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Abstract: In this article, a compact triple-band inverted-F antenna for long-term evolution (LTE)-based wireless
handheld devices is presented. The proposed antenna comprises three arms, namely the radiating arm, shorting arm,
and feeding arm. The structure of the designed antenna looks like an inverted F with folded L-shaped strip antenna.

It has three resonant frequencies of 795, 2050, and 3405 MHz with a reflection coefficient of —11.7 dB, —15.1 dB, and
-30.5 dB, respectively. The size of the suggested antenna is 10 x 35 x 0.8 mm? and it is built on the FR-4 substrate
which is more compact and easy to integrate with the handheld devices such as laptops, tablets, and smart phones. The
performances of the proposed antenna are analyzed with the help of computer simulation using Ansys High Frequency
Structure Simulation Software Simulator (HFSS). The measured —10 dB impedance bandwidth of the suggested antenna
covers 780—-820, 2020-2070, and 3230-3490 MHz, which satisfies the LTE 700, LTE 2100, and LTE 3300. The proposed
antenna has the acceptable voltage standing wave ratio (VSWR < 2), bandwidth, gain, and radiation characteristics

across the operating bands and thus proves its suitability for wireless handheld devices.
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1. Introduction

With the expeditious development of wireless communication systems, there is a significant interest in providing
more compact, small-size, and multiband antennas in wireless handheld devices. However, designing an internal
compact antenna for multiple bands of long-term evolution (LTE) service in small handsets is still a serious
challenge for the laptop, tablet and smart phones. Such internal antennas are required to cover the frequency
bands of LTE 700, GSM850 (824-894 MHz), GSM900 (880-960 MHz), GPS (1575 MHz), DCS (1710-1880
MHz), PCS (1850-1990 MHz), UMTS (1920-2170 MHz), LTE 2300 and wireless local area network (WLAN)
(24002484 MHz). In addition, the internal antenna should be lightweight, low-profile, low-cost, and small in
size. Artificial materials are integrated with the microstrip antennas to realize the electrically small antennas
[1]. Nowadays, LTE operation for the 4G communications is more popular because of its high data rate. The
LTE standard starts from 698 MHz and goes up to 3800 MHz. There are various types of antennas proposed like
planar inverted-F antenna [2—4], monopole [5, 6], loop [7] antenna folded monopole/dipole/loop [8] antennas for
covering LTE applications. Among these antennas, the combination of the loop and inverted-F antenna (IFA)

is generally used for the internal antenna due to its low profile, low cost, and easy fabrication.

Park and Sung proposed a reconfigurable antenna with the size of 45 x 11 x 6 mm? for mobile handsets
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[9]. It is operated in quad-band for GSM900/GSM1800/GSM1900 and UMTS applications. The authors
contributed hepta-band reconfigurable folded loop-inverted-F antenna for GSM850, GSM900, GPS, DCS, PCS,
UMTS, and WLAN applications in [10]. It consists of Philips BAP64-03 silicon PIN diode, biasing circuit, and
matching bridge to achieve high bandwidth. In [11], the authors proposed eight-band antenna with a single-pole
four-throw RF switch which is designed for LTE/WWAN tablet computer applications. An antenna for GNSS,
lower WIMAX, WLAN, and X-band applications is designed in [12]. The frequency reconfigurablity mechanism
and trapezoidal slot structure are used to attain four bands. To achieve a multiband behavior, monopole antenna
with multiple branches and tuning circuits are embedded in the radiating patches for mobile handset [13, 14]. At
present, some of the multiband antennas are designed for mobile phone [15-17] and tablet applications [18-20].
Recently, a large number of antennas have been reported for triple-band operation [18-22]. Although multiband
is achieved by these antennas, there is still a limitation regarding VSWR. In the above-mentioned antennas,
the frequency coverage is defined by a VSWR which is less than 3 (VSWR 3:1). It indicates that the power
delivered to the antenna is only 50% if VSWR is considered to be less than 3 (reflection coefficient below —6
dB) and the impedance match of the antenna is very poor. The remaining 50% power is reflected. To overcome
these problems, we propose a triple-band antenna with VSWR less than 2. In this case, the power delivered to
the antenna can be 90% since the reflection coefficient of an antenna is considered to be less than —10 dB.

In this work, a compact LTE triple-band antenna design for portable wireless devices is proposed. Three
branches called the shorting arm, radiating arm, and feeding arm are printed on the FR-4 substrate. It has the
dimension of 10 x 35 x 0.8 mm?. Furthermore, the prototype of the antenna is fabricated and optimised using
ANSYS HFSS v17.

2. Antenna design

Figure 1 shows the geometry of the proposed inverted-F antenna (IFA) for LTE applications. It has a inverted-F
and L-shaped structure, including a radiating arm, feeding arm, shorting arm, and ground pad. It is constructed
on a thin flame retardant glass reinforced epoxy resin (FR-4) substrate of thickness 0.8 mm, relative permittivity
(€r) of 4.4, and loss tangent of 0.024. It has a volume of 10 x 35 x 0.8 mm?>. The female SMA connector is
used to feed the signal to the antenna. The size of the device ground plane (bottom layer) is 150 x 200 mm?.
The selected dimensions are for a 9.7-inch tablet computer. The resonant frequency (f;) of the proposed IFA

is calculated by the following eqution [23]:

c

fT:4*(L+W)*\@’

(1)

where L and W are respectively the length and width of the antenna, ¢, is the dielectric constant of the
substrate, and c is the free space speed of light.

Here, the variables Lg, Wg, Lgr1, Lra, Wgri, Wga, Lrs, and Lg4 for radiating arm, Wg1, Lg1,
Wsa, Lgo, and Wgs for feeding arm, and Lpy, Wg1, Lps, Wga, Lps, Wgs, Lrps, Wpy, Lps, and Wgs for
shorting arm are used to represent the dimensions of the proposed antenna. In order to get optimum results for
achieving desired LTE bands, parametric analysis have been performed by using ANSYS HFSS v17 software.
The optimized results are listed in Table 1. The design evolution of the suggested antenna is demonstrated in
Figure 2.

The first stage starts with the basic inverted-F antenna as shown in configuration “Antenna I”of Figure 2a.

The radiating arm of the IFA is folded to provide the compact size. In order to achieve LTE middle band, the
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Figure 1. Geometry of the proposed inverted-F antenna with ground plane and enlarged view of the antenna structure.

Table 1. Dimensions of the proposed antenna.

Parameters | Value | Parameters | Value | Parameters Value | Parameters | Value
(mm) (mm) (mm) (mm)
Lg 10 Ws 35 Lri, Wga, Wgs | 0.8 Wr1 21.5
Lro 2.3 Whro 2.5 L3 7.5 LRy 0.5
Ls1 1.3 Ws1 0.4 Wso, Lp1, Lps | 1 Lgo 5.1
Wss 0.2 Weg1, Wre | 0.6 Lo 2.8 Lps 2
Lpy 4.4 Wes 3.55 Ly 1 Wh 15

shorting arm of the IFA is modified by adding a loop strip as depicted in Figure 2b. After that, the reflection

coefficients of “Antenna I1”are —15.48 dB at 2180 MHz and —7.38 dB at 2960 MHz. This antenna does not
meet the desired frequency bands. As seen in Figure 2c, the L-shaped strip is employed in the feeding arm

to enhance the bandwidth in the LTE middle band (20102025 MHz). The “Antenna III”operates at three
frequencies of 2180, 3490, and 3629 MHz and the corresponding reflection coefficients are —18.7 dB, —-13.4 dB,
and -14.32 dB. Although the antenna covers LTE middle band and LTE high band, LTE low band is not
obtained. Finally, the two parallel microstrip lines are added in the open end of the radiating arm. At high
frequency, these parallel lines act as a capacitor and improve the excited surface current distributions on the
radiating arm. This enhances the bandwidth of the antenna’s high band and leads to the antenna resonant
at the LTE low band (788-798 MHz). The configuration of the proposed inverted-F antenna is presented in
Figure 2d. The length (Lg) of 10 mm and the width (Wg) of 35 mm are taken as the initial dimension for
the resonant frequency of 794.5 MHz, which belongs to LTE 700 band (low band) but “Antenna I”exhibits a

dual-resonant behavior at 1320 and 2420 MHz.
The surface current distribution on the antenna is shown in Figure 3. Findings show that the maximum

current flow exists on the folded structure in the radiating arm. The total length of the folded radiating arm
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(a) Antenna I (b) Antenna II
(c) Antenna III d) Proposed antenna

Figure 2. Evolution stages in the proposed inverted-F antenna design.

from point ‘d’, through points ‘e’ and ¢ f’ then to point ‘g’ in Figure 3a (35 mm + 2.3 mm + 21.5 mm + 3.7
mm = 62.5 mm) is close to 0.25 wavelength at 1320 MHz. This allows the antenna to resonante at 1320 MHz.
Similarly, the additional resonant mode occurred at 2420 MHz. Thus, the total length of the feeding arm and
shorting arm from point ‘h’through ‘4’, ¢5’, and ‘k’(7 mm + 1 mm + 0.4 mm + 9 mm + 3.6 mm + 0.8 mm
+ 6.8 mm + 0.8 mm = 29.4 mm) is still close to 0.25 wavelength at 2420 MHz, which is depicted in Figure 3b.

3. Simulated results and discussions

The antenna structure is validated using Ansys HFSS software, which uses the principle of finite element method
analysis. Figure 4 illustrates the simulated reflection coefficient spectrum of Antenna I, Antenna II, Antenna III,
and the proposed inverted-F antenna. It is found that the proposed IFA can cover the desired LTE frequency
band. In the simulation, the first resonance appears at 747 MHz with the bandwidth of 4.02% from 730 to
760 MHz (30 MHz) and the reflection coefficient of —11.73 dB. The proposed antenna covers LTE middle band
from 1950 to 2030 MHz with the 4.04% (80 MHz centred at 1985 MHz) impedance bandwidth and ~12.10 dB
reflection coefficient. In the LTE high band, the high bandwidth of 13.74% from 3180 to 3650 MHz (470 MHz)
with better reflection coefficient is obtained at 3425 MHz.

4. Parametric study

The parametric analysis of the proposed IFA is performed in order to get optimized results for LTE operation.
The study is done by varying length and width of the substrate and radiator dimensions like Lg, Wy, L1, Wy,

and Wgy while keeping other dimensions constant.
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Figure 3. Vector surface current distribution of Antenna I at (a) 1320 MHz, (b) 2420 MHz.

4.1. Effect of length and width of the substrate

Figure 5 shows the simulated reflection coefficient spectrum for different length (Lg) of the substrate with other
parameters remaining fixed. The length (Lg) is varied from 10 to 14 mm. The frequency is shifted to the higher
value as the length of the substrate increases.

It is observed that the best result is achieved at (Lg) = 10 mm. Therefore, the length of the substrate
(Lg) is taken as 10 mm. The simulated reflection coefficient spectrum for different width (Ws) of the substrate
is depicted in Figure 6. It is observed that the frequency decreases when the width of the substrate increases.
At Wg = 35 mm, the suggested antenna covers the required triple band for LTE operations.

4.2. Effect of length and width of the ground pad

The length and width of the ground pad are varied and its effect is observed. The simulated reflection coefficient
for various length L; and width Wj are illustrated in Figures 7 and 8. The values of width L; and width
Wivary from 0.5 to 1 mm and 10 to 15 mm, respectively. The desired operating frequency can be achieved
with a length (L;1) of 1 mm and width (W7) of 15 mm.

Figure 9 describes the reflection coefficient results for the proposed antenna in terms of length (Wgy).
As Wpgy increases from 0.1 to 0.5 mm with other parameters remaining fixed, it is found that the frequency
shifts at the higher band. The antenna has the desired band at Wg; = 21.5 mm. Based on the parametric

analysis, the optimum values of the antenna are selected.
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Figure 4. Simulated reflection coefficient spectrum of
Antenna I, Antenna II, Antenna III, and the proposed
antenna.
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5. Measured results and discussions
In order to verify the simulation results, the proposed antenna is fabricated and tested. The fabricated antenna
is mounted on the corner of the device ground plane (9.7-inch tablet device). PCB edge mountable female SMA
connector is used for exciting the antenna. The centre lead of the SMA connector is connected to the antenna
feed point through wire and the negative terminal is connected to the device ground plane. The photograph
of the fabricated antenna is depicted in Figure 10. Figure 11 illustrates the measured and simulated reflection
coefficient characteristics of the designed antenna.

It has a triple band with an impedance bandwidth of 40 MHz or 5.03% in the LTE low band from 780 to
820 MHz (centered at 795 MHz), 50 MHz or 2.43% in the LTE middle band from 2020 to 2070 MHz (centered
at 2050 MHz) and 260 MHz or 7.63% in the LTE high band from 3230 to 3490 MHz (centered at 3405 MHz)
respectively. The corresponding reflection coefficients of the suggested antenna are —11.7 dB at 795 MHz, —15.1
dB at 2050 MHz, and —30.5 dB at 3405 MHz. It is evident that the designed antenna has acceptable reflection
coeflicient characteristics over the operating bands. The differences between the simulated and measured results
are 48, 65, and 20 MHz. This difference occurred due to the inaccuracy in the fabrication and manual soldering

of the antenna prototype.

Reflect ion coefficient (dB)

— — Simulated
—— Measured

-30

1 2 3 4
Frequency [GHz]

Figure 10. Photograph of the fabricated prototype of the  Figure 11. Measured and simulated reflection coefficient
inverted-F antenna. spectrum of the proposed antenna.

VSWR is one of the important parameters in antenna design which determines the impedance matching
of the antenna. The antennas reported in the literature survey are defined by VSWRs less than 3 and reflection
coefficients less than —6 dB. Generally, for a good impedance matching, VSWR should be less than 2 (VSWR
< 2). The simulated VSWR is illustrated in Figure 12. It is found that the antenna reveals a VSWR of 1.64
at 747 MHz, 1.65 at 1985 MHz, and 1.18 at 3422 MHz. The impedance matching is good across the operating
bands.

The simulated far-field radiation pattern on the E-plane and H-plane for 747, 1980, and 3420 MHz are
shown in the Figures 13a and 13b, respectively. The radiation pattern is simulated by setting ¢ = 90° for
E-plane and ¢ = 0°for H-plane with respect to the # value ranging from -180° to +180°. It is inferred that
the antenna exhibits nearly dumbbell shape in E-plane (azimuth plane) and omnidirectional pattern in H-plane
(elevation plane) for all the desired frequency bands.

The simulated 3D gain of the proposed antenna at three operating frequencies are shown in Figures
14a—14c. The gain is about —2.09 dBi at 747 MHz (low band), 2.05 dBi at 1985 MHz (middle band), and 1.489
dBi at 3422 MHz (high band).
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Figure 12. Plot of VSWR.
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Figure 13. Far-field radiation pattern of the IFA (a) E-plane (azimuth plane), (b) H-plane (elevation plane).
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The surface current distribution on the antenna at the corresponding frequencies of interest is illustrated

in Figure 15. From Figure 15a, it is observed that the current density is higher at the folded radiating arm of

the IFA, L-shaped strip, and the feeding arm at 747 MHz. The antenna has the maximum current of 5 A/m

and minimum current of 0.676 A/m. The distributions of surface current at 1985 and 3422 MHz are presented

in Figures 15b and 15c¢, respectively. It is also noted that there is only one current null on the radiating arm
at 1985 and 3422 MHz and no such existence at 747 MHz. At 3422 MHz, the surface current is high in the
radiating arm which increases the impedance bandwidth at the high-frequency band. The current density is

found to be weak near the ground plane at three different resonant frequencies. In Table 2, the simulated and

measured results are summarized.
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Table 3 shows the comparison of the proposed inverted-F antenna with the previous LTE antennas which
are considered from the literature survey. From Table 3, it is observed that the proposed antenna can operate
in the triple band of LTE 700, LTE 2100, and LTE 3300 with compact size. It occupies less space in the printed

circuit board while integrated with wireless devices.
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Figure 14. Simulated 3D gain of the IFA at (a) 747 MHz, (b) 1985 MHz, and (c) 3422 MHz.

Table 2. Summarized results of the proposed inverted-F antenna.

Frequency | Reflection -10 dB % Application

(MHz) coefficient (dB) | BW (MHz) | BW

747 -11.73 30 4.02 | LTE 700
Simulated | 1985 -12.10 80 4.04 | LTE 2100

3422 —21.46 470 13.74 | LTE 3300

795 -11.7 40 5.03 | LTE 700
Measured | 2050 -15.1 50 2.43 | LTE 2100

3405 -30.5 260 7.63 | LTE 3300

6. Conclusion

In this work, a compact triple band inverted-F antenna for LTE-based wireless handheld devices has been
presented. The proposed antenna has been manufactured and tested. The measured results show that the
proposed antenna exhibits sufficient bandwidths of 40 MHz (5.03%), 50 MHz (2.43% ), and 260 MHz (7.63% )
at three operating frequencies of 795, 2050, and 3405 MHz. It can cover the LTE low band of 780-820 MHz (LTE
700), middle band of 2020-2070 MHz (LTE 2100), and high band of 3230-3490 MHz (LTE 3300), respectively.
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Figure 15. Vector surface current distributions of the IFA at (a) 747 MHz, (b) 1985 MHz, and (c) 3422 MHz.

Antenna has a compact size of 10 x 35 x 0.8 mm?3. The results indicate that the antenna has acceptable

performance for LTE operation. In addition, the suggested antenna is suitable for wireless handheld devices

due to its ease of fabrication and low cost.
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Table 3. Comparison of the proposed LTE antenna with reference antennas.

Antennas No. of | Operating | Resonant Size
considered from | bands | bands frequencies | W*L*H
references (MHz) (MHz) (mm?)
698-960 830
[17] 3 1710-2200 | 1800 10 x 69 x 1.6
26002900 | 2800
700
[18] 2 698-960 2000 40 x 15 x 0.8
1653-3058 | 2500
3000
745787 760
[19] 3 23002400 | 2000 14 x 15 x 3.2
2500 - 2690 | 2650
920-960 950
[20] 3 1900-2200 | 2100 100 x 6.5 x 10
3400-3800 | 3600
Proposed 780-820 795
antenna 3 2020-2070 | 2050 10 x 35 x 0.8
3230-3490 | 3405
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