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ABSTRACT In this paper, intelligent body healthcare management based on body-centric wireless com-
munications (BCWCs) is considered, and a wearable sensor network is studied. The interaction between
electromagnetic waves and the human body is studied at 5 GHz. With the development of BCWCs, numerous
on-body sensors need to be interconnected and transmitting information about human body healthcare.
Structures of uniform cylindrical sensor networks for intelligent health monitoring and prognosis are
proposed and studied. The reason for choosing a cylindrical sensor network is that the shape of a human torso
can be approximated as a cylinder. Different numbers and arrangements of wearable antennas are considered
and compared, and the far-field beam pattern is considered an important indicator in the investigation.
Finally, a sparse cylindrical antenna array is also proposed, and good directional beam pattern performance
is obtained. Electromagnetic simulation is performed mainly by the finite-difference time-domain method.
This paper provides guidelines for the arrangement of wearable sensor networks.

INDEX TERMS Intelligent body healthcare management, on-body wireless communication, wearable

sensor network, uniform cylindrical antenna array, antenna arrangement.

I. INTRODUCTION

Recently, communication technology has become increas-
ingly important in the application of intelligent body health-
care management. Intelligent body healthcare management is
based on body-centric wireless communications (BCWCs),
which mainly include two kinds of systems, wearable
electronic systems and implantable electronic systems [1].
Through wearable electronic systems and implantable elec-
tronic systems, we can detect human health indicators such
as heart rate, body temperature and blood pressure. There
are many studies on body-centric wireless communica-
tions [1], [2] in part because we have some previous studies on
implantable electronic systems [3]-[5]. In this study, we pay
attention to wearable electronic systems. Wearable electronic
systems have many application scenarios, such as (1) mon-
itoring of vital signs of bedridden patients in hospitals and
(2) monitoring of fitness indicators of athletes in the gym.

In our opinion, if wearable devices operate in the frequency
bands of 5G mobile communications, such as 3.3-3.6 GHz
and 4.8-5 GHz, it will bring great convenience; for exam-
ple, one can use mobile phones or a personal digital
assistant (PDA) to receive signals emitted by wearable
devices. It is important to study the interaction between the

human body and electromagnetic waves in the 5G mobile
communication band.

There have been many previous studies on sensor net-
works, and the main purpose of a sensor network is to monitor
an area, as is done in target detection, source localization
and direction-of arrival estimation. Several researchers have
studied sensor networks [6]-[14]. P. P. Vaidyanathan and
P. Pal proposed the nested array and the coprime array, which
achieved large degrees of freedom and could be represented
in closed-form expressions [15], [16]. For the reason that
cylindrical sensor arrays usually make use of only a part
of the elements at a time, Q. Liang and N. Wu proposed
a sparse sensor network constructed of a one-dimensional,
two-dimensional and three-dimensional nested cylindrical
sensor network, which combined the nested linear array with
auniform circular array [17]-[20]. For the reason that a cylin-
drical structure is easy to use in human body applications,
in this paper, cylindrical antenna arrays are considered for
human health monitoring and prognosis. A cylindrical array
contains simple z-polarized dipole antennas in three direc-
tions, which provide wide cover in both the azimuth plane and
the elevation plane. Although microstrip antenna is also suit-
able for this application, dipole antenna is used to compose
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the antenna array in this study for simple. We consider the
application of intelligent body healthcare management to
study appropriate wearable sensor networks.

In this study, the interaction between electromagnetic
waves and the human body at 5 GHz is discussed, a uniform
cylindrical antenna array is discussed, and moreover a sparse
nested array for intelligent body healthcare management is
proposed. The simulation results are carried out by using a
3-D full-wave electromagnetic and computational life sci-
ences simulation software SEMCAD, which is based on the
finite-difference time-domain (FDTD) method. The far-field
beam pattern is considered an important indicator of the
investigation.

This manuscript is organized as follows. A cylindrical
human torso phantom with one antenna is shown in Section 2.
A two-dimensional one-turn antenna array is introduced in
Section 3. In Section 4, the results and analysis of a three-
dimensional cylindrical antenna array are described and stud-
ied. Finally, the results and observations are summarized in
Section 5.

Il. CYLINDRICAL HUMAN BODY PHANTOM

WITH ONE ANTENNA

Because the shape of a human torso can be approximated
as a cylinder, in this study, a simple cylinder is used as
the human torso phantom. However, different people have
different shapes; therefore, to obtain a generalized conclu-
sion, two phantoms, a LARGE phantom and a THIN phan-
tom, are developed to simulate large people and thin people,
respectively.

For the sake of simplicity, muscle can be treated as a
homogeneous material of the human body [21], [22], and the
relative permittivity and the conductivity of muscle are &, =
49.5 and 0 = 4 [S/m] at 5 GHz, respectively [21]. For the
LARGE phantom, the perimeter of the circle is 1004.8 mm,
and for the THIN phantom, the perimeter of the circle
is 753.6 mm, both of which are larger than 10 A at 5 GHz.

SEMCAD software that was developed and pro-
vided by SPEAG is used in this study, and the software is
based on the finite-difference time-domain (FDTD) method.
A hardware accelerated GPU is used to improve the com-
puting speed and reduce the calculation time. In the FDTD
analysis, the number of cells is 302 x 302 x 451, and a
Gaussian differential pulse is used as an excitation, and the
center frequency is set as 5 GHz. The cell sizes are Ax =
Ay = Az = 2 mm. In addition, 11-layer PML is used as an
absorbing boundary condition.

Fig. 1 shows the numerical model. A simple half-
wavelength z-polarized dipole antenna with length [; is
placed near the cylindrical human body phantom. Fig. 2
shows the far-field directional beam pattern at 5 GHz;
because the conductivity of the human body at 5 GHz is very
high, it reflects electromagnetic waves, and the electromag-
netic wave is very weak on the opposite side of the antenna
(120° < ¢ < 240°, 8 < 0°). For example scenario 1, which
is mentioned in Section 1, when a patient is wearing a sensor
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FIGURE 1. A cylindrical human body phantom with a dipole antenna.
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FIGURE 2. Beam pattern of one dipole antenna for the LARGE phantom
and the THIN phantom at 5 GHz. (a) Elevation plane. (b) Azimuth plane.

with his or her back to the receiver, or for scenario 2, when an
athlete is wearing a sensor with his or her back to the receiver,
it is difficult to receive effective signals. Therefore, it is
necessary to consider a wearable sensor network consisting
of several wearable sensors; in other words, it is important to
consider the wearable antenna arrangement.
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FIGURE 3. One-turn circular antenna array (N =1, M =4 and M = 8).

IIl. ONE-TURN CIRCULAR ANTENNA ARRAY

Fig. 3 shows the one-turn circular antenna array. M represents
the number of elements in the circular array. The diameter
D = 360 mm and 280 mm, for the LARGE phantom and
the THIN phantom, respectively. The distances between two
adjacent dipole antenna d; and d, are:

1
dy = -7D (1

dy = —nD 2)
8

The far-field directional beam pattern of the one-turn
antenna array (N = 1) for the LARGE phantom is shown
in Fig. 4. Because of the symmetry of a cylindrical array, only
0°- 180° of the far-field beam pattern is considered. In the
azimuth plane (H -plane), the lobes are almost the same, while
the maximum magnitude in the case of M = 8 is 2-3 dB larger
than those in the case of M = 4. A large magnitude of the
beam pattern indicates large received power. In the azimuth
plane (E-plane) the far-field beam patterns are different; in
the case of M = 8 both the magnitude of the major lobe and
the half-power beam width (HPBW) of the major lobe are
larger than those in the case of M = 4, while in the case of
M = 4, two large side lobes appear.

The far-field directional beam pattern of the one-turn
antenna array (N = 1) for the THIN phantom is shown
in Fig. 5. In the azimuth plane (H -plane), the lobes are almost
the same, while the maximum magnitude in the case of M =
8 is 2-3 dB larger than those in the case of M = 4. Large
magnitude of the beam pattern means large received power.
In the azimuth plane (E-plane), the far-field beam patterns
are different; in the case of M = 4, large magnitude of
major lobes appear in the range of —120° < 6 < —60° and
60° < 6 < 120°, while in the case of M = 8, the performance
of the directional beam pattern is poor.

IV. CYLINDRICAL ANTENNA ARRAY

Fig. 6 shows a human torso-shaped model with a cylindrical
array. The two-dimensional parameters are the same as those
in Fig. 3. The number of circular arrays is represented by N,
and M is the number of elements in each circular array.
In particular, a represents the distance between two adjacent
circular arrays.
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FIGURE 4. Beam pattern with different M for the LARGE model at 5 GHz.
(a) Elevation plane. (b) Azimuth plane.

A. DISCUSSION OF A

Fig. 7 shows the directional beam pattern with a = 1/24,
A and 2) under the condition of M = 8 and N = 3 for the
LARGE phantom. In the elevation plane, both the numbers
of lobes and the half-power beam width are almost the same
among these conditions, while the maximum magnitudes of
beam patterns in the cases of a = A and @ = 2A are almost
the same, 2 dB larger than that in the case of a = 1/2A (a = X
and a = 2)\: maximum value 12.5 dBi, ¢ = 45°/90°/135°;
a = 1/2Xx: maximum value 10.5 dBi, ¢ = 45°/90°/135°).
This phenomenon indicates that under the condition that a
is equal to an integer multiple of X, the same beam pattern
will be obtained in the elevation plane. In the azimuth plane,
the maximum magnitude of the beam patterns in the case
of a = A and a = 2A are almost same (maximum value
12.5 dBi, & = 90°), while with the increase of a, the half-
power beam width becomes narrow (¢ = 0.51: 76°-104°,
HPBW = 28°;, a = A: 82°-98°, HPBW = 16°;, a =
2): 86°-94°, HPBW = 8°), and two large side lobes (max-
imum value 6.2 dBi, & = 63°/117°) are obtained in the case
of a = 2X. The performance of the major lobe shows a
tradeoff relationship between the maximum magnitude of the
beam pattern and the half-power beam width. If we consider
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FIGURE 5. Beam pattern with different M for the THIN phantom at 5 GHz.
(a) Elevation plane. (b) Azimuth plane.
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FIGURE 6. A cylindrical human body phantom with a uniform cylindrical
antenna array.

both the number of antennas and the quantity of the beam
pattern simultaneously, for the LARGE phantom, a = A is a
compromise.

Fig. 8 shows the directional beam patterns with a = 1/2A,
A and 2X under the condition of M = 8 and N = 3 for
the THIN phantom. In the elevation plane, the number of
lobes are almost the same among these conditions, while
the maximum magnitude of the beam pattern is large in the
case of a = A (@ = 1/2X: maximum value 11.6 dBi, ¢ =
22°/68°; a = A: maximum value 13.5 dBi, ¢ = 22°/68°;
a = 2)\: maximum value 12.8 dBi, ¢ = 22°/68°). In the
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FIGURE 7. Beam pattern with different a values under the condition of
M = 8 and N = 3 for the LARGE phantom at 5 GHz. (a) Elevation plane.
(b) Azimuth plane.

azimuth plane, the performance of the major lobe shows a
tradeoff relationship between the maximum magnitude of the
beam pattern and the half-power beam width (¢ = 0.5A:
maximum value -2.8 dBi, 0 = 34°/146°; a = A: maximum
value —0.2 dBi, 8 = 32°/148°; a = 2A: maximum value
1.9 dBi, 8 = 60°/130°). Generally, if we consider both the
number of antennas and the quantity of the beam pattern
simultaneously, for both the LARGE phantom and the THIN
phantom, @ = A is a compromise.

B. DISCUSSION OF M AND N

Fig. 9 shows the directional beam patterns with N =
1, 3, and 5 under the condition of M = 4 and a = A for
the LARGE phantom. In the elevation plane, both the number
of lobes and the half-power beam width are almost the same
among these conditions, while the maximum magnitude of
the beam pattern increases as N increases (N = 1: maxi-
mum value 6.1 dBi, ¢ = 30°/40°/60°; N = 3: maximum
value 11.3 dBi, ¢ = 30°/40°/60°; N = 5: maximum
value 13.7 dBi, ¢ = 30°/40°/60°). The performance of
the beam pattern in the elevation plane is better under the
condition of more antennas. In the azimuth plane, with the
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FIGURE 8. Beam pattern with different a values under the condition of
M = 8 and N = 3 for the THIN phantom at 5 GHz. (a) Elevation plane.
(b) Azimuth plane.

increase of N, the maximum magnitude of the beam pattern
(the major lobe) becomes large (N = 1: maximum value
3.2dBi, & = 90°; N = 3: maximum value 8.4 dBi, § =
90°; N = 5: maximum value 10.7 dBi, 6 = 90°), and the
half-power beam width becomes narrow (N = 1: 75°-105°,
HPBW = 30°; N = 3: 82°-98°, HPBW = 16°; N =
5: 85°-95°, HPBW = 10°). The performance of the major
lobe shows a tradeoff relationship between the maximum
magnitude of the beam pattern and the half-power beam
width.

Fig. 10 shows the directional beam patterns with N =
1, 3, and 5 under the condition of M = 8 and a = A for
the THIN phantom. In the elevation plane, both the number
of lobes and the half-power beam width are almost the same
among these conditions, while the maximum magnitude of
the beam pattern increases as N increases (N = 1: maxi-
mum value 6.0 dBi, ¢ = 25°/45°/65°; N = 3: maximum
value 11.2 dBi, ¢ = 25°/45°/65°; N = 5: maximum

value 13.6 dBi, ¢
the beam pattern in
condition of more

= 25°/45°/65°). The performance of
the elevation plane is better under the
antennas. In the azimuth plane, with

the increase of N, the maximum magnitude of the beam
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FIGURE 9. Beam pattern with changing N under the condition of M = 4
and a = ) for the LARGE phantom at 5 GHz. (a) Elevation plane.
(b) Azimuth plane.

pattern (the major lobe) becomes large (N = 1: maxi-
mum value 5.0 dBi, 6 = 70°/105°; N = 3: maximum
value 9.9 dBi, & = 90°; N = 5: maximum value 12.3 dBi,
6 = 90°), and the half-power beam width becomes narrow
(N = 1:58°-122°, HPBW = 64°; N = 3: 81°-99°, HPBW =
18°; N = 5: 85°-95°, HPBW = 10°). Comparing between
N = 3 and N = 5, a tradeoff relationship between the
maximum magnitude of the beam pattern and the half-power
beam width is appeared. A wide half-power beam width
(HPBW = 64°) is observed in the case of N = 1 while the
maximum magnitude of the beam pattern is small (maximum
value 5.0 dBi).

Fig. 11 shows the directional beam pattern of N =
1, 3, and 5 under the condition of M = 8 and a = A
for the LARGE phantom. In the elevation plane, both the
numbers of lobes and the half-power beam width are almost
same among these conditions, while the maximum magni-
tude of the beam pattern is increased as N increased (N =
1: maximum value 7.2 dBi; N = 3: maximum value 12.4 dBi;
N = 5: maximum value 14.7 dBi). The performance of beam
pattern in the elevation plane is better under the condition
of more antennas. In the azimuth plane, with the increase
of N the maximum beam pattern of the major lobe becomes

69199



IEEE Access

Y. Li, M. Zhang: Study on a Cylindrical Sensor Network for Intelligent Health Monitoring and Prognosis

Beam pattern [dBi]

Beam pattern [dBi]

FIGURE 10. Beam pattern with changing N under the condition of M = 4
and a = 1 for the THIN phantom at 5 GHz. (a) Elevation plane.
(b) Azimuth plane.

large (N = 1: maximum value 7.2 dBi; N = 3: maximum
value 12.4 dBi; N = 5: maximum value 14.7 dBi; 6 = 90°),
and the half-power beam width becomes narrow (N =
1: 68°-112°, HPBW = 44°; N = 3: 82°-98°, HPBW = 16°;
N = 5: 85°-95°, HPBW = 10°). The performance of the
major lobe shows a tradeoff relationship between the maxi-
mum magnitude of the beam pattern and the half-power beam
width. In the case of N = 1, a relatively wide half-power
beam width is obtained while in the case of N = 5, a rel-
atively large maximum magnitude of the beam pattern is
obtained.

In Section 4 A, Fig. 8 shows that under the condition of
M = 8, for the THIN phantom the performance of the beam
pattern is poor, it is recommend that M = 4 is an optimum
decision.

A simple summary of the discussion regarding changing
values of N as follows: in the elevation plane, increasing N
can increase the maximum magnitude of the beam pattern; in
the azimuth plane, there is a tradeoff relationship between the
maximum magnitude of the beam pattern and the half-power
beam width. For example, in scenario 1, which is mentioned
in Section 1, when a patient is wearing a wearable sensor on
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FIGURE 11. Beam pattern with changing N under the condition of M = 4
and a = ) for the LARGE phantom at 5 GHz. (a) Elevation plane.
(b) Azimuth plane.

a bed (static), a large value of the maximum magnitude is
preferred. In contrast, in scenario 2, when an athlete is wear-
ing a wearable sensor during movement (dynamic), a wide
half-power beam width is preferred. A simple summary of
the discussion regarding changing values of M as follows:
for the LARGE phantom in the elevation plane, increasing M
can increase the maximum magnitude of the beam pattern; in
the azimuth plane, there is a tradeoff relationship between the
maximum magnitude of the beam pattern and the half-power
beam width; and for the THIN phantom, the performance of
the beam pattern in the case of M = 4 is better than that in
the case of M = 8§.

C. SPARSE CYLINDRICAL ANTENNA ARRAY

From the results of the uniform cylindrical antenna array, it is
found that under the condition that the number of antennas
is too small, the signal intensity is not sufficient. However,
under the condition that the number of antennas is too large,
the antennas will cause mutual interference. To solve this
contradiction, an interesting sparse cylindrical antenna array
is proposed, under the condition that ¥ = 4 and N = 5, and
the arrangement of antennas is shown in Fig. 12. In the cases
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FIGURE 12. Antenna arrangement of the sparse cylindrical antenna array
for the LARGE phantom.
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FIGURE 13. Beam pattern of sparse cylindrical antenna array under the
condition of | = 4, N =5 and a = X for the LARGE phantom at 5 GHz.
(a) Elevation plane. (b) Azimuth plane.

of N = 1, 3, and 5 the four antennas are located as shown in
the left figure, while in the cases of N = 2, and 4, the position
of the antennas shift 90° in the elevation plane, as shown in
the right figure.

Fig. 13 shows the directional beam pattern of the sparse
cylindrical array under the condition of M = 4, N = 5 and
a = X for the LARGE phantom, and Fig. 13 also shows the
directional beam patterns of two uniform cylindrical arrays
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with the conditions of M = 4, N =5and M = 8, N = 5,
for comparison. In the elevation plane, both the number of
lobes and the half-power beam width are almost the same
among these conditions, while the maximum magnitude of
the beam patterns in the case of the sparse cylindrical array
and in the case of M = 4, N = 5 are almost the same
(M = 8: maximum value 14.7 dBi, ¢ = 90°; M = 4:
maximum value 13.7 dBi, ¢ = 45°; Sparse array: maximum
value 13.6 dBi, ¢ = 45°). In the 6 = 90° direction the
maximum magnitude is 2 dB larger than that in the case of
M = 4 (M = 4: maximum value 10.7 dBi, & = 90°; Sparse
array: maximum value 12.9 dBi, & = 90°). In the azimuth
plane, an especially good performance of beam pattern is
observed, in the case of a sparse cylindrical array. In the
0 = 90° direction, the maximum magnitude is 2 dB larger
than that in the case of M = 4 (Sparse array: maximum
value 12.9 dBi, 6 = 90°), while two large side lobes are
obtained in the § = 60° and & = 120° directions (Sparse
array: maximum value 8.3 dBi, 8 = 60° and 120°).

V. CONCLUSION

In this study, a wearable antenna array consisting of sim-
ple z-polarized dipole antennas is studied for intelligent
health monitoring and prognosis. A simple cylinder is used
as a human torso phantom. Two phantoms are consid-
ered to obtain a general conclusion. The antenna arrange-
ment is considered from a one-dimensional antenna to
a three-dimensional cylindrical antenna array. The results
are obtained by using the electromagnetic simulation
software SEMCAD.

The results show that for one circular array (N = 1),
with an increase in the number of elements in each circular
array M, the number of lobes in the elevation plane does
not change when the magnitude is enhanced; in the azimuth
plane, with the increase of M, the magnitude of the major
lobe is enhanced and that of the side lobes is weakened. For
an increase in the number of circular arrays N, the magnitude
of the lobes in the elevation plane is enlarged; in the azimuth
plane, with increasing N, the magnitude of the major lobe
is enhanced while the half-power beam width is narrowed.
In other words, the magnitude of the beam pattern increases
with increasing antenna number; however, there is no linear
relationship between them. In the azimuth plane, it is pre-
ferred to add elements to each circular array. In the elevation
plane increasing the number of circular arrays can improve
the maximum magnitude of the major lobe, but at the expense
of the half-power beam bandwidth. A large magnitude of the
directional beam pattern can improve the received power;
however, when the human body moves or turns around,
a narrow half-power beam bandwidth will reduce the quality
of communication. Therefore, the number of circular arrays
needs to be determined according to practical applications.
The distance between circular arrays of @ = 1A is preferred
at approximately 5 GHz.

In the practical use of these guidelines for the application
of intelligent wearable sensor arrays, the results in this study
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are considered applicable even when the arrangement of
antennas becomes complex. In this study, only the z-polarized
dipole antenna is considered. The magnitude of the direc-
tional beam pattern will be enhanced under the condition
that the x-, y- and z-polarized dipole antennas are used at the
same time, which will be studied in the future. In this study,
a simple sparse nested array is proposed and good directional
beam pattern performance is obtained. A specialized study on
sparse nested arrays applied in intelligent health monitoring
and prognosis will also be studied in the future.
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