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Transmissibn Mechanism of Wearable
Devices Using the Human Body as a
Transmission Channel

Koichi Ito, Masaharu Takahashi, and Katsuyuki Fuijii

4.1 Introduction to Communications Using Circuits in Direct Contact
with the Human Body

In recent years, the development of the information and communication devices,
such as cellular phones, personal digital assistants (PDAs), digital video cameras,
pocket video games, and so forth, has been progressing rapidly. This evolution gives
increased convenience to our daily lives. In the near future, these appliances will
begin to be attached to our body, in the form of wearable computers that can be
connected to internal and external network systems [1]. However, [2] notes that
there is currently no method for these personal devices to directly exchange data.
We would like to exchange the data in the wearable devices without any physical
constraints, such as external wire connections that may be easily tangled. The solu-
tion for networking these personal devices has been proposed as PANs that use the
human body as a transmission channel [2, 3]. One of the merits of this system is that
data can be exchanged by our natural actions, such as simply touching the receiver,
and the user can be clearly aware of connection. Figure 4.1 shows the future appli-
cations. We can use these transmission systems for security, electronic money,
amusement, and so forth.

Although many studies have been made on the development of wearable devices
using the human body as a transmission channel, little is known about the transmis-
sion mechanism of such devices in the physical layer, from the viewpoint of the
interaction between the electromagnetic wave and the human body [2-14]. Electro-
magnetic communication trials using the human body as a transmission medium
have been carried out for more than a decade. However, most of the research has
been conducted by researchers who just want to utilize the results, and until recently
the physical mechanisms have not been studied.

This chapter investigates the transmission mechanisms of the wearable devices
using the human body as a transmission medium [15-23]. Figure 4.2 shows the
communication system [9] of the PAN using a 10-MHz carrier frequency [24].
When a user wearing the transmitter touches the electrode of the receiver, a trans-
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(b)

Figure 4.1 Examples of the future applications of PANs: (a) auto lock door, (b) auto login, (c)
electronic money, and (d) amusement.

Receiver

Figure 4.2 Transmission system using the human body as a transmission channel [9].

mission channel using the human body is formed. In this case, the receiver recog-
nizes the user’s ID, which can be personalized. This communication system uses the
near-field region of the electromagnetic wave generated by the device, which is even-
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tually coupled to the human body by electrodes. The structure of electrodes is one of
the key issues for transmission using the human body.

In this chapter, the authors clarify the transmission mechanism of the wearable
device using the human body as a transmission channel, from the viewpoint of the
interaction between electromagnetic waves and the human body, by using computer
simulations and by experiments on a biological tissue-equivalent solid phantom.

In Section 4.2, some calculation models of the transmitter attached to the
human body are proposed, using the FDTD method [25, 26] to clarify the transmis-
sion mechanism. In the first step, the electric field distributions inside and outside of
realistic high-resolution whole-body voxel models of a Japanese adult male and
female of average height and weight [27] are investigated. The transmission system
described in this chapter uses a 10-MHz carrier frequency, so the wavelength, 4 =
30m. A whole body calculation area will be needed because the human body may
resonate at this frequency. As a result, there is no difference between the electric
fields of a male and a female. Moreover, from the viewpoint of computer resources
(memory, calculation time, and so forth), the calculation area can be limited to only
the arm region, because most of the electric field is concentrated near the tip of the
arm.

In the next step, only the arm models are used to simplify the calculation. The
calculation models are a male arm, a female arm, and a rectangular parallel-piped
homogeneous (muscle) arm that almost imitates the averaged-sized Japanese from
finger to elbow [28], respectively. From these results, the authors conclude that the
simple homogeneous arm model is sufficient to evaluate the electric field distribu-
tion of the human body, although it does not include skin, fat, bone, and so forth.

In the third step, the effective electrode structure is proposed to send the signal
from the transmitter to the receiver. The differences of the distributions of the elec-
tric field are shown from the viewpoints of impedance matching theory by introduc-
ing the equivalent circuit models [29].

In Section 4.3, calculation results are compared to the measured results by using
a biological tissue-equivalent solid phantom [30] to show the validity of the calcula-
tion. In the first step, each direction (rectangular coordinate) of the current distribu-
tion inside the arm is investigated, in order to understand the transmission
mechanism. However, it is difficult to directly measure the current distribution
inside the human body. It is inferred from measuring the magnetic field distribution
close to the human body by using Ampére’s law. In order to clarify the validity of the
measurement, the measured magnetic field strength is compared to the calculated
one. The result indicates a good agreement between measurement and calculation.

In the second step, a portable receiver, which was made by K. Fujii under Mr. S.
Tajima’s (Sony CSL) instructions, is introduced. This receiver can measure the
received signal voltage directly without connecting outer measurement equipment,
such as an oscilloscope, which would affect the measurement results. By attaching
the receiver to the tip of the arm, electric field distributions and received signal levels
are investigated. The reason for discussing the electric field distribution is that the
received signal voltage of the receiver is calculated from the electric field. The argu-
ment from the viewpoint of the electric field is essential. From these results, the
effective direction of electrodes of the transmitter to use the human body as a
transmission channel is proposed.
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In Section 4.4, after the validity of the calculation model was demonstrated in
the previous section, the authors clarify the dominant signal transmission channel,
because the question of whether the dominant signal channel is inside or outside the
arm still remains unsettled. To answer this question, the calculation model of the
arm wearing the transmitter and the receiver placed into a hole of a conductor plate
is proposed. The electric field distribution and received signal voltage are investi-
gated as a function of the gap between the hole of the conductor plate and the sur-
face of the arm, when the signal passed through the hole in the conductor plate. If
the dominant signal channel is outside the arm, then the received signal is not gener-
ated when the gap between the conductor plate and surface of the arm does not
exist. On the other hand, if the dominant signal channel is inside the arm, then the
received signal is generated in the same condition.

In Section 4.5, the authors conclude their studies concerning the transmission
mechanism of the wearable devices using the human body as a transmission
channel.

4.2 Numerical Analysis and Equivalent Circuit Models

4.2.1 Whole Body Models

Studies of wearable computers have recently attracted much public attention. It is
thought that computing in the near future will be mainly performed through the
interaction between wearable computers and ubiquitous computers. The communi-
cation system that uses the human body as a transmission channel has been pro-
posed as one of these studies. When a user wearing the transmitter shown in Figure
4.3 touches the electrode of the receiver, a transmission channel is formed via the
human body. The transmitter has two electrodes. One is the signal electrode fed by
an excitation signal (3V_, 10 MHz, sinusoidal wave), and the other is the ground
(GND) electrode that is connected to the ground level of the electric circuit.

Figure 4.4 shows the calculation model of the transmitter. The authors have
focused on the modeling of the transmitter for the FDTD calculations, and there has
been considerable validity in that result [16, 20]. Two electrodes and circuit boards
are modeled as perfect electric conductors. A continuous sinusoidal wave (3V_, 10
MHz) is fed to the signal electrode.

In our study, the transmitter uses a 10-MHz carrier frequency, and its wave-
length A is much longer than the height of the human body. In order to investigate
the coupling between the transmitter and the human body, full-scale human models
are utilized. Figure 4.5 shows the realistic high-resolution whole-body voxel models
of a Japanese adult male and female of average height and weight. According to
[27], the male is 22 years old, is 172.8 cm tall, and weighs 65.0 kg. The female is 22
years old, is 160.0 cm tall, and weighs 53.0 kg. The resolution of these calculation
models is 2 X 2 X 2 mm. By putting these calculation models into the FDTD
method, the electric field distributions inside and outside the whole bodies are inves-
tigated. The relative permittivity and conductivity of each tissue are equal to the
value at 10 MHz [31]. The transmitter is attached to the wrist of the left arm. The
size of the cells is Ax = Ay = Az = 2 mm. The absorbing boundary condition is
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(a) ()

Figure 4.5 Realistic high-resolution whole-body models of a Japanese adult: (a) male, and (b)
female [27].

assumed to be Mur’s second order, and the time step is 3.84 ps, satisfying the
Courant stability condition.

Figure 4.6 shows the electric field distributions inside and outside the whole
body of the male and the female. The observation plane includes the feeding point of
the transmitter. From these results, it can be seen that most parts of the electric field
are concentrated around the tip of the arm. Thus, only the arm model is sufficient to
analyze the transmission between transmitter and receiver from the viewpoint of the
computer resources (calculation time, memory, and so forth). Moreover, this system
has an advantage over those using airborne radio waves from the viewpoint of
energy consumption. As a result, this communication system that uses the human
body as a transmission channel is useful for personal area networks. In the next sec-
tion, the differences in the transmission properties caused by the electrode structure
will be considered in detail by using only the arm model.

4.2.2 Arm Models

In this section, only the arm model is used, which simplifies the calculation. The
electric field distributions inside and outside the arms are calculated. The calculation
models are a male arm, a female arm, and a rectangular parallel-piped homogeneous
(muscle) arm that almost imitates the averaged-sized Japanese arm from finger to
elbow [28]. The size of the cells is Ax = Ay = Az = 2 mm. The absorbing boundary
condition is assumed to be Mur’s second order, and the time step is 3.84 ps, satisfy-
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Figure 4.6 Electric field distributions inside and outside the whole body: (a) male, and (b)
female.

ing the Courant stability condition. Figure 4.7(a) shows the electric field distribu-
tion of the cross section of the male arm. The observation plane includes the feeding
point of the transmitter, and the value of the electric field is normalized by the elec-
tric field strength at the feeding gap. The electric field is propagated along the length
of the arm. Most parts of the electric field are concentrated at the position of the
transmitter. This transmission system using the human body as a transmission
channel has the advantage of sending the signal merely by touching the electrode of
the receiver. It is also advantageous from the viewpoint of the security, because the
signal is not radiated into the air but propagated along the length of the arm. Figure
4.7(b) shows the electric field distribution of the cross section of the female arm.
The electric field distribution is almost the same as Figure 4.7(a), although the shape
and thickness of the arm are different. Figure 4.7(c) shows the simplest calculation
model, which is a rectangular parallel-piped homogeneous (muscle) arm. The elec-
tric field distributions of Figure 4.7(c) inside and outside the arm are almost the
same as those of Figure 4.7(a, b), in spite of a homogeneous structure, not including
items such as skin, fat, bone, and so forth, which have different electrical parame-
ters. From these results, it can be concluded that the simplest calculation model in
Figure 4.7(c) is sufficient to evaluate the electric field distribution of the human
body. After this section, the rectangular parallel-piped homogeneous (muscle) arm
is utilized to simplify the discussion on transmission properties.
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Figure 4.7 Electric field distributions inside and outside the arm: (a) male, (b) female, and (c)
homogeneous model (muscle).
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4.2.3 Effective Electrode Structure

This section examines the effective electrode structure of the transmitter for using
the human body as a transmission channel. To investigate the electric field differ-
ence due to the electrode structure, two types of the electrode structures are intro-
duced. Figure 4.8 shows the calculation model of the arm with the transmitter.
Figure 4.8(a) shows the electrode model with the GND electrode, and Figure 4.8(b)
shows the electrode model without the GND electrode. The arm is modeled as a
rectangular parallel-pipe (5 X 5 X 45 cm), and the electrical parameters are equal to
those of the muscle (relative permittivity ¢, = 170.73, and conductivity 0 = 0.62
S/m) [32]. The size of the cells is Ax = Ay = Az = 1 cm. The absorbing boundary
condition is assumed to be Mur’s second order, and the time step is 19.2 ps, satisfy-
ing the Courant stability condition.

Figure 4.9 shows the result of the electric field distributions inside and outside
the arm. The observation plane is the x-z plane at y = 0, and 0 dB indicates the
strength of the electric field at the feeding point. Figure 4.9(a) shows that the electric
field is distributed along the surface of the arm (approximately from =30 to =40 dB),
because the current path is formed between the signal electrode and the GND elec-
trode. However, in Figure 4.9(b), level of the electric field on the surface of the arm

GND Feed Point
Electrode 8 cm y
3cm
3 V1 8 cm z
Arm Signal
5cm e =170.73 Electrode 19.cm
0=0.62S/m P
| |
45 cm
(@
Feed Point
8 cm y

3cm

5cm
/ 24 cm Z
Arm

e /)
Signal —T >

19 cm
5cm £,=170.73 Electrode
0=0.62S/m 5
I R
| |
45 cm
(b)

Figure 4.8 Calculation model of the arm wearing the transmitter: (a) Tx with GND electrode,
and (b) Tx without GND electrode.
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Figure 4.9 Electric field distributions inside and outside the arm: (a) Tx with GND electrode, and
(b) Tx without GND electrode.

seems low (approximately from —40 to —50 dB), and the electric field does not pen-
etrate inside the arm. Therefore, the GND electrode is necessary to generate the elec-
tric field around the arm. Next, this result will be investigated by using the
equivalent circuit models of power transmission.

4.2.4 Equivalent Circuit Models

In this section, the differences of the electric field distributions in Figure 4.9 are
investigated by using the equivalent circuit models [29]. Figure 4.10 shows the
equivalent circuit models of the transmitter attached to the arm. Input power is
expressed as the following equation:

R o Ve g VO Hoall®z) o
" Z +Zin Z +Z B 2 + /. : " .
H g ( 8 lﬂ) H ‘Zg Zm

m

P,:l
2

where V, Z, Z,, and P, are the supply voltage, the output impedance, the input
impedance, and the available power, respectively. If Z_is equal to Z,, then Figure

4.10 represents a transmission line that is matched, and S = 1. Therefore, P, and S
are expressed as the following equations.

Al
8Re(Z, )
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Figure 4.10 Equivalent circuit models: (a) Tx with GND electrode, and (b) Tx without GND
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Under the assumption that the resistance of the electrode can be neglected, total
power of the loss and the radiation efficiency based on the available power are
expressed as follows:

P, =P, +P, (4.4)
P P, -P

- T - av 4.5

7] Pav PRV ( )

where P,, P,, and P, are the absorption power of the human body, the mismatch
loss, and the radiation power, respectively.
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By using the FDTD calculation, the input impedance Z,_ [Q], the input power P,
[W], and the radiation power P, [W] can be calculated. Table 4.1 shows the partition
of the available power P, , where P, = P, + P, under the assumption that the output
impedance of the equivalent circuits are 50, by substituting Z, , P, , and P, for (4.1)
to (4.5). From Table 4.1, the imaginary part of Z, is low in the case of the GND elec-
trode. Thus, most parts of the available power P are fed to the signal electrode, and
change the absorption power of the human body P,. On the other hand, in the case
without the GND electrode, the input impedance Z. has a large amount of capaci-
tance, because the absence of the GND electrode causes stray capacitance between
the human body and the transmitter. Thus, most of the available power P__ is lost as
mismatch loss P, . From these results, it can be concluded that existence of the GND
electrode can be quite effective for signal transmission, because it enables impedance
matching between the signal generator and the human body.

4.3 Experiments Using Human Phantom

4.3.1 Measurement of the Signal Distributions

A phantom is the material that has the same physical properties as biological tissues
and the human body. Accurate measurements for the electromagnetic field distribu-
tion in the human body are conducted using various biological tissue-equivalent
phantoms, such as liquid or solid phantoms, in which nonuniform models are appli-
cable [33]. In this section, the current distributions inside the human body are mea-
sured by using the solid phantom that imitates the human arm introduced in Section
4.2, which shows the validity of the FDTD calculations. From these results, the opti-
mal direction of the transmitter electrodes is used on the human body as a transmis-
sion channel. However, it is difficult to directly measure the current distribution
inside the human body. Rather, it is inferred from measuring the magnetic field dis-
tribution close to the human body, by using Ampere’s law. A shielded loop antenna
with a diameter of 1 cm is used for the measurement.

Figure 4.11 shows the arrangement used to measure the various components of
the magnetic field distribution. The transmitter has two electrodes. One is the signal

Table 4.1 Calculated Parameters of the Equivalent Circuits

(10 MHz)

With GND Without GND
Z (Q) 37.92 - j4.598 13.56 - j2.835
P (W) 5.625 x 10 5.625x 107
S 9.784 x 10”! 3.373x 10
P, (W) 5.508 x 10° 1.898 x 10
P, (W) 1.212x10™ 5.623x10°
P, (W) 5.499 x 10 1.684 x 10
P (W) 4.613x10° 2.128 x 107
n 8.201 x 10™ 3.783 x 10°

(P, =P,+P, P, =5 +P)

av
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Figure 4.11 Direction of the transmitter: (a) longitudinal direction, and (b) transversal direction.

electrode to feed an excitation signal (3V_, sinusoidal wave of 10 MHz), and the
other is the GND electrode that is connected to the ground level of the electrical cir-
cuit. The direction of the transmitter changes according to two patterns to compare
the magnetic field distributions. One pattern is the longitudinal direction shown in
Figure 4.11(a), and the other pattern is the transversal direction shown in Figure
4.11(b). In addition, the conventional distance between the signal electrode and the
GND electrode was 4 cm. However, its distance is reduced to 1 cm, so as to be less
than the width of the arm. The experimental muscle-equivalent phantom used for
the arm, which is modeled by a rectangular parallel-pipe (5 X 5 X 45 cm), has rela-
tive permittivity ¢, = 81 and conductivity 0 = 0.62 S/m. Although the relative
permittivity of the muscle at 10 MHz equals 170.73 [32], the authors have verified
that they can use this phantom [20], because the received signal voltage is almost the
same, and there is great difficulty in making a phantom with such a high relative
permittivity. Moreover, in Section 4.2, the electric field distribution around the
whole body model wearing the transmitter was investigated, and it was found that
the electric field is concentrated around the arm. Hence, an arm model without the
whole body can be used.

Figure 4.12 shows the experimental setup for enhanced measurements. For the
shielded loop antenna, a coaxial cable and a copper wire with a diameter of 1.6 mm



78 Transmission Mechanism of Wearable Devices Using the Human Body as a Transmission Channel

Figure 4.12 Setup for measurement (longitudinal direction).

are used. At the tip of the antenna, a 0.5-mm gap is constructed to generate the
received signal voltage. A spectrum analyzer and a power amplifier are also used.
The shielded loop antenna is set 3 cm above the surface of the arm, and the magnetic
field distributions are measured along the x- axis aty = 0 and z = 3 cm.

Figure 4.13 shows the various components of the magnetic field distribution
around the arm with the transmitter. The level of each point is normalized by the
value of H_atx = 26 cm in Figure 4.13(b), which is the maximum value of all mea-
sured data in Figure 4.13. In the case of the transmitter set to the longitudinal direc-
tion in Figure 4.13(a), from Ampere’s law, the dominant current distribution inside
the arm is the x component, because the H component is stronger compared to the
H_and H_ components near the tip of the arm (x = 30 to 45 cm). In the case of the
transmitter attached to the transversal direction in Figure 4.13(b), the dominant cur-
rent distribution inside the arm is the y component, because the H, and H_compo-
nents are stronger than the H components near the tip of the arm (x = 30 to 45 cm).
Therefore, it can be concluded that the direction of the dominant current distribu-
tion inside the arm is the same as the direction of the electrodes of the transmitter,
because the current is formed between the signal electrode and the GND electrode.

4.3.2 Comparison Between Measurement and Calculation

Figures 4.14 and 4.15 indicate the comparison between measured and simulated
magnetic fields to show the validity of the measurements and the FDTD calcula-
tions. These figures show the transmitter set to the longitudinal direction and
transversal direction, respectively. In the FDTD calculation, two electrodes and cir-
cuit boards of the transmitter are modeled as perfect conductor sheets. The sizes of
the electrodes are 2 X 3 cm, and the size of the circuit board is 8 X 3 cm. The numer-
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Figure 4.13 Measured magnetic field distributions around the arm: (a) transmitter in the longitu-
dinal direction, and (b) transmitter in the transversal direction.

ical muscle-equivalent phantom used for the arm has relative permittivity &, =
170.73, and conductivity ¢ = 0.62 S/m. The size of the cells is Ax = Ay = Az =1
mm. The absorbing boundary condition is assumed to be Mur’s second order, and
the time step is 1.92 ps, satisfying the Courant stability condition. In Figures 4.14
and 4.15, all the simulated data are normalized by the value of H_atx = 24.5 cm in
Figure 4.15(a), which is the maximum value of all the simulated data in Figures 4.14
and 4.15. To discuss the difference between the measured and calculated magnetic
fields, the following equation is defined:

. 1 X2
Difference = \/x—xl-["' {HMMS. (x)- HFDTD(x} *dx (4.6)

2
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Figure 4.14 Comparison between measured and calculated magnetic field in the longitudinal
direction: (a) H, component, (b) H, component, and (c) H, component.
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direction: (a) H, component, (b) H, component, and (c) H, component.
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where H,, (x) and H,,,(x) indicate the measured and calculated magnetic fields,
respectively. x, and x, equal 45 cm and 0 c¢m, respectively. Table 4.2 shows the dif-
ference between H,, (x) and H,, (x), using (4.6). From Table 4.2, all the differ-
ences of Figures 4.14 and 4.15 are almost less than 7 dB. These differences may be
caused by the dynamic range for the measurement being limited to approximately
—355 dB. However, the rate of decrease and the null point as a function of the dis-
tance x is generally in agreement. From this viewpoint, each component of the mag-
netic field distribution can be compared, and this supports the validity of the
measurements and the FDTD calculations.

4.3.3 Electric Field Distributions in and Around the Arm

Figure 4.16 illustrates the electric field distributions (root-sum-square) of both
directions of the electrodes of the transmitter. The reason for discussing the electric
field distribution is that the received signal voltage of the receiver is calculated from
the electric field. Thus, the argument from the viewpoint of the electric field is essen-
tial. The structure of the receiver is illustrated in Figure 4.17. The receiver has a
receiving electrode and an LCD that can directly indicate the received signal voltage.
The reason for having no GND electrode on the receiver is that it reduces the
received signal voltage [17]. There is no optimal direction of the receiver because the
receiver has only one electrode. Figure 4.17(b) is the FDTD calculation model of the
receiver. The receiving electrode and the circuit board are modeled as perfect electric
conductors. The received signal voltage is calculated from the electric field at the
receiving point. Therefore, this receiver does not detect the magnetic field, but only
the electric field. The distance between the transmitter and receiver is fixed at 17 cm,
because the transmitter is located at the center of the arm and the receiver is located
at the tip of the arm. The observation plane is the x-z plane, including the receiving
point of the receiver. The electric field is normalized to the value at the feeding gap.
In the case of the longitudinal direction of the transmitter in Figure 4.16(a), the elec-
tric field is propagated along the surface of the arm (from —50 to —60 dB). How-
ever, in Figure 4.16(b), the level of the electric field on the surface of the arm seems
low (from —60 to —70 dB), and the electric field is not propagated along the surface
of the arm, but rather is radiated on the upper side of the arm. This result indicates a
disadvantage for practical use, compared to Figure 4.16(a), in terms of higher signal
reception. In addition, Figure 4.18 shows the electric field distributions without the
arm. The loss of the electric field at the receiving point is quite large (< —80 dB)
compared to the Figure 4.16. Therefore, it can be concluded that this transmission
system uses the human body as a transmission channel.

Next is given an interpretation of the difference between the two parts of Figure
4.16. As shown in Figure 4.13(a), the dominant current distribution is the x compo-

Table 4.2 Difference Between Measured and Calculated
Magnetic Field Distributions

Figure 4.14 Figure 4.15
@ () () (@ (b (J
Difference (dB) 6.7 7.0 7.2 7.0 54 6.5
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Figure 4.16 Electric field distributions in and around the arm: (a) transmitter in the longitudinal
direction, and (b) transmitter in the transversal direction.

nent when the transmitter is set to the longitudinal direction. Thus, the electric field
is distributed along the length of the arm (x direction). On the other hand, as shown
in Figure 4.13(b), the dominant current distribution is the y component when the
transmitter is set to the transversal direction. Thus, the electric field is not distrib-
uted along the x direction. The difference of the current distribution causes the
difference of the electric field distribution.

4.3.4 Received Signal Voltage of the Receiver

Figure 4.19 shows the measurement arrangements for the received signal voltage
according to the direction of the electrodes of the transmitter. In order to verify the
validity of the calculation models, the received signal voltage is compared to the
measured voltage by using the biological tissue-equivalent solid phantom. In Figure
4.19(a), the transmitter is attached in the longitudinal direction, while in Figure
4.19(b), the transmitter is attached in the transversal direction.

Figure 4.20 shows the comparison between the measured received signal volt-
ages and the calculated voltages. Good agreement is noted, which supports the
validity of both the FDTD model and measurement. When compared to the received
signal voltage for the longitudinal direction, the transversal voltage drops by nearly
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Figure 4.19 Measurement conditions of the received signal voltage: (a) longitudinal direction, and (b)
transversal direction.

10%. The received signal voltages without the arm are almost zero. The transmis-
sion system using the human body as a transmission channel has an advantage over
transmission systems using airborne radio waves. Regarding the difference of the
relative permittivity, the received signal voltages are almost equal. It is appropriate
to use the phantom with ¢, set to 81 as a substitute for a phantom with ¢, set to
170.73.
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Figure 4.20 Received signal voltage.

In conclusion, the longitudinal direction is more effective for sending the signal
to the receiver, as compared with the transversal direction. These investigations
have made it clear that we can effectively use the human body as a transmission
channel by guiding the current along the length of the arm.

4.4 Investigation of the Dominant Signal Transmission Path

4.4.1 Calculation Model

In this section, the dominant signal transmission channel is investigated, because
the question of whether the dominant signal channel is inside or outside the arm
still remains unsettled. To answer this question, the calculation model of an arm
wearing the transmitter and the receiver placed into a hole of a conductor plate is
proposed. Figure 4.21 shows the calculation model of the arm with the transmitter
and receiver using the FDTD method. The reason for constructing such a calcula-
tion model is as follows. If the dominant signal transmission channel is inside the
arm, then the received signal will be generated when the gap g = 0. On the other
hand, if the dominant signal transmission channel is outside the arm, the electric
field from the transmitter will not propagate toward the receiver, but will be
reflected at the position of the conductor plate when the gap g = 0. The dominant
signal transmission path can be clarified by using this calculation model. The size
of the conductor plate d is physically infinity, because it is attached to the absorb-
ing boundary of the FDTD. The size of the cells is Ax = Ay = Az = 1 mm. The
absorbing boundary condition is assumed to be Mur’s second order, and the time
step is 1.92 ps, satisfying the Courant stability condition. The distance between the
signal electrode and the GND electrode is set to the conventional size (4 cm). By
using this model, the electric field distribution and the received signal voltage are
investigated as a function of the gap g between the hole of the conductor plate and
the surface of the arm.
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Figure 4.21 Calculation model to investigate the dominant signal transmission path.

4.4.2 Electric Field Distributions and Received Signal Voltages

Figure 4.22 illustrates the electric field distributions (root-sum-square) inside and
outside the arm. The observation plane is the x-z plane, and the y plane includes the
receiving point. The electric field is normalized to the value at the feeding gap. Fig-
ure 4.22(a, b) shows the electric field distributions when the gap g is —1 and 0 mm,
respectively. It can be seen that the electric field is not propagated toward the
receiver, but instead is reflected at the point of the conductor plate. However, in Fig-
ure 4.22(c—f), as the gap g between the conductor plate and the surface of the arm
becomes wider, the electric field is propagated more toward the receiver.

Figure 4.23 shows the comparison between the measured received signal volt-
ages and the calculated values as a function of the gap g. To measure the received
signal voltages, the conductor plate with a size of 200 X 200 c¢m is used (d = 200
cm), as shown in Figure 4.24. When the size of the gap g ranges from —1 to 0 mm,
the received signal voltage is almost zero. However, as the gap g between the con-
ductor plate and the surface of the arm becomes wider, the received signal voltage
rises sharply. The result shows a good agreement between the calculated and mea-
sured received signal levels, which indicates a considerable validity in both the
FDTD and measurement. The reason for the difference of the received signal volt-
age between the longitudinal direction in Figure 4.20 and without the conductor in
Figure 4.23 comes from the difference of the distance between the signal electrode
and the GND electrode. In Figure 4.20, the distance between the signal electrode
and the GND electrode is 1 cm. The circuit of the transmitter is almost shorted.
Thus, the electric field generated from the transmitter is lower than the conventional
size (4 cm).

On the basis of these results, the dominant signal transmission channel using the
human body as a transmission channel is not inside the arm, but is on the surface of
the arm, because the signal seems to be distributed as a surface wave.
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Figure 4.22 (continued.)

4.5 Conclusions

In this chapter, the authors have clarified the transmission mechanism of the wear-
able device using the human body as a transmission channel, from the viewpoint of
the interaction between electromagnetic waves and the human body.
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In Section 4.2, some calculation models and equivalent circuit models of the
transmitter attached to the human body were proposed using the FDTD method. The
difference in the electric field distributions due to the electrode structures of the trans-
mitter was estimated. As a result, it was found that the GND electrode of the trans-
mitter attached to the arm strengthens the generated electric field around the arm,
because it enables impedance matching between the transmitter and the human
body.

In Section 4.3, calculation results are compared to the measured results by using
the biological tissue-equivalent solid phantom to show the validity of the calculation.
Through the measurements, the distributions of the current flowing inside the arm
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were inferred. The results showed a good agreement between the calculations and
the measurements. Setting the two electrodes of the transmitter in the longitudinal
direction of the arm is more effective than setting the electrodes in the transversal
direction. These investigations have made it clear that we can effectively use the
human body as a transmission channel by guiding the current along the length of the
arm.

In Section 4.4, the dominant signal transmission channel was investigated,
because the question of whether the dominant signal channel was inside or outside
the arm still remained unsettled. The results lead us to the conclusion that the domi-
nant signal transmission channel of a wearable device using the human body as a
transmission channel is near the surface of the arm, because the signal seems to be
propagated as a surface wave. However, there is still been room for theoretical
arguments and further study about surface propagation of this result.
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