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Abstract: A compact end-fire wearable Yagi-Uda antenna covering the entire 57-64 GHz
frequency band is characterized in free space, in the presence of a skin-equivalent phantom
and under bending conditions. The results demonstrate that, when placed on the body
and/or bended, the antenna preserves satisfactory performances. The possibility of its
use for an on/off-body communications at 60 GHz is investigated numerically and
experimentally in a representative scenario in terms of E-field and power flow distributions,
as well as in terms of path gain. It is shown that this antenna is a suitable candidate for
high-data-rate short-range on/off-body transmissions.
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1. Introduction

Recently, the unlicensed 57-64 GHz band has been identified as a highly promising solution for
body area networks (BAN) [1] since it provides several advantages compared to microwave BAN [2].
Indeed, very high data rates can be reached (up to 5—7 Gb/s) [3] whilst providing high level of security
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and low interference with adjacent networks [4]. Besides, the on-body devices are smaller at
millimeter waves compared to those operating at microwaves.

Few studies have been reported so far in the literature on 60-GHz BAN communications.
Propagation studies have shown that (1) 60-GHz BAN allows more BAN users to be co-located within
a certain area [4] and (2) it is possible to establish a BAN with a reliable radio link and coverage [5].
Besides, a tissue-equivalent phantom emulating the dielectric properties of the human skin in the
55-65 GHz range has been proposed [6] for antenna measurements and propagation studies [7], [8].
Furthermore, the state of knowledge of the electromagnetic and thermal interactions of millimeter
waves with the human body has been reviewed in [9].

Some 60-GHz antennas with end-fire radiation patterns have been recently designed [10], [11] for
on-body communications. A piece of meat was used to mimic the human body and to study the impact
of the body upon the antenna performance. In [12—-14] wearable patch and Yagi-Uda antennas for
on-body communications at 60 GHz have been introduced. In [12] it is shown that bending a patch
antenna printed on a textile has small impact on the reflection coefficient and antenna gain. In [13] a
textile Yagi-Uda antenna matched in the 57-64 GHz band with an end-fire radiation pattern is
characterized in the presence of a flat skin-equivalent phantom, without considering the bending effect.

It is well known that in some BAN applications the antenna cannot be always kept flat, so the
bending effect should be investigated and taken into account for possible applications. At microwaves,
bending effect has been widely studied for different antenna types, such as patch antenna [15-18],
planar inverted F-antenna (PIFA) [19], dual-band antenna printed on electromagnetic band gap
structure (EBG) [20]. These studies showed that antenna impedance matching and radiation patterns
are affected by bending. Furthermore, Ref. [19] shows that the textile antenna performance can be
substantially affected when it is crumpled, with a significant frequency shift and degraded radiation
patterns. On the other hand it is shown in [20] that a textile antenna integrated with an EBG surface is
tolerant to the bending on the body. Some effects on the radiation pattern and resonant frequency are
noted, although the bandwidth and antenna gain remains unchanged.

In this study, the wearable Yagi-Uda antenna operating in the 57-64 GHz range briefly introduced
in [14] is characterized for the first time under bending conditions on a skin-equivalent phantom.
Furthermore, the propagation is studied for a realistic communication scenario between this antenna
placed on a human hand and an off-body antenna. In practice, the antenna could be integrated in a
wristwatch, bracelet, or gloves for medical, military or entertainment applications where high-data-rate
transmissions are needed.

This paper is organized as follows. The antenna design and its main characteristics in free space, in
the presence of a skin-equivalent phantom and under bending conditions are presented in Section II. In
addition, the E-field distribution in free space and around a homogeneous skin-equivalent model is
numerically investigated. In Section III, the propagation is investigated for realistic on to off-body
scenario. Finally, the conclusions are drawn in Section IV.
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2. Antenna Model and Characteristics
2.1. Antenna Model

The compact wearable antenna used in this study was previously briefly introduced in [14]. Here for
the first time the antenna characteristics are investigated under bending conditions both in free space
and on a skin-equivalent phantom.

This low-profile high-gain (~12 dBi) antenna with an end-fire radiation is printed on a 0.254 mm-thick
RT Duroid 5880 substrate (&, = 2.2, tand = 0.003). The layout and the manufactured antenna are shown
in Figure 1.

Figure 1. (a) CAD antenna view (dimensions are in mm); (b) Manufactured antenna with a
V-connector.

2.2. Reflection Coefficient

The reflection coefficient (S7;) of the antenna with V-connector (Figure 1b) is measured with a
110 GHz vector network analyzer (Agilent 8510XF) after performing an open-short-load
(OSL) calibration.

Firstly, the S;; was measured in free space. As shown in Figure 2, both measured and simulated S;;
are in good agreement and below —10 dB in the whole 57-64 GHz range. For the numerical modeling
CST Microwave Studio® has been used. The S11 was also measured when the antenna was placed on a
semi-solid phantom emulating the dielectric properties of the human skin. The skin-equivalent
phantom was prepared following the procedure presented in [21]. The antenna/body spacing (%) is
5.6 mm (due to the connector presence); in this case the reflection coefficient remains almost the same
as in free space within the whole frequency range.

Secondly, the S;; was measured under bending conditions (in H-plane), when the antenna is placed
on a semi-cylindrical Rohacel HF51 foam and on a skin-equivalent phantom with a radius R = 15 mm
(Figure 3). The chosen radius represents a severe “worst case” test. As shown in Figure 2, the Sy,
remains below —10 dB over the whole frequency range. These results demonstrate that despite the
severe bending and the presence of the human body, the S;; remains below —10 dB proving the
robustness of the antenna performances in terms of reflection coefficient.
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Figure 2. Reflection coefficient of the antenna in free space, under bending conditions on a
semi-cylindrical foam and on a skin-equivalent phantom, and for the antenna placed on the
phantom for the antenna/body spacing # = 5.6 mm. [S]—Simulations, [M]—Measurements.
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Figure 3. Bending antenna in H-plane on a semi-cylindrical skin-equivalent phantom with
R=15mm.

2.3. Radiation Patterns

The radiation patterns in free space for E- and H-planes (i.e., xy-plane and xz-plane, respectively)
are plotted in Figure 4. The simulated and measured radiation patterns at 60 GHz are in good
agreement. Generally the cross-polarization remains lower than —10 dB in both planes, except around
30° where a slight increase is noticed compared to the co-polarization component. At 60 GHz, the
measured and computed gains equal 11.8 dBi and 12.1 dBi respectively. The antenna radiation
efficiency (94.4%) calculated as the ratio between the measured gain and computed directivity is in
good agreement with the simulated value (92.2%). Figure 5 shows the simulated radiation pattern in
free space at 57-60—64 GHz. Results demonstrate stable antenna performances in the 57-64 GHz
frequency range.
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Figure 4. Measured and simulated radiation patterns in free space at 60 GHz: (a) E- and
(b) H-planes.
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Figure 5. Simulated radiation patterns in free space at 57-60—64 GHz: (a) E- and (b) H-planes.
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The measured radiation patterns in both £ and H planes at 60 GHz of the antenna placed at a
distance # = 5.6 mm on a flat skin-equivalent phantom are shown in Figure 6. As it can be seen, both
E- and H-planes are strongly affected by the human body presence because of reflection from and
absorption in the body.

It was previously shown that, at microwaves, the antennas in the presence of the human body suffer
from drastic decrease of efficiency and gain [22-26]. At 60 GHz, the radiation pattern in the H-plane is
tilted (about 10°) because of reflections occurring at the air/phantom interface. It is well known that
the reflected power depends on the incidence angle and polarization, and for normal incidence
30%—40% of the incident power is reflected [9]. Indeed, due to the reflection on the skin phantom, the
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gain increases by 3 dB when the antenna is on the phantom compared to the antenna in free space. The
measured gain (15.2 dBi) is in good agreement with the computed one (15 dBi). Furthermore,
compared to the free space configuration, back radiation is significantly reduced because of the
absorption in the human body.

Figure 6. Measured and simulated radiation patterns of the antenna placed at a distance
h = 5.6 mm from the skin-equivalent phantom at 60 GHz: (a) E- and (b) H-planes.
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Figure 7 shows the computed gain for different antenna/phantom distances. An antenna gain
increase is noticed when the antenna is placed above the phantom (3 dB for # = 5.6 mm). It should be
also noted that at # = 2 mm the radiation pattern in the H-plane is tilted by 20°, while at 5.6 mm the tilt
angle is 10°. In Table 1, a summary of the computed and measured gain is provided, as well as the
simulated antenna radiation efficiency. It is shown that the efficiency decreases when the
antenna/phantom distance decreases.

Figure 7. Simulated gain (H-plane) for different antenna/phantom distances.
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Table 1. Antenna gain and radiation efficiency for different antenna/phantom distances.

.. Gain [dBi] (@ 60 GHz) Efficiency [%](@ 60 GHz)
Antenna position ; .
Simulated Measured Simulated
Free space 12.1 11.8 92.2
h=5.6 mm 15.1 15.2 75.2
h=2mm 13.6 13.6 68.2

Table 2 summarizes the numerical results of the absorbed power and peak SAR averaged over 1 g
of skin for an input power of 10 mW.

Table 2. Absorbed power and maximum SAR averaged over 1 g of skin at 60 GHz for an
input power of 10 mW.

Absorbed power [mW] Peak SAR,, [W/kg]
h=5.6mm 24 1.03
h =2 mm 3.2 1.67

The E-field distribution is numerically investigated using a rectangular skin-equivalent phantom
(Figure 8). The skin complex permittivity in the frequency range 55—65 GHz is described by Debye
model [27] with parameters provided in [21] (¢* = 7.98 — j10.90 at 60 GHz). Figure 9 demonstrates
the E-field distribution in free space and around the phantom. As it can be seen, due to the presence of
the phantom, the main radiation direction is tilted by 10° in the H-plane (xz-plane) (antenna/phantom
distance £ = 5.6 mm).

Figure 8. End-fire antenna on a rectangular skin-equivalent phantom (dimensions are in mm).
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Figure 9. E-field distribution in free space and around a rectangular skin-equivalent
phantom representing a human hand (xz-plane) for antenna/phantom distance 2 = 5.6 mm.
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Under bending conditions (Figure 3), a significant effect is noticed on the H-plane rather than
E-plane. Figure 10a shows the measured and simulated radiation pattern in the H-plane. When bended,
the maximum radiation follows the direction of the directors (—46° tilt with respect to the flat
antenna position in free space). The same effect is noticed at 57 GHz and 64 GHz (Figure 10b). In
E-plane the angular width (3 dB) increases at 60° for the bent antenna with respect to 30° of the flat
antenna position.

As far as the gain is concerned, the measured 11.1 dBi gain is in good agreement with the simulated
11.0 dBi gain. Compared with the free space case, a drop of 0.7 dB is observed during the measurements.

Figure 10. (a) H-plane (xz-plane) radiation pattern of the bent antenna at 60 GHz
mounted on a semi-cylindrical foam and skin-equivalent phantom (R = 15 mm);
(b) H-plane radiation pattern of the bent antenna computed at 57-60—64 GHz mounted on a
semi-cylindrical skin-equivalent phantom (R = 15 mm).
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The data presented above demonstrate that when the antenna is mounted on a phantom and/or
bended its performances remain satisfactory in terms of reflection coefficient, radiation pattern
and efficiency.

3. On to off Body Propagation

In this section, a specific communication scenario is considered where the wearable end-fire
antenna is placed on a wrist and communicates toward the hand direction with an antenna integrated in
an off-body transceiver placed at 5 cm in front of the hand (Figure 11). In practice, the antenna could
be integrated in a wristwatch, bracelet, or gloves. To the best of our knowledge, such a high-data-rate
exchange scenario has never been investigated so far at millimeter waves.
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Figure 11. Wearable antenna position on a human hand and waveguide antenna placed in
front of the hand as an off-body transceiver.
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The propagation for the communication scenario shown in Figure 11 is investigated in terms of path
gain (Figure 12). The latter is measured using a Rohde & Schwarz® ZVA67 VNA. Both wearable
antenna and waveguide are connected to the VNA ports through 80 cm-long semi-rigid coaxial cables.
The waveguide is connected using a waveguide-to-coaxial cable adaptor. Losses in cables and adaptor
are taken into account through a full 2-port calibration. The waveguide is fixed at a distance d = 5 cm
in front of a phantom and moved in the yz-plane (from —10 cm to 10 cm along y-axis and from 0 cm to
4 cm along z-axis). For these measurements, in addition to the rectangular phantom, we also used a
phantom with a realistic hand shape (23 cm length, 2.5 cm height, and 10 cm width). As expected, the
maximum path gain is obtained when the waveguide antenna is at a height of about 3—4 cm with
respect to the wearable antenna (height corresponding to a 10° tilt in the H-plane). Higher path gain
values are noted for the waveguide position on the y-axis between —5 cm and 5 cm, interval, which
corresponds to the angular width of about 30°. This is expected since the radiation pattern of wearable
antenna on the E-plane has an angular width (3 dB) of about 30°. These results are consistent with the
power flow distribution in the same cutting plane shown in Figure 13. The difference is mainly related
to the radiation pattern and polarization of the open-ended waveguide.

Figure 12. Path gain distribution for: (a) rectangular and (b) real hand skin-equivalent
phantom. Distance between the phantom and waveguide is d = 5 cm.
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Figure 12. Cont.
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Figure 13. Computed normalized power flow distribution for rectangular skin-equivalent
phantom at d =5 cm.
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The data demonstrate that the path gain obtained with the rectangular phantom is similar to the one
obtained with the realistic hand model (the maximum deviation is less than 6 dB). This suggests that
this propagation path is robust and only slightly sensitive to the hand shape and posture. However,
tilting the hand may strongly impact the path gain.

4. Conclusions

In this study, a compact end-fire wearable antenna was characterized in free space, on phantom and
under bending conditions. The possibility of its use for an on to off-body communication scenario at
60 GHz was investigated in terms of path gain.
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Firstly, the antenna reflection coefficient and radiation patterns were computed and compared with
measurements. It was shown that even if under bending conditions the reflection coefficient is
affected, it remains below —10 dB. The radiation pattern is mainly affected in the H-plane with a
maximum radiation along the directors (—46°), while in the E-plane an increase of the 3 dB
angular width of 30° is observed. It was also demonstrated that when the antenna is placed over a
skin-equivalent phantom, both E- and H-planes are strongly affected because of reflection from and
absorption in the body. In particular, a 10° tilt on the H-plane radiation pattern is noticed.

Secondly, for the propagation scenario considered in the paper, it was shown that a better
propagation occurs when the transmitter is placed in front of the wearable antenna at a height
corresponding to the tilt angle noticed in the H-plane radiation. It was also demonstrated that, for the
propagation characterization, a simple rectangular shape phantom can represent a real hand with a
difference of less than 6 dB in terms of path gain.

These results suggest that this antenna is a promising candidate for wearable applications within
BAN, in particular for high-data-rate transmissions in on/off-body exposure scenarios.
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