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ABSTRACT: In the paper, an optically transparent wideband antenna is proposed for wearable off-body communications. It consists of
two identical asymmetric dipoles connected by parallel metal plates, and is directly fed through the feeding cable. The dual-dipole system
allows for the realization of high front-to-back ratio (FBR) without the need of the ground as a reflecting surface, and size reduction can be
obtained. The asymmetric dipole can generate two resonant frequencies, thereby expanding the operated bandwidth. In addition, optical
transparency is achieved by slotting the dipole and embedding it in the silicone dielectric. For validation, a prototype is fabricated, which
exhibits a size of 0.41\o X 0.14\¢ X 0.13\g. The results show that the prototype has a 10-dB fractional bandwidth (FBW) of 34%, an
FBR of more than 14.1 dB, and a cross-polarization ratio of more than 20.8 dB. Within the bandwidth, the gain is larger than 2.79 dBi

with the average efficiency of over 60%.

1. INTRODUCTION

ith the development of wireless body area networks,

wearable antennas have been widely used in the fields of
biomedicine, sports, defense, navigation and positioning [1-3].
However, since the design of wearable antennas should con-
sider the factors, such as deformation [4], front-to-back ratio
(FBR) [5], and wearing comfort [6,7], it shows more chal-
lenges than the traditional antennas. Especially FBR needs to
be as large as possible in case that the excessive electromagnetic
leakage does harm to the human body.

Usually, patch antennas [8—11] are good candidates in the ap-
plication of wearable devices with large FBR since they have
directional radiation. However, since the bandwidth of patch
antennas is narrow (< 5%), techniques such as multi-mode
resonance [9, 10] must be adopted for wideband applications,
where slots and shorting pins are necessary. In addition, the
wider the bandwidth is, the more complex the structure needs
to be implemented. For instance, in [11], the antenna achieves
a fractional bandwidth (FBW) of 14% by loading metal rings,
stacking patches, slotting, and three port feeding.

Monopole and slot antennas can also be used for design-
ing wearable devices. However, since they exhibit omnidi-
rectional radiation [12, 13], reflected surfaces including ground
plane, matesurface (MS), and artificial magnetic conductor
(AMC) [14-16] have to be applied to obtain unidirectional ra-
diation with high FBR, such as the work in [14] and [15], where
AMC is utilized, and the FBR is increased from 0 to 12 dB and
18.5 dB, respectively.

No matter patch or monopole antennas, due to the existence
of reflected surfaces which are generally larger than the radi-
ators themselves, the overall size of the antenna is big. For
example, in [9], the ground is 2.8 times larger than the radiator.
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In [14], the size of the radiator is 0.29 x 0.29\2, while the size
of the AMC plane is 1.44 x 0.462. Thus, it is found that the
size of the reflector is the main factor that influences the overall
size of the wearable antenna.

Recently, based on backward field cancellation theory, a
dual-dipole system is presented to realize unidirectional radi-
ation [17]. Since antennas do not contain large reflected sur-
faces, the size of the antenna is determined by the radiator. Re-
sults show that dimension of the antenna is only 0.46\ x 0.06,
and the FBR is greater than 9.8 dB at the center frequency. The
drawbacks are that the narrow bandwidth (1.6%) limits its wide-
band application, and the radiation efficiency is lower (maxi-
mum 50%).

In this article, an asymmetrical dual-dipole system is pro-
posed for realizing wearable antenna with wide bandwidth,
high FBR, and small size. In addition, unlike the general wear-
able antenna which employs textile material as medium [18—
20], the proposed antenna employs a silica gel medium which
has higher dielectric constant (the textile material is 1.38,
and the silicone media is 2.75) and optically transparent fea-
ture. Compared to textile antennas, transparent wearable anten-
nas [21-23], with the potential ability to increase their esthetic
appeal and the comfort of the wearer through visually unno-
ticeable and flexible, are better options in terms of application
scenarios, such as smart glasses and flexible solar cells. How-
ever, the reported transparent wearable antennas have their own
shortcomings. For example, the transparent antenna in [21] has
a narrow bandwidth of only 0.07%. The transparent wearable
antenna proposed in [22] achieves a wide bandwidth, but the
efficiency is low (< 50%). To solve the problem of narrow
bandwidth and low efficiency of transparent wearable anten-
nas, the asymmetrical dual dipoles are embedded in the silica
gel medium in the design. Measurements show that the antenna
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FIGURE 2. Evolutions of the proposed antenna. (a) Ant. 1. (b) Ant. 2. (c) Ant. 3. (d) Ant.4.

achieves a 10-dB FBW of 32.4% with FBR greater than 14 dB
and cross-polarization more than 17 dB. The maximum radia-
tion efficiency of the proposed antenna reaches 70.2%.

2. ANTENNA CONFIGURATION AND DESIGN PROCE-
DURE

2.1. Configuration of the Proposed Antenna

Figure 1 illustrates the configuration of the proposed wear-
able antenna, where the radiator consists of two same dipoles
connected by parallel metal plate and embedded in a trans-
parent silicone medium (¢, = 2.75, tané = 0.05 ~ 0.07,
h = Hy + 2h,). The dipole antenna and parallel metal plate
are both copper plates with b, = 0.2 mm thickness. The paral-
lel metal plates with size H; X (Lc3 — wgqp) are used to con-
nect the upper and lower dipole antennas. To expend the band-
width, each of the dipoles is composed of two unequal arms
connected by an L-shaped metal plate. The sizes of the long
and short arms are Lo x (W7 — W) /2 and Ly x (W1 — W) /2,
respectively. On the basis, two rectangular slots with the di-
mensions of L.o x W,y and L.; x W,y are cut on the long and
short arms, respectively for improving the optical transparency
of the antenna. The L-shaped metal plate consists of verti-
cally connected rectangle 1 and rectangle 2 with dimensions

TABLE 1. Dimensions of the proposed antenna.

Parameters | L1 | Wi | L2 | La1 | Let | Lea | Les | Wea
Size(mm) | 6.6 | 85| 8 | 59 | 6.1 | 7.5 | 455 | 1.065
Parameters | Wez | Wa | Ly | Wy | Weap | hp | Hi -
Size(mm) | 2 |05 |75|124|075|02 ]| 75 -
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Of(Lal + Weap — ch) x W7 and (Les— wgap) X (W] — ch)/Q.
It is noted that the excitation is performed between the two L-
shaped metal plates. After optimization using the HFSS, final
dimensions of the proposed antenna are shown in Table 1.

2.2. Evolution of the Antenna

Figure 2 presents the evolution of the proposed antenna to illus-
trate the method of bandwidth and FBR enhancement. The cor-
responding performances are shown in Fig. 3, including |S1]
and radiation patterns at 5.8 GHz.

At the beginning, a simple dipole antenna (named as Ant. 1)
is designed at the center frequency of 5.8 GHz, as shown in
Fig. 2(a). The dipole length can be roughly calculated as A\ /2,
where ) is the wavelength in the air. As seen in Fig. 3, the
10-dB FBW is 9.8%, and the FBR is 0.

To increase the FBR, another dipole is set beneath Ant. 1,
where the two dipoles are connected through a parallel metal
plate (named as Ant. 2). Fig. 2(b) shows the structure of Ant. 2.
It is noted that when the distance between the two dipoles is
H,, the parallel metal plate can provide a phase difference of
(m+ 8 x Hyp) (where §3 is the propagation constant in free space).
For the forward radiation, if the radiation phase of the top dipole
is 0, the corresponding radiation phase for the bottom dipole is
(m + 2 x 8 x Hy). Then, front unidirectional radiation can
be obtained when H; is unequal with half-wavelength, and the
closer the H; is to a quarter-wavelength, the stronger the for-
ward radiation is.

For the backward radiation, the phases of the top and bottom
antennas are (—3 x Hp) and (—m — 8 x Hy), respectively. As
can be seen, the sum of the two phases is always equal to 7 no
matter what is the value of Hy. Thus, the backward radiation
is always null in theory, while in realization, due to the multi-
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FIGURE 3. Simulated results of the four evolutions. (a) |S11]|. (b) FBR.
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FIGURE 4. Effects of (a) L1 and (b) L2 on input resistance.

ple reflections, the backward radiation can be reduced but not
eliminated.

As can be seen in Fig. 3, the FBR of Ant. 2 is increased
to 8.2dB, and the 10-dB FBW is 6.1%, which indicates that
the adoption of dual dipoles can enhance the FBR significantly
without affecting the impedance matching.

For bandwidth enhancement, each arm of the dipole is di-
vided into two arms with different lengths (Ant. 3), as shown in
Fig. 2(c). Since dipoles with different arm lengths can resonate
at different frequencies, when the two resonant frequencies are
close enough by tuning the arm length, the bandwidth of the
dipole can be improved effectively. As can be seen in Fig. 3(a),
the 10-dB FBW of Ant. 3 is increased to 34.1%, while the FBR
is nearly un-influenced.

On the basis, the arm of Ant. 3 is slotted, and the antenna is
wrapped with transparent silicone (named Ant. 4) for increas-
ing the optical transparency of the antenna and improving the
wearing comfort. The slotting is done along the current direc-
tion for not affecting the performance of the antenna. Finally,
transparent silicone is poured, and the antenna is wrapped in
it. Since the medium between the upper and lower antennas is
changed from air (¢, = 1) to silica gel (¢, = 2.75), the antenna
height is further lowered for size reduction. Besides, the FBR
is slightly increased to 9.6 dB.

3. PARAMETER ANALYSIS

To provide further clarification regarding the design mecha-
nism of the proposed antenna, this section will analyze the main
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parameters in detail. It is noted that the remaining parameters
are fixed at their final optimized values throughout the course
of the analysis.

3.1. Effect of Arm Length L, and L,

Figure 4 illustrates the effects of arm length (L; and L3) on
the resonate frequency. It can be seen from Fig. 4(a) that as
L, changes from 4.6 mm to 7.6 mm, the impedance peak of
the higher resonance shifts from 5 GHz to 6.5 GHz. Corre-
spondingly, the impedance peak of the lower resonance moves
from 4.5 GHz to 5 GHz when Lo varies from 7 mm to 9 mm,
as shown in Fig. 4(b). When the two resonant frequencies are
close enough, the bandwidth can be broadened. Fig. 5 gives
the simulated results of several groups of L; and L,. When
L = 6.6mm and Lo 8mm, a 10-dB bandwidth from
5.1 GHz to 7.2 GHz can be realized.

3.2. Effect of H,

From the evolution, it is found that the height of the parallel
metal plate affects the antenna FBR. In the air medium, it is
calculated that the closer the H; is to quarter-wavelength, the
better the antenna FBR performance is. For wideband oper-
ation, the value of H; should be adjusted for obtaining high
FBR within the bandwidth. Fig. 6 investigates the normalized
radiation patterns of the antenna at four in-band frequencies. It
is seen that the FBR varies with both frequency and H;. At
5.5GHz, 6 GHz, and 6.5 GHz, the FBR increases with the in-
crease of H;, while at 7 GHz, the FBR decreases slightly with
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FIGURE 6. Effect of H; on FBR. (a) 5.5 GHz. (b) 6 GHz. (c) 6.5 GHz. (d) 7 GHz.

the increase of H;. Considering the FBR and size, the final
value of H; is determined as 7.5 mm.

4. EXPERIMENTAL RESULTS

To verify the correctness of the simulation, a prototype was fab-
ricated and rigorously tested. Fig. 7 shows photographs of the
prototype. The fabricating procedure is as follows: (1) process-
ing the metal-plate-based dipole and fixing the two dipoles by
soldering the feed cable between the L-shaped metal plates. (2)
placing the antenna into a mould and pouring the uncured sili-
cone liquid and hardenner, with a ratio of 10:1, into the mould.
(3) waiting 24 hours at room temperature, the silicone can be
solidified, and the fabrication processing is finished. Figure 8
shows the actual test environment, using a piece of fresh pork
to simulate the human body and covering it with a layer of felt.
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The antenna was placed on top of the felt and fixed with paper
tape for testing purposes.

Figure 9 demonstrates the simulated and measured results of
the prototype. Under the criterion of |S11| < —10 dB, the band-
width of the antenna is in the range of 5.1 to 7.2 GHz (34%). In
this bandwidth, the gain is larger than 2.79 dBi with the peak
gain of 3.82dBi, as seen in Fig. 9(b). Besides, the antenna
shows good radiation efficiency, reaching a maximum radia-
tion efficiency of 70.2% and an average efficiency of 60%. The
differences between the simulated and measured data can be at-
tributed to the inherent errors generated by the soldering assem-
bly during the antenna fabrication process.

Figure 10 illustrates the radiation patterns of the antenna at
two main planes (p = 0° and ¢ = 90°). Here, four frequencies
(5.5 GHz, 6 GHz, 6.5 GHz, and 7 GHz) are plotted. It is seen
that the radiation patterns are stable in the operated bandwidth.
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FIGURE 7. Photograph of the fabricated prototype. (a) Top view. (b) 3D

FIGURE 8. Photographs of environment setups. (a) Agilent N5230A

view. vector network analyzer. (b) Anechoic chamber.
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FIGURE 9. Simulated and measured results. (a) |S11|. (b) Gain and efficiency.
TABLE 2. Comparison of the designed antenna with other antennas.
Ref Overlapped FBW Peak gain Peak efficiency FBR Dimensions Optically transparent
' (%) (dBi) (%) (dB) (Mo X Ao X Ao) (Y/N)
[9] 18 5.9 74.1 10* 0.79 x 0.61 x 0.03 N
[11] 14 10.8 93 1 0.54 x 0.61 x 0.09 N
[14] 24.4 10.59 85 25 1.44 x 0.46 x 0.05 N
[15] 27.6 5.9 66.1 18.5 0.64 x 0.64 x 0.03 N
[17] 1.6 43 50.1 9.8 0.46 x 0.06 x 0.04 N
[21] 0.07 32 51 10 0.49 x 0.49 x 0.11 Y
[22] 10.4/20.4 3.2/3.5 46/48 15* 0.67 x 0.77 x 0.06 Y
This work 34 3.82 70.2 14.1 0.41 x 0.14 x 0.13 Y

* Estimated from the results. )\ is the wave length at the lowest operating frequency.

The measured FBRs of the antenna are 16dB@5.5 GHz,
17.4dB@6 GHz, 20.1dB@6.5GHz and 14.1dB@7 GHz.
Besides, the measured cross-polarization ratios are 22.1dB,
20.8dB, 17.4dB, and 21.5dB for the four frequencies, which
indicates good linear polarization characteristic.

The specific absorption rate (SAR) simulation is established,
and the model is shown in Fig. 11(a). The clothed human body
was simulated by modelling four layers: felt, skin, fat, and
muscle. Fig. 11(b) plots the SAR values at 5.5 GHz, 6 GHz,
6.5 GHz, and 7GHz. It is seen that the SAR values are less
than 0.8 W/kg per 1 g tissue and less than 0.2 W/kg per 10 g tis-
sue. Both the results are lower than the US (1.6 W/kg per 1 g
tissue) and EUR (2 W/kg per 10 g tissue) standards, which in-
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dicates that the designed antenna is safe for wearing on human
body.

Table 2 compares the performances of the proposed and rep-
resentative wideband wearable antennas. The proposed an-
tenna shows wider bandwidth and smaller size than the works
in [9, 11, 14, 15] using reflected surfaces for unidirectional ra-
diation. Besides, the FBR of the proposed structure is higher
than [9] and [11]. Compared with [17] where dual-dipole the-
ory is adopted, the proposed antenna exhibits a big increase of
the bandwidth. In addition, the efficiency and FBR within the
band are also higher than the antenna in [17]. Compared with
the transparent wearable antennas in [21] and [22], the proposed
antenna shows wider bandwidth, higher gain and efficiency.
Besides, the size of the proposed structure is smaller than those
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in [21] and [22]. Thus, due to the superior performance of the
proposed antenna, it has a broad application scenario in the field
of wideband wearable devices.

5. CONCLUSION

In the paper, a wearable antenna with wideband, high FBR,
and optical transparency is proposed, which is attributed to
the asymmetric dual-dipole system and silica gel medium.
Measurement results show that the antenna achieves a 10-dB
FBW of 34% with more than 14dB FBR and 17dB cross-
polarization. Besides, it also shows the advantages of small
size, good radiation efficiency, and optically transparent fea-
ture, which has broad application prospect in wideband wear-
able field.
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