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Abstract

This paper introduces a feeding structure that employs a series capacitor and a parallel capacitor to control input impedance. Accordingly,

a wide impedance bandwidth was achieved in a simulation. A comparative analysis of the characteristics of the reference antenna and the

proposed antenna was conducted to demonstrate the proposed antenna’s improved bandwidth and enhanced efficiency. According to the

simulation and measurement data, the bandwidth of the proposed antenna was approximately 400 MHz (range, 680-1,080 MHz) under a

3:1 voltage standing wave ratio. Moreover, the efficiency improved from 43% to 59% (range, 690-960 MHz), and the radiation pattern

showed satisfactory performance. The proposed technology thus offers promising development prospects for the antenna designs of low-

frequency systems for mobile communication.

Key Words: Alternative Design Antenna, Antenna Performance, Input Impedance Bandwidth, Wide Bandwidth.

I. INTRODUCTION

For the past few years, with the rapid development of ad-
vanced mobile communication technology, mobile devices have
been increasingly miniaturized. Thus, antennas covering the
wideband have been widely developed. However, owing to the
space constraints of mobile devices, mobile antennas must like-
wise assume a smaller physical area. As the antenna’s area de-
creases according to its input impedance variation, the perfor-
mance and bandwidth of small antennas will be relatively re-

duced. Simultaneously, the demand for an antenna designed
with high efficiency and wide impedance bandwidth with lim-
ited clearance has been increasing. Hence, increasing antenna
bandwidth technology in mobile communication is urgently
needed in antenna design [1-3].

In previous studies, the methods of increasing impedance
bandwidth can be roughly divided into two cases: changing the
feeding structure to increase the loop resonance, thereby im-
proving the antenna’s bandwidth, and the practical use of the
planar inverted-F antenna (PIFA) owing to its compact struc-
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ture, which is similar to that used for a monopole in mobile
terminals [4]. The planar inverted-E (PIE) antenna is based on
the PIFA feeding structure and is realized by adjusting the posi-
tion of the shunt chip capacitor in the PIE antenna’s feeding
structure to increase the resonance, thereby realizing a wide im-
pedance bandwidth [5].

A loop-type antenna is designed to use spiral inductance and
gap capacitance with a feeding structure to achieve wide band-
width operation [6]. The other case is to add a conductor near
the antenna’s printed circuit board (PCB) to generate parasitic
resonance to increase the antenna’s impedance bandwidth. A
patch dipole antenna printed board feeding in the center of the
PCB and a chip balun are embedded therein to excite each radi-
ator to achieve wideband impedance matching technology [7].
Using endless metal rims around the ground plane can improve
the antennas performance [8]. Alternatively, placing a large
evaluation board under the antenna and using a magnetic field
to excite the board’s resonance would also achieve the expected
increase in impedance bandwidth [9]. Furthermore, the planar
slot antenna’s feeding structure is designed with a modified co-
planar waveguide (CPW) feeding line for tuning and optimiza-
tion to achieve a wide impedance bandwidth [10]. In practice,
however, these approaches consume considerable physical space,
and excessive costs may be incurred while significant antenna
clearance space is used in the PCB. Thus, it is difficult to achieve
the desired miniaturized mobile antenna.

This paper proposes a feeding structure with a series chip ca-
pacitor to control the coupling performance and a series chip
capacitor to control the resonance frequency to achieve a wide
bandwidth. The proposed antenna was designed in a ground
plane. In a simulation, it attained a 400-MHz bandwidth, rang-
ing from 680 MHz to 1,080 MHz, under a voltage standing
wave ratio (VSWR) of 3:1. The experimental results also
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showed the satisfactory performance of the antenna. The aver-
age efficiency increased from 43.6% to 59.2% in the range of
690 MHz to 960 MHz. The proposed technology’s target fre-
quency is intended to operate on the LTE B17 (704-746 MHz),
B5 (824-894 MHz), and GSM900 (880-960 MHz) platforms.
The proposed technology can be applied to different scenarios,
including various sizes and modules of the evaluation board,
disparate feeding structures, and size changes.

II. ANTENNA DESIGN AND OPERATION PRINCIPLE

Fig. 1 shows a 120 mm x 55 mm x 1 mm board set on an FR-
4 (Frame Retardant Type 4) substrate (¢, = 4.4, tand = 0.02).
The size of the ground plane is 110 mm x 55 mm with a clear-
ance of 10 mm x 55 mm for the antenna. The width of the radia-
tor in this experimental operation was 0.5 mm. The reference
antenna and proposed antenna are simply quarter-wavelength
(M/4)-type antennas in the simulation. They all have a 3.5 mm x
6.4 mm feeding structure and a series chip inductor Ly (5 nH)
connected to the ground plane with a shorting pin to achieve ref-
erence antenna impedance matching. A series chip capacitor C¢
(3.2 pF) was connected to the feeding point, and a shunt chip
capacitor Cg (2.5 pF) was used for the proposed antenna’s feed-
ing structure. A radiator loop is connected to the top 2.8 mm
position of the feeding structure to achieve the —6 dB bandwidth
of the proposed antenna for 680 MHz to 1,080 MHz antenna
applications. The —6 dB bandwidth equivalent to the VSWR of
3 is usually used, even though the VSWR of 2 is also used in
some cases [11-13]. Fig. 2(a) shows the operating principle of the
proposed antenna-feeding structure. The proposed antenna cur-
rent mode diverges from that of the reference antenna with re-
spect to the addition of a shunt line with a parallel chip capacitor
(Cs), as the PIFA antenna forms only one loop current [14].
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Fig. 1. Geometries of (a) the reference and proposed ground planes. (b) Feeding structure of the reference antenna and the proposed antenna.

130



LI et al.: IMPEDANCE BANDWIDTH ENHANCEMENT USING CAPACITOR-CONTROLLED SERIES RESONANCE-**

T'wo loop currents can be formed if the parallel chip capacitor
(C) is added. The Loop 1 current consists of a shorting pin (Ls),
series chip capacitor (C¢), and source. The Loop 2 current com-
prises a parallel chip capacitor (Cs) and shorting pin (Lg). The
resonance frequency of Loop 2 can be controlled by the area of
Loop 2 and the chip capacitor (Cs). The Loop 1 current is excit-
ed by the source, the Loop 2 current is excited by the Loop 1
current, and the coupling is represented by the following input
impedance of the two-port network of the feeding structure as
in the following equation [15]:

Zin =211 — ZZIZZ:; o))
Zi1=] ((ULLoom - wicf)’ @
Z1p = Z31 = jwLioop, ©)
Zy =] ((ULLoopz - wLCs) 4)

In Egs. (1)-(5), Z;;, is normalized with respect to Zy,,
where the components Lj,op1 and Lpgep, are the respective
inductances of Loop 1 and Loop 2 in proportion to the square
root of the loop area, including Ls. According to the reaction
concept and the characteristic modes theory with conducting
bodies, the coupling between Loop 1 and Loop 2 is shown in
the second part of Eq. (1). When the series chip capacitance
(Cr) method is not used, the proposed antenna coupling is poor
because the feeding loop structure (Loop 1) is so small that the
radiation performance is reduced [4].

Fig. 2(b) shows the operating principle of the feeding structure
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and radiator element of the proposed antenna, where compo-
nents L,, C, and R,, respectively, represent the inductance,
capacitance, and resistance of the radiator element. The Loop 2
current consists of the shorting pin (L¢) and the parallel chip
capacitor (Cy), and it is excited by the Loop 1 current. The paral-
lel chip capacitor (C;) is determined by the resonant frequency of
Loop 2. The radiator current comprises the proposed antenna
radiator loop and is excited by Loop 2. Loop 2 and the radiator
are represented by the following two-port impedance matrix [12]:

Z, z
R ©

Z Radiator

where Zjp2 and Zpggigtor are the impedances of feeding
Loop 2 and the radiator. Z¢s is the impedance of the shorting
pin (Ls). As shown in Eq. (5), the coupling degree of the feeding
structure and radiator element is determined by the shorting pin
(Lg). The simulated surface current distributions of the reference
antenna at 0.9 GHz are shown in Fig. 2(c), and the proposed
antenna’s surface current distributions, as shown in Fig. 2(d),
clearly show that there is more than one loop in the proposed
feeding structure. During the feeding structure operation of the
proposed antenna, the resonance frequencies of multiple Loop 1,
Loop 2, and the radiator are set as the antenna’s operating fre-
quency to achieve a wide impedance bandwidth.

II1. SIMULATION RESULT AND CONTROL METHOD

Fig. 3 shows that the radiator contact point moves on the pro-
posed antenna’s feeding structure, with the distance “a” mm of
the shorting pin with the ground plane junction point of the pro-
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Fig. 2. Diagrammatic sketch of the proposed antenna: (a) feeding structure and loop currents and (b) feeding structure and radiator element cur-
rents. Simulated surface current distributions at 0.90 GHz excited by the feeding structure: (c) the reference antenna and (d) the proposed

antenna.
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Fig. 3. Geometry of the proposed antenna with different distance “a” values: (a) a = 1.5 mm, (b) a = 6.3 mm, and (c) a = 8 mm.

posed antenna increasing by 1.5 mm to 8 mm (Fig. 4). Fig. 4(a)
shows that the reference antenna without a parallel chip capacitor
(Cs) can only produce a bandwidth of 140 MHz under a VSWR
of 3:1 from 790 MHz to 930 MHz. The proposed antenna in the
case of a = 6.3 mm (C; = 3.2 pF, C; = 2.5 pF) achieves a —6
dB bandwidth of 400 MHz (from 680 MHz to 1,080 MHz), as
shown in Fig. 4(b). In addition to the reference antenna, each
value corresponds to two resonance loci (impedance loci) in the
Smith chart. The simulation results clearly show the long distance
between the radiator and the loop structure, and the larger loci
size of the small circle can be found in the Smith chart.

Fig. 5(a) depicts the reflection coefficients of the respective
reference and proposed antennas with distinct series chip ca-
pacitor (Cy) values, ranging from 2.0 pF to 4.4 pF. It is clearly
observed that, with the increase in the chip capacitor (Cy) value,
the path of the large impedance locus extends outward (the
coupling increasing gradually), as shown in Fig. 5(b).

Fig. 6(a) shows the simulated reflection coefficients of the ref-
erence antenna and proposed antenna with disparate shunt chip
capacitor (Cs) values, ranging from 2.0 pF to 3.0 pF. Fig. 6(b)
depicts the impedance variation with the change in the value of
the shunt chip capacitor (Cy). It is clearly observable that with
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the increase of the shunt chip capacitor’s (C) values, the path of
the small locus circle rotates clockwise, and the resonance fre-
quency slightly decreases with the reduction of the parallel chip
capacitor’s (Cs) values. Correspondingly, the size of the large
circle path in the Smith chart with the input impedance loci is
determined by the series capacitor (Cy) values, and the frequency
of the large circle path is determined by the parallel capacitor
(Cs) value. Furthermore, the size of the small circle path in the
Smith chart is determined by the contact point with the short-
ing pin (Ly) distance. The simulation experiment finally realized
a —6 dB bandwidth of 400 MHz (range, 660-1,080 MHz) by
using distance a = 6.3 mm, Cy = 3.2 pF, and C; = 2.5 pF,
under a VSWR of 3:1.

IV. EXPERIMENTAL RESULT

The reference and proposed antennas were fabricated and
measured using the Agilent 8753ES network analyzers and a
3D CITA OTA chamber (sized 6 m x 3 m x 3 m). To com-
plete input impedance matching for the reference antenna, the
feeding structure series chip inductor value was set at 2.2 nH at
the shutting pin contact point with the ground plane, and the

—— Reference Antenna

— — Distance a=1.5mm

===~ Distance a=6.3 mm
Distance a = 8.0 mm

(b)

Fig. 4. Simulated reflection coefficients of the reference antenna and proposed antenna with different radiator connection distance “a” values: (a)

reflection coefficient and (b) input impedance loci in the Smith chart.
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Fig. 5. Simulated reflection coefficients of the reference antenna and proposed antenna with different series chip capacitor Gy values: (a) reflection

coefficient and (b) input impedance locus in the Smith chart.
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Fig. 6. Simulated reflection coefficients of the reference antenna and proposed antenna with different parallel chip capacitor C; values: (a) reflection

coefficient and (b) input impedance locus in the Smith chart.

series chip capacitor was 7 pF in the feeding structure. For the
proposed antenna with the shunt chip capacitor, the C; value
in the feeding structure was 2.0 pF (4 pF series 4 pF), the series
chip capacitor C¢ value was 2.2 pF, and the radiator contact
point with the ground plane distance was a = 3 mm. The
measured reflection coefficients are conveyed in Fig. 7, where
the —6 dB bandwidth is 162 MHz (790-952 MHz) for the
reference antenna and 456 MHz (657-1,113 MHz) for the
proposed antenna.

The measurement results showed similar characteristics to the
simulation results. Fig. 8 demonstrates that the average measured
efficiency of the reference antenna is 43.6% and that of the pro-
posed antenna is 59.2% in the target frequency range (690-960
MHz). The efficiency data fully depict the satisfactory performance
of the proposed antenna with a wide impedance bandwidth.

Fig. 9 illustrates the measured and simulated far-field theta ()

and phi (@) direction radiation patterns at 950 MHz. The far-
field omnidirectional radiation patterns for the proposed anten-
na displayed good antenna performance. The measurement
results convey that under the proposed technology, the proposed
antenna has wider bandwidth and greater radiation efficiency
than the reference antenna.

V. ALTERNATIVE DESIGN

Another design comprising the alternative design and the
proposed antenna is realized in Fig. 10. In the alternative design
antenna feeding structure, the chip inductor (L) is a series in
the feeding line instead of the chip capacitor (Cr), similar to the
proposed antenna. The alternative design antenna feeding struc-
ture constitutes a parallel capacitor (Cy) and shorting pin (Lg).
The parallel capacitor (C) value is also determined by the ap-
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Fig. 7. Measured and simulated the reference and proposed antenna’s
reflection coefficients.
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Fig. 8. Measured and simulated the reference and proposed antenna’s
efficiency.

propriate resonance frequency, while the alternative design an-
tenna feeding structure uses chip inductors to control the series
resonance to achieve impedance matching. To compare the sim-
ulation results of the alternative design structure with those of
the proposed antenna, the same radiator, position model, and
feeding structure size as those of the proposed antenna were
used in the experiment. A radiator with a length of 6.5 mm x
0.5 mm was added to the tail of the alternative antenna to con-
form to the desired frequency range (690-960 MHz).
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Fig. 10. Proposed antenna feeding structure and alternative design
antenna feeding structure.

For a more intuitive comparison of the experimental results,
the simulated reflection coefficients of the reference antenna,
proposed antenna, and alternative design antenna are presented
in Fig. 11(a). It is evident that the alternative antenna (L, = 9.5
nH, Cs = 4.8 pF) achieves a bandwidth of 310 MHz (690-
1,000 MHz) under the VSWR of 3:1, as shown in Fig. 11(a). Its
reflection coefficient is found to have characteristics similar to
those of the proposed antenna with the alternative design an-
tenna. The input impedance circle locus of the alternative design
antenna is depicted in Fig. 11(b). The large circle size is deter-
mined by the shorting pin (L) series with the same chip induc-
tor (Lg) circuit resonance as the proposed antenna. The small
circle position locus with an alternative design antenna is con-
trolled with the parallel capacitor (Cy) and shorting pin (Lg).
The small circle size is also determined by the shorting pin (Ls).
The alternative design antenna shows that the resonance of the
feed loop structure can also be excited by the chip inductor,
which plays a role in controlling the large circle with the cou-
pling performance. This is consistent with the proposed antenna
technique principle. The alternative design antenna’s simulation
results also achieve a target frequency coverage of 690-960
MHz under the VSWR of 3:1. The alternative antenna meas-
ured reflection coefficient results also show similar characteris-
tics to the simulation results, as shown in Fig. 12, where the —6

dB bandwidth of 330 MHz (670-1,000 MHz).
VI. COMPARISON AND DISCUSSION
Table 1 reveals the comparison results of the proposed anten-

na with previous studies in terms of antenna size, bandwidth,

efficiency, operating frequency band, and type [5, 8, 9, 11, 16].
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Fig. 9. Far-field omnidirectional radiation patterns of the proposed antenna at 950 MHz: (a, b) measured Es, Ey and (c, d) simulated s, Ey.
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Fig. 12. Measured and simulated the proposed antenna and the alter-
native antenna’s reflection coefficients.

The proposed antenna has the advantage of easier manipulation
of impedance matching compared to previous studies. It is easily
observed that the proposed antenna has a wider bandwidth than
the same type of antenna, with comparatively and relatively bet-
ter efficiency in the same operating frequency band.

Murata capacitors (GRM Class-K within =5% tolerance)
and Murata inductors (LQG Class-S within £10% tolerance)
were used for the measurement [13]. For further investigation,
the perfect lumped LC without loss is modeled in the simula-
tion, where the tolerance value of the capacitors is within *6.7%
and the inductors are within =10.9% while not apparently
influencing the antenna’s performance. Tolerance in the simula-
tion’s results is approximately consistent with that in the meas-
urement results. Minor discrepancies are observed because of
the fabrication error and the tolerance of electronic components
between the measurement and simulation results. Hence, the
comparison of the simulation and measurement data shows that
the tolerance of the lumped elements does not significantly af-
fect the experiment.

VII. CONCLUSION

In this paper, we proposed a feeding structure with a series chip
capacitor to control the coupling performance and a parallel chip
capacitor to control resonance frequency to achieve wide band-
width technology. Simulation and measurement results were con-

Table 1. Comparison results of the proposed antenna with those in the reference literature

Study Overall size (mm) BW (MHz) Antenna efficiency (%)  Operating frequency (GHz) ~ Antenna type
Jeon and Kim [5] 100 x 45 x 5 245 (—6 dB) 57 0.73-0.975 PIFA
Jeon etal. [8] 30x20x 1 450 (—6 dB) 56 2.3-2.7 Loop
Quetal. [9] 10x10x 4 250 (—10dB) 74 2.3-2.6 Loop
Leeetal. [11] 60x115x1 520/610 (—6 dB) 33.45/45.71 0.7-1.4/1.7-2.2 IFA
Murata electronics [13] 105 x 45 x 5 365 (—6dB) 56 0.73-1.1 PIFA
Proposed 120 x 55 x 1 400 (—6 dB) 59 0.69-0.96 PIFA
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ducted for the proposed antenna. The simulation results illustrat-
ed a —6 dB bandwidth of 400 MHz (680-1,080 MHZz), and the
measurement results showed the realization of a —6 dB band-
width of 456 MHz and improved efficiency compared to the
reference antenna (43.6%-59.2%, 690-960 MHz). In the future,
this technology can be applied to the design of miniaturized an-
tennas to achieve a wider impedance bandwidth.

This study was supported by the National Research Foun-
dation of Korea through a grant from the Korean government

(Ministry of Science and ICT) (No. 2019R1F1A1063993).
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