at the top of the board used for the antenna
design. The width of the main radiator and branch line in
this simulation operation is set to 0.5 mm. The antenna
comprises a proposed feeding structure that determines input
impedance matching, an antenna element (simple quarter-
wavelength type), and a branch line that determines the
antenna’s lower band and higher band resonance frequency.
The reference antenna feeding structure with a size of
3.5 mm X 6.0 mm and a series with a chip inductor L¢ (4
nH) with only one loop current, i.e., the same as the planar
inverted-F antenna (PIFA), were used to achieve the reference
antenna input impedance matching. The proposed antenna
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FIGURE 2. (a) Diagrammatic sketch of the proposed antenna structure,
resonance loop (radiator element including the main radiator and branch
line), and ground plane. (b) Simplified reference and proposed antenna
feeding structures. (c) Simulated surface current distributions with the
proposed antenna.

used a 3.5 mm X 7.5 mm feed structure. The feeding point
with a series chip capacitor Cy (4.2 pF), shunt chip capacitors
C, (1.9 pF), and parallel chip capacitor C; (0.8 pF) were used
for the proposed antenna input impedance matching. The
reference and proposed antennas were designed and analyzed
using the simulation software Ansys HFSS. Notably, the
proposed technology can be applied to different scenarios,
including evaluation board sizes, materials, and feeding
structure sizes.

Figure 2. (a) shows the diagrammatic sketch circuit model
of the antenna elements and ground plane as an equivalent
series RLC circuit composed of Ry, Lg, and C,. Figure 2. (b)
shows the simplified reference and proposed antenna feeding
structures; it can be seen that the proposed antenna feeding
structure has more circuit loops than the reference antenna
feeding structure. The lower band impedance matching
between Loop 1 and Loop 2 in the two-port impedance [Z]
matrix can be expressed as [16], [38], and [42]:

j(a)LLoopl - %)

j a)LLoop 1

j a)LLoopl

j(wLL00p2 - chv)

Loop 1 consists of the shorting pin, the series chip capacitor
(Cy), the parallel chip capacitor (Cy), and the feeding point.
Loop 2 is composed of the shorting pin, and the parallel
chip capacitor (C;). Loop 1, Loop 2, and the main radiator
set that achieves the antenna lower band wideband operating

[Z] = (D
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FIGURE 3. Simulated results of the reference and proposed antennas.
(a) Reflection coefficient, and (b) Input impedance loci in the Smith chart.

technology. The impedance matching using Z11, Z12, and Z»»
between Loop 3 and Loop 4 with the higher band in the two-
port impedance can be expressed as [42]:

2

Z
Zin =211 — ==
Zn
_ 1 (wLc;)*
=] wLLOOP3_w(C) -7 |
a J (CULLoop4 - m)

(@)

in Egs. (1) and (2), components Ljyp, are the inductances of
Loopl1-4 in the feeding structure, where Lc; is the impedance
of the shorting series capacitor (Cy) line. The Loop 3 current
consists of the shorting pin and the chip capacitor (C,),
and the Loop 4 current consists of the series capacitor
(Cy) and the chip capacitor (C,). Figure 2. (c) shows the
surface current distributions with the proposed antenna of the
lower and higher bands. (Including the third-order radiation
mode.) During the feeding structure operation of the proposed
antenna, it can be seen that multiple Loop 3, Loop 4, branch
line, and the main radiator (third-order radiation mode) are set
as the antenna’s higher band operating frequency, achieving
the wide impedance bandwidth.

Ill. SIMULATION RESULTS AND OPERATION PRINCIPLE

The simulation results with the reference and proposed
antennas are shown in Figure 3. The reflection coefficient
using the reference antenna was a —6 dB bandwidth
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FIGURE 4. Simulated results. (a) Reflection coefficient, and Input
impedance loci in a Smith chart (b) without chip capacitor C,, (c) chip
capacitor Cs.

of 130 MHz (ranging from 0.74 GHz to 0.87 GHz) with
the lower band and a —6 dB bandwidth of 180 MHz
(ranging from 2.58 GHz to 2.76 GHz) with the higher band,
as shown in Figure 3. The proposed antenna achieved a —6 dB
bandwidth of 330 MHz (ranging from 0.67 GHz to 1.00 GHz)
with the lower band and a —6 dB bandwidth of 1210 MHz
(ranging from 1.67 GHz to 2.88 GHz) with the higher band,
which fully covers the 5G NR target operating band (from
0.69 GHz to 0.96 GHz and 1.69 GHz to 2.69 GHz). The —6
dB bandwidth corresponding to a VSWR of 3 is generally
used, even though a VSWR of 2 is also used in some cases [7],
[15], [20]. Figure 3. (b) shows the input impedance loci
in a Smith chart with the reference and proposed antennas.
Compared with the reference antenna, the normalized input
impedance of the proposed antenna was closer to the 50
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FIGURE 5. Simulated results of the reference and proposed antennas
with different shunt chip capacitors C,. (a) Reflection coefficient. Input
impedance loci in a Smith chart of (b) the lower and (c) the higher bands.

point. (The third-order radiation mode is the higher-order
mode of the main radiator.)

To better understand the antenna operating principle,
Figure 4. (a) shows the simulated reflection coefficients of
the proposed antenna and the proposed antenna without a
chip capacitor (C, or Cs). To match the input impedance
for the situation without chip capacitor C,, the value of the
parallel chip capacitor (Cj) is converted to 1.2 pF to achieve
lower band impedance bandwidth matching. As depicted in
Figure 4. (a), a —6 dB bandwidth of 310 MHz (ranging from
0.68 GHz to 0.99 GHz) in the situation without chip capacitor
C, shows a similar performance to the proposed antenna
for the lower band. It can be observed that the reflection
coefficient of the higher band part has improved significantly
with the shunt chip capacitor C, added, which proved the
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with different series chip capacitors C;. (a) Reflection coefficient. Input
impedance loci in a Smith chart of (b) the lower and (c) the higher bands.

chip capacitor C, is the main factor controlling the input
impedance of the higher band.

The series capacitor (Cy) and the parallel capacitor (Cy)
controlled the input impedance matching for the lower band.
When the new shunt chip capacitor (C,) was added, the
higher-band loci moved from the outside to the inside of
the —6 dB circle for the normalized input impedance loci
in the Smith chart, closer to the 50 €2 point (as shown in
Figure 4. (b)). After adding the shunt chip capacitor (C,),
series chip capacitor (Cy), and parallel chip capacitor (Cy)
to the reference antenna, the proposed antenna current mode
differed from the reference antenna (one-loop current) due to
the multi-resonance feeding structure, achieving a lower and

37046

)
) %
5 o i
S ol I “\/«
g [k sl
© =181 i \/[= = Reference antenna
g 201 i !f----Cs=04pF
g 0.67 —Cs =0.8 pF
e ( —-=Cs=12pF
-30 : - - : J

10 15 20 25 30
Frequency (GHz)

150 e "‘X,3o

180!

210 7 330

240 300
270
Lower Band
(b)
90

",

1504 / - 030
180 -

210 f‘ 7/ /330

240 300
270
Higher Band
(c)

FIGURE 7. Simulated results of the reference and proposed antenna with
different parallel chip capacitors Cy. (a) Reflection coefficient. Input
impedance loci in a Smith chart of (b) the lower and (c) the higher bands.

higher wideband technology. Therefore, the added shunt chip
capacitor (C,) controls the higher band input impedance.
Figure 5. (a) shows simulated reflection coefficients of
the reference and proposed antennas with different shunt
chip capacitor (ca) values ranging from 1.5 pF to 2.3 pF.
It can be observed that the resonance frequency of the
lower band is not changed significantly, and the higher band
frequency decreased with the increase of the shunt chip
capacitor (C,) values. For the input impedance loci with
an increase in the shunt chip capacitor (C,) value, the path
of the input impedance loci circle moved slightly outward
(coupling increased gradually) in the lower band at 0.55 GHz
to 1.2 GHz. However, this was not due decisively to the
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FIGURE 8. Geometry of the proposed antenna branch line with different
contact distance values. (a) Distance = 8.0 mm. (b) Distance = 10.5 mm.
(c) Distance = 12.0 mm.

coupling performance with the lower band, as shown in
Figure 5. (b). In the higher band at 1.2 GHz to 3.0 GHz,
as shown in Figure 5. (c), the input impedance loci extended
outward with increasing shunt chip capacitor (C,) values
(coupling and resonance frequency decreased), and the path
of the small locus circle rotated in the counter-clockwise
direction. Figure 6. (a) depicts the reflection coefficients
of the reference and the proposed antennas with different
series chip capacitor (Cy) values ranging from 2.2 pF to
7.2 pF. By observing the reflection coefficient, the lower band
and higher band frequencies were not changed significantly
with the increase of the series chip capacitor (Cy) values.
The series chip capacitors (Cy) controlled the coupling
performance of the lower bands, as shown in Figure 6. (b),
such that the path of the input impedance loci circle moved
outward (coupling increased) in the lower band at 0.55 GHz to
1.2 GHz. In the higher band at 1.2 GHz to 3.0 GHz, as shown
in Figure 6. (c), the input impedance loci circle extended
outward (coupling increases), and the resonance frequency
was also reduced.

Figure 7. (a) shows the simulated reflection coefficients of
the reference and proposed antennas with different parallel
chip capacitor (C,) values ranging from 1.5 pF to 2.3 pF.
It can be observed that the resonance frequency of the
lower band has decreased slightly with the increase of the
parallel chip capacitor (C,) values. For the lower band input
impedance loci circle at 0.55 GHz to 1.2 GHz, as shown
in Figure 7. (b), the resonance frequency decreases with an
increased parallel chip capacitor (C,) value such that the
loci circle moved slightly inward (the coupling decreased
gradually). The path of the small locus circle rotated
clockwise. Figure 7. (c) shows the input impedance loci circle
at 1.2 GHz to 3.0 GHz; when the parallel chip capacitor
(C,) value increased, the loci circle moved inward gradually
(not decisive with coupling performance), and the small-locus
circle with the higher band also rotated clockwise.
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To better explore the control method of the higher band
small locus circle, the proposed antenna branch line contact
point moves on the proposed antenna feeding structure at
different distances with the dark blue line from 8.0 mm to
12.0 mm, as shown in Figure 8. Figure 9. (a) shows the
simulated reflection coefficients with the different contact
distance values; it can be seen that when the distance
increased, the size of the small locus circle became larger and
rotated clockwise in the higher band at 1.2 GHz to 3.0 GHz
(as shown in Figure 9. (b)). As a result, the series capacitor
(Cy) controls the size of the lower band and higher band
input impedance locus (coupling size). The parallel capacitor
(C,) mainly controls the resonance frequency of the lower
band. The shunt capacitor (C,) mainly controls the resonance
frequency of the higher band, while the size of the lower
band’s small locus circle is determined by the contact distance
from the antenna element to the feeding structure. The size
of the higher band’s small locus circle is determined by the
contact distance from the branch line to the feeding structure.

IV. EXPERIMENTAL RESULTS

The reference and the proposed antennas were fabricated
and measured using Agilent 8753ES network analyzers
and a 6 m x 3 m x 3 m 3D CITA OTA chamber as
shown in Figure 10. (a). The series chip inductor Ly (4
nH) was used with the measurement reference antenna
structure. The reference antenna covers a —6 dB bandwidth
of 140 MHz (ranging from 730 MHz to 870 MHz) in
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the lower band and a —6 dB bandwidth of 240 MHz
(ranging from 2630 MHz to 2870 MHz) in the higher
band. In the proposed antenna structure, the series chip
capacitor Cy is 4.0 pF, the parallel chip capacitor C; is
0.5 pF, and the shunt chip capacitor C, is 2.2 pF to
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achieve input impedance matching. The —6 dB bandwidth
of 354 MHz (ranging from 664 MHz to 1018 MHz) increased
by 214 MHz in the lower band. Additionally, the bandwidth
of 1490 MHz (ranging from 1390 MHz to 2880 MHz)
increased by 1250 MHz in the higher band to cover the
target frequency bands (690-960 MHz to 1690-2690 MHz),
as shown in Figure 10. (b).

The measurement results show similar performance to
the simulation results, and the proposed antenna achieves a
wide bandwidth using the proposed technology. Figure 11.
shows the measured efficiency of the reference and proposed
antennas. For the lower band (550-1020 MHz), the reference
antenna’s average measured efficiency is 26.6%, while the
proposed antenna’s is 46.5%, an increase of 19.9%. For the
higher band (1400-3000 MHz), the efficiency of the reference
antenna is 15.5% and the efficiency of the proposed antenna
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TABLE 1. Comparison results of the proposed antenna with those in the
reference literature.

Overall BW Ante.nna Operating  Anten
Study Size(mm) (MHz) Efficiency  Frequency na
(GHz) Type
[20] 110 x 50 241(- 0.73 -
x5 6dB) 58.5% 0.974 PIFA
309/1 0.694 —
X
[21] 11:()0 555 1116(-  53.5%/57. 1.003/1.65 PIFA
’ 6dB) 8% 6-2.772
520/6 0.7 -
60 x 115
[39] %1 10(-  33.45%/45 1.4/1.7-
6dB) 1% 22 IFA
70 x 140 420(-
4 43,
[40] x 1 6dB) 51% 34-36 IFA
1700/ 23—
40 x 4
[41] (3( ) 05 1600(-  76.5%/69.  4.1/50-  Mono
’ 10dB)  5%/61.7% 6.6 pole
330/1 0.67 —
:gpo 122:(1 210 465%/61. 10/1.67—  PIFA
6dB) 2% 2.88

is 61.2%, which is an increase of 45.7%. The measured
proposed antenna peak gain obtained is 1.66 dB at 900 MHz,
and 2.62 dB at 2150 MHz as shown in Figure 12. Figure 13.
shows the measured radiation patterns of the proposed
antenna at target frequencies of 690 MHz, 960 MHz,
1690 MHz, and 2690 MHz, with good omnidirectional
performance. The measurement results show that the antenna
bandwidth was improved by using the proposed technology.
Table 1 compares the results of the proposed antenna with
previous studies in terms of the PCB size, bandwidth,
antenna efficiency, operating frequency band, and antenna
type [20], [21], [39], [40], [41]. It can be observed that
the proposed antenna has a wider bandwidth and better
efficiency compared with antennas of the same type in the
same operating frequency bands. The proposed antenna also
allows for easier manipulation of the impedance matching
compared with previous studies.

V. CONCLUSION

In this paper, we propose a multi-resonance feeding structure
with a series capacitor to control the coupling performance
with lower and higher dual bands. The parallel capacitor
mainly controls the resonance frequency of the lower band
and the shunt capacitor controls the resonance frequency
of the higher band, achieving input impedance matching
with the proposed antenna. In a simulation under a 3:1
voltage standing wave ratio, the proposed antenna achieved
a bandwidth of 330 MHz in the lower band (ranging
from 670 MHz to 1000 MHz) and 1210 MHz in the higher
band (ranging from 1670 MHz to 2880 MHz). Additionally,
the average efficiency increased from 26.6% (reference) to
46.5% (proposed) in the lower band at 670 MHz to 1020 MHz
and from 15.5% (reference) to 61.2% (proposed) in the
higher band from 1400 MHz to 3000 MHz, achieving
the intended target frequency bands of most 5G NR FR1
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bands (n5, n8, nl2) with a frequency of 690-960 MHz
and (nl, n3, n7, n30, n34, n41) with a frequency of 1690—
2690 MHz. Therefore, this technology has potential in 5G
communication applications.
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