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ABSTRACT: A very-low-profile (8 mm in height), small-size (8 3 3 3

40 mm3), and dual-wideband loop antenna suitable for applications in

the LTE tablet device such as a tablet computer is presented. Dual-

wideband operation of the proposed loop antenna is achieved using a
wideband feed structure formed by a coupling feed, a high-pass match-
ing circuit, and a tuning inductor. The coupling feed leads to successful

excitation of a quarter-wavelength loop mode in the desired lower band.
The high-pass matching circuit causes an additional resonance occurred
near the excited quarter-wavelength loop mode to widen the low-band

bandwidth to cover the 698–960 MHz band. The tuning inductor can
adjust the frequency ratio of the first two higher-order loop modes to

form a wide higher band to cover the 1710–2690 MHz band. Dual-
wideband operation of the proposed loop antenna for the LTE operation
is hence obtained. Details of the proposed loop antenna are addressed.

Working principle of the antenna, especially the function of the wide-
band feed structure thereof, is described. Experimental results of the

fabricated prototype are also presented. VC 2015 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 57:141–146, 2015; View this article online

at wileyonlinelibrary.com. DOI 10.1002/mop.28802
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1. INTRODUCTION

For the tablet device such as the tablet computer to achieve the

LTE operation, the embedded antenna with a very low profile

(8 mm or less in height) [1] is becoming very attractive and

demanded for practical applications. This is mainly because the

spacing or clearance region between the display panel and the

device frame in modern tablet computers is becoming narrower

to achieve a more appealing device appearance for the user. It is

also noted that although some interesting low-profile LTE tablet

computer antennas have been recently reported to cover the

698–960 and 1710–2690 MHz bands [1–15], many of them

requires a height of at least 10 or 15 mm above the top edge of

the device ground plane [2–15]. This is mainly because the cou-

pling between the antenna and the device ground plane will

quickly increase, when the antenna height decreases, especially

for the antenna height less than 10 mm. The increased coupling

will lead to large variations in the antenna’s input impedance,

hence making it difficult in achieving acceptable impedance

matching over a wide bandwidth.

Recently, for achieving a very low profile of 8 mm for the

LTE tablet computer antenna, the design using a two-strip

antenna formed by a driven strip and a shorted parasitic strip

has been applied [1]. In such a design, the antenna occupies a

volume of 8 3 3.8 3 50 mm3. To achieve acceptable imped-

ance matching over two wide operating bands of 698–960 and

1710–2690 MHz, the two-strip antenna requires a long lateral

length of 50 mm along the top edge of the device ground plane

of the tablet computer.

In this article, we present a promising dual-wideband loop

antenna with a wideband feed structure formed by a coupling

feed, a high-pass matching circuit, and a tuning inductor to

achieve a very low profile of 8 mm and a small size of 8 3 3

3 40 mm3. The antenna’s occupied size is smaller than that in

[1], and the antenna can cover the 698–960 and 1710–2690

MHz bands for the LTE operation. Details of the antenna struc-

ture are addressed, and working principle of the antenna, includ-

ing the working principle of the wideband feed structure, are

described in this study. The antenna was also fabricated and

tested. The experimental results are presented and discussed.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the proposed very-low-profile

dual-wideband loop antenna for the LTE tablet computer. Photos
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of the fabricated antenna in the experimental study are also

shown in Figure 2 to provide a more clear view of the pro-

posed antenna. The antenna is mounted along the top edge

(long edge) and flushed to one corner of the device ground

plane of a 9.7-inch tablet computer. The device ground plane

size is 150 3 200 mm2. The antenna is formed by a printed

metal pattern and a bent metal plate. The printed metal pattern

is disposed on a 0.8-mm thick FR4 substrate of relative permit-

tivity 4.4 and loss tangent 0.024. The bent meal plate is cut

from a 0.2-mm thick copper plate. The antenna occupies a vol-

ume of 8 3 3 3 40 mm3 above the top edge of the device

ground plane. Note that with the bent metal plate to increase

the antenna’s low-band bandwidth, the antenna is still with a

thin thickness of 3 mm, which is acceptable for applications in

modern slim tablet computers.

The antenna is mainly a loop antenna formed by a loop strip

(section D0FGE) fed by a wideband feed structure. The loop

strip has a length of about 80 mm, close to 0.25 wavelength at

900 MHz. The wideband feed structure includes a coupling

feed, a high-pass matching circuit (chip capacitor C1 5 2.4 pF,

chip inductor L2 5 11 nH), and a tuning inductor (chip inductor

L1 5 6.2 nH). The equivalent circuit model of the feed structure

is shown in Figure 3. The coupling feed is formed between sec-

tions DD0 and BB0, which has a gap width g of 0.3 mm and can

be represented as a distributed capacitor Ceq in the equivalent

circuit model. With the coupling feed, the quarter-wavelength

loop mode can be successfully excited [16–18] in the desired

lower band. Compared to the traditional loop antenna that is

mainly operated at the half-wavelength loop mode as the funda-

mental or lowest resonant mode [19], the loop antenna in this

study can have a decreased size for the LTE operation in the

698–960 MHz band.

Note that with the bent metal plate connected to the loop

strip, although the achievable bandwidth of the quarter-

wavelength loop mode can be increased, it is still far from cov-

ering the desired lower band. By aided with the high-pass

matching circuit, an additional resonance near the excited

quarter-wavelength loop mode can be generated to effectively

widen the antenna’s low-band bandwidth to cover the 698–960

MHz band. It should be noted that in practical applications, the

three circuit elements L1, L2, and C1 can be disposed on the sys-

tem circuit board of the tablet computer. The occupied area for

the circuit elements is usually very small and can generally be

negligible [11].

Higher-order loop modes can also be generated for the pro-

posed antenna. The tuning inductor L1 can adjust the frequency

ratio of the first two higher-order loop modes, such that a wide

higher band can be obtained to cover the 1710–2690 MHz band.

Hence, the proposed antenna can provide a dual-wideband oper-

ation to cover the LTE lower and higher bands of 698–960 and

1710–2690 MHz. Detailed working principle is addressed in

Section 3.

3. WORKING PRINCIPLE

To analyze the antenna’s working principle, Figure 4 shows the

simulated return loss for the proposed antenna, the case without

the tuning inductor L1 and the high-pass matching circuit

formed by L2 and C1 (denoted as Ant1), and the case without

the high-pass matching circuit formed by L2 and C1 (denoted as

Ant2). The full-wave electromagnetic field simulator HFSS ver-

sion 15 is used to obtain the simulated results [20]. For Ant1, in

which the three circuit elements (L1, L2, C1) are not present, a

resonant mode occurred at about 800 MHz is seen. This reso-

nant mode is the quarter-wavelength loop mode excited with the

aid of the coupling feed [16–18], which is represented as an

equivalent distributed capacitor Ceq shown in Figure 3. In the

desired higher band, a resonant mode is also occurred at about

2100 MHz, which is the antenna’s first higher-order resonant

Figure 1 Geometry of the very-low-profile dual-wideband loop

antenna for the LTE tablet computer. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 2 Photos of the fabricated antenna. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 3 Equivalent circuit model of the feed structure. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com]
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mode. Note that the obtained bandwidths in the lower and

higher bands are far from covering the desired LTE operation

(see the two shaded frequency regions in the figure).

Simply by adding a tuning inductor L1 of 6.2 nH to Ant1

(i.e., Ant2 is formed), a second higher-order resonant mode is

shifted from higher frequencies to be at about 2600 MHz, while

the first higher-order resonant mode is moved to be at about

1900 MHz. In this case, a wide higher band covering the LTE

high band of 1710–2690 MHz is obtained. Then, by further add-

ing a high-pass matching circuit to Ant2 (i.e., the proposed

antenna), an additional resonance occurred in the desired lower

band is obtained, which combines with the quarter-wavelength

loop mode to form a wide lower band covering the LTE low

band of 698–960 MHz. Also, the added high-pass matching cir-

cuit shows small effects on the high-band performance of the

antenna. This makes it easy and convenient for the antenna to

achieve LTE dual-wideband operation. Also note that for the

proposed antenna, although there are some frequencies with

return loss slightly less than 6 dB (3:1 VSWR), the obtained

measured antenna efficiency is better than 40% in the lower

band and better than 56% in the higher band, which is accepta-

ble for practical applications [11]. The simulated and measured

antenna efficiencies will be discussed in Section 5.

To show the effects of the tuning inductor (L1) and the high-

pass matching circuit (L2, C1) on the input impedance variations

more clearly, Figure 5 shows the simulated input impedance on

the Smith chart for Ant1 (curve 1), Ant2 (curve 2), and the pro-

posed antenna (curve 3). Results for the frequency ranges of

690–1000 MHz and 1600–2700 MHz are presented in Figures

5(a) and 5(b), respectively. In the lower band, results of Ant1

and Ant2 show small variations (curve 1 vs. curve 2). This indi-

cates that the tuning inductor has small effects on the antenna’s

low-band performance. Once the high-pass matching circuit is

added, the dual-resonance behavior for the input impedance is

seen (see curve 3) in the desired lower band, which has a wide

operating band for the LTE low-band operation. This

bandwidth-enhancement effect is related to the generation of a

parallel resonance near an existing resonant mode [21–24]. In

the higher band [see Fig. 5(b)], the tuning inductor leads to dual

resonance for the input impedance in the desired higher band

(curve 2 vs. curve 1), while the high-pass matching circuit

shows small effects on the antenna’s high-band performance

(curve 3 vs. curve 2). The results conclude that the antenna’s

lower and higher bands can be controlled by the tuning inductor

and the high-pass matching circuit, respectively.

4. PARAMETRIC STUDY

Effects of the major parameters of the coupling feed on the

antenna performance are also studied. Figure 6 shows the simu-

lated return loss for the proposed antenna as a function of the

gap width g in the coupling feed. Results for the gap width var-

ied from 0.3 to 0.5 mm are presented. When a larger gap width

Figure 4 Simulated return loss for the proposed antenna, the case

without the tuning inductor L1 and the high-pass matching circuit formed

by L2 and C1 (Ant1), and the case without the high-pass matching circuit

formed by L2 and C1 (Ant2). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 5 Simulated input impedance on the Smith chart for Ant1

(curve 1), Ant2 (curve 2), and the proposed antenna (curve 3). (a) Fre-

quency range: 690–1000 MHz and (b) frequency range: 1600–2700

MHz. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]
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is used (e.g., g 5 0.5 mm), the quarter-wavelength loop mode

and the first higher-order loop mode will be slightly shifted to

higher frequencies. In this case, the antenna cannot cover the

desired LTE dual-wideband operation. A proper gap width (the

selected gap width is 0.3 mm in the proposed design) is hence

important in achieving the desired LTE dual-wideband

operation.

Figure 7 shows the simulated return loss for the proposed

antenna as a function of the length t of section BB0 in the cou-

pling feed. Results for the length t varied from 9.5 to 11.5 mm

are presented. When a shorter length t is used (for example,

t 5 9.5 mm), the three loop modes are all slightly shifted to

higher frequencies. Effects on the quarter-wavelength loop mode

and the first higher-order loop mode are similar to those

observed for the gap width variations in Figure 6. For the effect

on the second higher-order loop mode, it is very likely that the

variations of the length t will also cause variations in the effec-

tive input inductance seen at the feeding port. This effect is sim-

ilar to that of the tuning inductor L1, thus causing some effects

on the second higher-order loop mode. In the proposed design,

the preferred length t is selected to be 11.5 mm.

Effects of the device ground plane sizes on the antenna per-

formance are also studied. Figure 8 shows the simulated return

loss for the proposed antenna with different device ground

plane sizes of 200 3 150 mm2 (the antenna mounted along the

short edge), 200 3 200 mm2 (a square device ground plane),

and 150 3 200 mm2 (the case in Fig. 1). Note that the pro-

posed antenna is mounted along the long edge and flushed to

one corner of device ground plane. When the antenna is

mounted along the short edge and flushed to one corner of the

device ground plane, the simulated return losses for the two

cases are very similar.

Conversely, when the antenna is mounted along one edge

and flushed to one corner of a square device ground plane, rela-

tively large effect on the impedance matching in the lower band

Figure 6 Simulated return loss for the proposed antenna as a function

of the gap width g in the coupling feed. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]

Figure 7 Simulated return loss for the proposed antenna as a function

of the length t in the coupling feed. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 8 Simulated return loss for the proposed antenna with different

device ground plane sizes. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 9 Measured and simulated return losses of the fabricated

antenna. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]

Figure 10 Measured and simulated antenna efficiencies of the fabri-

cated antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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is seen, with very small effects seen in the higher band. The

results indicate that the variations in the device ground plane

size of the tablet computer have small effects on the antenna’s

high-band performance. Conversely, effects of the device ground

plane size on the antenna’s low-band performance should be

considered. In addition, as the results for the two cases of 200

3 150 mm2 and 150 3 200 mm2 are similar, it suggests that

the antenna can be mounted along the short edge or long edge

of a same device ground plane with small variations in the

impedance matching.

5. EXPERIMENTAL RESULTS

The proposed antenna was fabricated and tested. Figure 9 shows

the measured and simulated return losses of the fabricated

antenna. Good agreement between the measurement and simula-

tion is seen. The fabricated antenna can cover the LTE dual-

wideband operation. The measured and simulated antenna effi-

ciencies are shown in Figure 10. The antenna was measured in

a far-field anechoic chamber. The measured efficiencies are,

respectively about 40–56% and 56–88% in the lower and higher

bands, which are acceptable for mobile communication applica-

tions [11]. Some discrepancies between the measured and simu-

lated antenna efficiencies are also noted. The discrepancies may

be owing to the ohmic losses associated with the three lumped

circuit elements, which are not included in the simulation study.

Figure 11 shows the measured and simulated radiation pat-

terns of the fabricated antenna at 720, 1900, and 2600 MHz.

The radiation patterns at the horizontal plane (x-y plane) and

two elevation planes (x-z and y-z planes) are shown, and the

radiation intensities in the three principal planes are all normal-

ized with respect to the same maximum intensity. Agreement

between the measured data and simulated results is seen. At 720

MHz (a representative frequency in the lower band), the Eh radi-

ation is close to omnidirectional in the x-y plane. Stronger radia-

tion in the lower-half planes of the elevation planes is also seen.

The results indicate that the device ground plane also contrib-

utes to the radiation in the antenna’s lower band. At 1900 and

2600 MHz (representative frequencies in the higher band), larger

variations in the radiation patterns are seen. In addition, contrary

to the observation at 720 MHz in the lower band, stronger radia-

tion in the upper-half plane of the elevation plane at 2600 MHz

is seen. The results indicate that the device ground plane acts

like a reflector at higher frequencies. Also, in the higher band,

comparable Eh and E/ radiation are seen in the x-y plane, which

is good for mobile communications in complex propagation

environments.

6. CONCLUSION

A very-low-profile loop antenna with a small size to provide

dual-wideband operation for the LTE tablet computer has been

proposed. The loop antenna occupies a volume of 8 3 3 3

40 mm3 and uses a wideband feed structure consisting of a cou-

pling feed, a high-pass matching circuit, and a tuning inductor

to achieve the desired LTE dual-wideband operation in the 698–

960 and 1710–2690 MHz bands. Detailed working principle of

the wideband feed structure has been addressed. Good radiation

characteristics in the two wide operating bands have also been

obtained. The proposed antenna is promising for applications in

modern slim tablet computers with a narrow spacing between

the display panel and the device frame thereof.
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ABSTRACT: The transparent antenna can potentially be combined
with solar cells to create multifunctional compact systems. In this arti-

cle, an optically transparent broadside antenna is presented. Based on a
meshed patch antenna which has three horizontal lines and three verti-

cal lines, the antenna has four more lines to increase the bandwidth.
The antenna is fed by a top fed for simple structure, and the area of the
feed line is much smaller than the one of a side fed. The transparency is

much better because of the low ratio of metal area, which can be further
reduced without destroying the performance of the antenna. The trans-
parent broadside antenna is studied at 2.5 GHz. On the upper surface of

the antenna, the ratio of metal area is 3.2%, and the measured 210 dB
impedance bandwidth is close to 60 MHz. VC 2015 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 57:146–149, 2015; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.28801

Key words: meshed patch antennas; transparency; broadside; radiation

patterns

1. INTRODUCTION

The advantages of optically transparent antennas make them can be

integrated with clear substrates such as window glass for security

and aesthetics [1], and there will be more applications if they are

integrated with solar cell. Combining a GPS patch antenna with sili-

con solar cells for vehicular systems have already been studied [2].

A solar monopole antenna for low-power UMB transceivers and a

microstrip patch antenna integrated with polycrystalline silicon solar

cell have also been put into practice [3,4]. Combining transparent

patch antennas with solar cells can also save the surface real estate

of small satellites and be potentially used as embedded elements

within WLAN/WiMAX communication systems [5,6].

In general, there are two ways to make the antennas achieve

optical transparency: use of meshed conductor, such as meshed

antennas; use of transparent conductor, such as indium tin oxide

(ITO) and AgHT. For an S-band transparent antenna, meshed

antennas can provide 90% transparency and more than 50% effi-

ciency. However, for transparency higher than 70%, ITO or

AgHT can only provide an antenna efficiency of less than 40%.

With the increment of frequency, the efficiency of ITO films

antennas may improve. On the contrary, the efficiency may

reduce for meshed antennas due to the increased leaking of high

frequency microwave signals through the mesh [7].

The antenna described in this article belongs to the first

class, the only difference is that four lines are added on the

basis of a meshed patch antenna, which has three horizontal

lines and three vertical lines to increase the bandwidth of the

antenna. Although the antenna was studied and fabricated on

nontransparent substrate, the design method is the same for

transparent and nontransparent substrates. The antenna has a

simpler structure and better transparency than most transparent

antennas, meanwhile, the performance of the antenna is good.

2. ANTENNA DESIGN

In the simulation, the initial antenna was a meshed patch

antenna, which has three horizontal lines and three vertical lines,
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