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The Simulation Method of the Galvanic Coupling
Intrabody Communication With Different

Signal Transmission Paths
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Abstract—The simulation method plays an important role in the
investigation of the intrabody communication (IBC). Due to the
problems of the transfer function and the corresponding parame-
ters, only the simulation of the galvanic coupling IBC along the
arm has been achieved at present. In this paper, a method for the
mathematical simulation of the galvanic coupling IBC with dif-
ferent signal transmission paths has been introduced. First, a new
transfer function of the galvanic coupling IBC was derived with
the consideration of the internal resistances of the IBC devices.
Second, the determination of the corresponding parameters used
in the transfer function was discussed in detail. Finally, both the
measurements and the simulations of the galvanic coupling IBC
along the different signal transmission paths were carried out.
Our investigation shows that the mathematical simulation results
coincide with the measurement results over the frequency range
from 100 kHz to 5 MHz, which indicates that the proposed method
offers the significant advantages in the theoretical analysis and the
application of the galvanic coupling IBC.

Index Terms—Galvanic coupling, intrabody communication
(IBC), mathematical simulation, personal area network, transfer
function.

I. INTRODUCTION

INTRABODY communication (IBC) is a technology using
the human body as a transmission medium for electrical

signals. IBC technology offers a novel data communication in
many fields. For instance, both high transmission quality and
high signal transmission speed can be achieved by using IBC
in the personal area network [1], [2], network access can be
achieved by the motions (touch, stand, sit down, etc.) of the
human body with the IBC devices [2], the implant biomedical
monitoring of the human body can be implemented by the
data communication of the IBC [3], and compared with the
short-distance wireless technologies, IBC technology is more
energy saving [4]. Therefore, IBC is believed to be a novel and
promising technology for the short-distance communication in
the future.
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In general, the IBC approach can be divided into two types,
which include the electrostatic coupling type [2] and the gal-
vanic coupling type [8], as shown in Fig. 1. In the electrostatic
coupling IBC, a return path is formed by the electrical coupling
between the transmitting electrodes and the receiving electrodes
through the external ground, while the signal is transmitted
between the transmitter and the receiver by making a current
loop [9]. It should be noted that the transmission quality of
this approach is influenced by the surrounding environment.
Moreover, there is a strong relativity between the electrode sizes
and the coupling current, which results in the big size of the
electrodes. In the second type which is the galvanic coupling
IBC, the electrical signals are considered as the electromagnetic
waves [8], and the electromagnetic signal transmits from a
pair of transmitting electrodes to a pair of receiving electrodes
within the human body directly. As a result, the signal trans-
mission quality is not influenced by the individual’s surround-
ings [10]. Meanwhile, the miniaturized electrode can also be
used in this approach. Therefore, the galvanic coupling IBC is
presented as a promising approach for the data communication
within the human body [3], [5].

To guarantee the safety of the human body, the software
simulation is considered as an important method for the in-
vestigation of the IBC. Two methods have been used for the
simulation of the IBC. One is the finite-element method [6], [7]
in which the finite model of the human body is developed first;
then, the IBC simulation can be implemented using the finite-
element method. Due to the big size and the complexity of the
human body, huge data will be generated when modeling the
whole human body, and the simulation accuracy is not satis-
factory. The other method can be called the transfer function
method [4], [12] in which the transfer function based on the
circuit model is derived to describe the mathematical relation
among the signal transmission paths within the human body,
transmitter, receiver, electrodes, etc. Thus, the IBC simulation
can be achieved by using the developed transfer functions.
Compared with the finite-element method, this method is easy
to be implemented and generates few data. Therefore, the
transfer function method is believed as an available method to
realize the IBC simulation within the lower frequency range.

The galvanic coupling IBC will be used in the data commu-
nication among the devices attached on the human skin or the
sensors implanted in the human tissue for building a network
[1]–[3]. Hence, the simulation of the IBC with different signal
transmission paths is very important for simulating the data
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Fig. 1. Approaches for the IBC. (a) Electrostatic coupling type. (b) Galvanic coupling type.

transmission of the devices located in the different parts of the
human body. Unfortunately, only the IBC simulation within the
arm has been achieved at present [8], [12]. On the other hand,
a simple four-terminal circuit model of the galvanic coupling
IBC has been proposed. However, due to some important
parameters, such as the coupling impedance between the elec-
trodes and the human skin, the internal resistances of the
IBC devices and the resistors of the human body, were not
considered in the proposed transfer function [8], [12], a close
agreement between the simulation results and the in vivo
measurement results was not achieved. Meanwhile, the meth-
ods to determine the corresponding parameters used in the
transfer function were not discussed in detail. Therefore, it is
difficult to implement the simulation of the galvanic coupling
IBC with different signal transmission paths by using these
transfer functions.

In this paper, a method for the mathematical simulations of
the galvanic coupling IBC with different signal transmission
paths has been introduced. We first proposed a galvanic cou-
pling IBC circuit model with the internal resistance of the IBC
devices, while a new transfer function of the galvanic coupling
IBC was derived. Second, we discussed the corresponding
parameters of the proposed transfer function in detail. Finally,
both the in vivo measurement and the corresponding simulation
of the galvanic coupling IBC were carried out along the differ-
ent transmission paths. Moreover, the corresponding simulation
results and the measurement results were also analyzed.

The rest of this paper is organized as follows. Section II
describes the circuit model and the transfer function of the
galvanic coupling IBC. Section III focuses on the determination
of the corresponding parameters used in the proposed transfer
function. The mathematical simulations based on the proposed
transfer function and the in vivo measurements are presented in
Section IV. Section V concludes this paper.

II. TRANSFER FUNCTION

A. Circuit Model

The establishment of the circuit model is the first step to
achieve the transfer function of the galvanic coupling IBC. In
the galvanic coupling IBC, the signal is transmitted from the
transmitter to the receiver by coupling a signal into the human
body, as shown in Fig. 2.

Fig. 2. Schematic diagram of the galvanic coupling IBC.

Fig. 3. Four-terminal circuit model of the galvanic coupling IBC.

According to Fig. 2, the signal transmission of the galvanic
coupling IBC can be described by the four-terminal circuit
model shown in Fig. 3 in which all the impedances of the
connecting wires were ignored. In Fig. 3, Zc represents the
coupling impedance between the transmitting electrode and
the skin, while the two transmitting electrodes are attached to
the human skin at I1 and I2, respectively. Additionally, the
impedance of Zi, which represents the impedance between I1

and I2, is treated as the input impedance of the human body. On
the other hand, Zt1 and Zt2 are the transverse impedances of the
transmission path, while Zb1 and Zb2 are the cross impedances
of the transmission path in the human body. Similarly, the
output impedance of the human body is represented as Zo,
while the coupling impedance between the receiving electrode
and the skin is also represented as Zc. It should be noted that the
internal impedances of the IBC devices also influence the signal
transmission characteristic of the galvanic coupling IBC. For
instance, the use of the electrooptic crystal sensor with a high
input impedance has greatly increased the data transmission
rate (up to 10 Mb/s) [2], [11]. Therefore, both the output resistor
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Fig. 4. Equivalent circuit of the galvanic coupling IBC.

of the transmitter (Ro) and the input impedance of the receiver
(Zceo) are included in our circuit model.

B. Derivation of the Transfer Function

Based on the proposed circuit model, the transfer function
of the galvanic coupling IBC can be derived. The equivalent
circuit of Fig. 3 is shown in Fig. 4 in which Vi is the output
voltage of the transmitter, while V ′

i is the voltage between I1

and I2. Similarly, Vo represents the input voltage of the receiver,
while V ′

o represents the voltage between O1 and O2. As a result,
the following equation can then be obtained.{ i2 + i3 = i1 + i4

V ′
o = i2Zb1 − i3Zt1 = i4Zb2 − i1Zt2

V ′
i = i2Zb1 + i1Zt2

. (1)

On the other hand, the impedance between O1 and O2 can be
represented as Z ′

o, and

Z ′
o =

Zo(2Zc + Zceo)
Zo + 2Zc + Zceo

. (2)

As a result, the transfer function of the circuit between I1 and
I2 can be calculated according to (1), leading to the following
equation:

Hh =
V ′

o

V ′
i

=
(i1 − i2)Z ′

o

i2Zb1 + i1Zt2
=

(k − 1)Z ′
o

Zb1 + kZt2
(3)

where Hh denotes the transfer function of the circuit between
I1 and I2 and k is expressed as

k =
i1
i2

=
Zb2Zt1 + Zb2Z

′
o + Zb1Zb2 + Z ′

oZt1

Zb2Zt1 + Zb2Z ′
o + Zt1Zt2 + Z ′

oZt1
. (4)

In the following discussion, the Zc of the transmitting termi-
nal is introduced. First, the circuit of the dotted portion shown
in Fig. 4 is simplified as the impedance of Zh, resulting in the
following equation:

V ′
i

Vi
=

ZiZh

ZiZh + (2Zc + R0)(Zi + Zh)
(5)

where Zh = V ′
i /(i2 + i3). On the other hand, according to (1),

i3 can be expressed as

i3 =
i2Zb1 − (i1 − i2)Z ′

o

Zt1
=

i2(Zb1 + Z ′
o) − i1Z

′
o

Zt1
. (6)

According to (5) and (6), the following equation can be
obtained.

1
Zh

=
i2 + i3

V ′
i

=
i2 (Zt1 + Zb1 + Z ′

o) − i1Z
′
o

Zt1V ′
i

. (7)

On the other hand, according to (1), the currents of i1 and i2
can be expressed as

i1 =
ZoV

′
i + Zb1V

′
o

ZoZt2 + ZoZb1
, i2 =

ZoV
′
i − Zt2V

′
o

ZoZt2 + ZoZb1
. (8)

Substitute i1 and i2 into (7), leading to the following equation:

1
Zh

=
(Zt1 + Zb1 + Z ′

o − kZ ′
o) (Z ′

o − Zt2Hh)
Zt1 (Zt2Z ′

o + Zb1Z ′
o)

(9)

where Hh = V ′
o/V ′

i . Therefore, the transfer function of H ′
h,

which represents the transfer function of the human body,
the transmitting electrodes, and the transmitter itself, can be
expressed as

H ′
h = Hh

V ′
i

Vi
=

ZiZhHh

ZiZh + (2Zc + R0)(Zi + Zh)
. (10)

Based on the aforementioned discussion, the whole transfer
function of the galvanic coupling IBC (HA) can be expressed
as the following equation.

HA =
Vo

Vi
=

V ′
o

Vi

Vo

V ′
o

= H ′
h

Zceo

Zceo + 2Zc
. (11)

Substituting H ′
h back to (11) yields

HA =
ZiZh

ZiZh + (2Zc + R0)(Zi + Zh)
· Zceo

Zceo + 2Zc
Hh. (12)

As a result, the whole transfer function of the galvanic coupling
IBC can be expressed as (12) and the corresponding equations
in (2)–(4) and (9). Finally, the attenuation of the signal trans-
mission in the galvanic coupling IBC can be determined by

A = 20 log10 HA + K (13)

where K is the correction factor used for correcting the inherent
error between the measurements and the simulations. Gener-
ally, K is influenced by the modeling method, the parameter
determination, the measurement precision, etc.

III. PARAMETERS

To achieve the mathematical simulation of the IBC, the cor-
responding parameters of the transfer function method should
be determined correctly. The following is the discussion of the
parameters used in the proposed transfer function.

A. Modeling of the Human Body

First, to determine the parameters of the proposed transfer
function, the human body was transformed into a model identi-
fied as the head, arm, torso, and leg. The body parts have com-
plex geometry and internal structure. However, according to
the previous research results of IBC, a more detailed geometry
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Fig. 5. Modeling of the human body.

with complex layer structures would not significantly improve
the results [6]. Therefore, to simplify the IBC model and the
parameter determination, all the human parts were abstracted
as the concentric cylinders or the concentric elliptical cylinder
consisting of the layers of the skin, fat, muscle, cortical bone,
and bone marrow in our investigation, as shown in Fig. 5.

In our investigation, the geometry of the head is modeled by
the cylinder with the diameter Dh and the height Lh. Similarly,
the geometry of the arms is modeled by two cylinders with the
diameter Da and the height La. The geometry of the torso
was modeled by an elliptic cylinder, which has the long-axis
diameter Dt1, the short-axis diameter Dt2, and the height Lt.
Moreover, the legs are approximated by two cylinders with the
diameter Dl and the height Ll. According to [14], the thick-
nesses of the different layers in a human arm with a radius of
50 mm are 1.5 (skin), 8.5 (fat), 27.5 (muscle), 6 (cortical bone),
and 6.5 mm (radius, bone marrow layers). To simplify the
simulation process, the thicknesses of the corresponding layers
in the human body model shown in Fig. 5 were set in proportion
to the thicknesses previously mentioned. As for the different
types of the human body, it has different geometry parameters
corresponding to our models. As shown in Fig. 5, different per-
sons may have the different lengths, radius, and heights corre-
sponding to the cylinders or the elliptic cylinder, may also have
the different thicknesses of the different tissue layers, etc. The
differences of these parameters will result in the different im-
pedances of the signal transmission path. Finally, it will result
in the different results in the galvanic coupling IBC simulation.

On the other hand, the dielectric properties of the human
tissues can be expressed as the conductivity and the relative
permittivity. The conductivity and the relative permittivity of
the human body have been investigated by Gabriely et al., and
some of their results are shown in Table I [15], where σ is the
conductivity and εr represents the relative permittivity. These
two parameters, which vary with the different tissue layers and
signal frequencies, are suitable for the different human bodies.

TABLE I
CONDUCTIVITIES AND THE RELATIVE PERMITTIVITIES

B. Impedances of Zt

The values of the transverse impedance (Zt) shown in Fig. 3
are mainly affected by the length of the signal transmission
path, the dielectric properties of the human tissues, and the geo-
metric parameters of the human body. Based on the modeling
of the human body shown in Fig. 5, the values of Zt can be
determined according to the geometries of the particular human
parts and the results in Table I.

First, we assume that m represents a particular part of the
human body model, such as the head, arm, torso, or leg, while
Zmt represents the transverse impedance within the m part
of the human body. Due to the human part which consists of
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Fig. 6. Determination of Zi and Zo.

five layers (skin, fat, muscle, cortical bone, and bone marrow),
then Zmt can be expressed as the parallel connection of the
impedances corresponding to the different layers

Zmt =
1∑5

l=1
1

Zml

=
1∑5

l=1

(
1

Rml
+ jωCml

)

=
Lm∑5

l=1 σlfSml + jωε0

∑5
l=1 εrlfSml

(14)

where Lm is the length of the signal transmission path. Sml

is the cross-sectional area of the lth layer. σlf and εlf are the
conductivity and the relative permittivity corresponding to the
different layers and signal frequencies, respectively.

In the galvanic coupling IBC with different signal transmis-
sion paths, the signal transmits within different human parts. In
this case, the transverse impedance of Zt can be determined by
summing all the Zmt’s within the path.

C. Impedances of Zi and Zo

Due to the requirement of high accuracy of the measurement
device and the instability of the measurement conditions, gen-
erally, it is difficult to measure the input impedance (Zi) and
the output impedance (Zo) of the human body accurately. In
this paper, a new method is proposed to determine the values of
Zi and Zo.

According to the previous simulation results [6], the rela-
tively high current corresponding to Zi or Zo mainly focuses on
the sector ring section between the two transmitting electrodes
or the receiving electrodes. In our investigation, the sections can
be described as an intersection between a ring and the cylinder
model. First, we assumed that two circular electrodes with a
radius r are attached to the cylinder model, A and B are the
tangent points between the electrodes and the surface of the
cylinder model, and OA and OB are the two tangents which
intersect at O, as shown in Fig. 6. Then, set O as a circular
center; a ring with the inner radius R1 = OA − r and the outer
radius R2 = OA + r can be formed. The intersection between
the ring and the cylinder model, which was represented as the
shadow part in Fig. 6, was used for determining the values of
Zi and Zo. In our investigation, the intersection is considered as
a cylinder called the input or output impedance (IOI) cylinder,
as shown in Fig. 6. The height of the IOI cylinder is equal to
the axis length of the shadow part, while its diameter is equal to
2r. In general, the IOI cylinder consists of two skin layers, two
fat layers, and one muscle layer. According to the difference of

the geometric relationship between the ring and the particular
cylinder, the cortical bone layer and the bone layer may also be
included in the IOI cylinder.

Finally, according to the geometry of the IOI cylinder and
the values shown in Table I, the values of Zi and Zo can be
determined by using the following equation:

Zi = Zo =
5∑

l=1

1
1

Rl
+ jωCl

=
5∑

l=1

1
σlf S
Ll

+ jω
εrlf ε0S

Ll

=
5∑

l=1

Ll

σlfπr2 + jωεrlfε0πr2
(15)

where Ll represents the thickness of the different layers (skin,
fat, muscle, etc.).

D. Impedances of Zb and Zc

In the circuit model of the galvanic coupling IBC shown
in Fig. 3, Zb1 is the cross impedance between I1 and O2,
while Zt = Zt1 = Zt2. If the Zb1 is divided into the transverse
component and the longitudinal component, then the transverse
component of Zb1 is equal to Zt1 representing the impedance
between I1 and O1, while the longitudinal component of Zb1

is equal to Zo representing the impedance between O1 and O2.
As a result, the value of Zb1 can be set as the sum of Zt and Zo.
Similarly, the value of Zb2 can also be set as the sum of
Zt and Zi.

On the other hand, in the galvanic coupling IBC, the value of
Zc shown in Fig. 3 is mainly influenced by the electrode size,
the impedance of the human skin, and the distance between the
electrode and the skin. Since the theoretical method used for
determining the value of Zc remains unsolved, the values of
Zc used in our simulations were determined according to the
measurement results of Wegmueller et al. [8].

IV. SIMULATIONS AND MEASUREMENTS

A. Method

To verify the feasibility of the proposed transfer function,
both the in vivo measurements of the galvanic coupling IBC
and the corresponding mathematical simulation based on the
proposed transfer function were carried out along the different
signal transmission paths. The measurement setup, as shown
in Fig. 7, was composed of a signal generator, a digital os-
cilloscope, and the galvanic coupling electrodes in which the
signal generator (SG1040, Ro = 50 Ω, made by Jiangsu Right
Electronic Equipment Company, Ltd., China) was used for
providing the signal output at the transmitting terminal, the dig-
ital oscilloscope (Agilent 54641A, Rceo = 1 MΩ and Cceo =
13 pF) was used for the signal measurement at the receiving
terminal, and the galvanic coupling electrodes, including two
pairs of circular copper electrodes, were used for coupling the
signal into the human body and receiving the signal transmitted
within the human body. Each electrode has the radius of 10 mm.
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Fig. 7. Measurement setup.

TABLE II
PHYSIOLOGICAL PARAMETERS AND THE GEOMETRIES OF THE SUBJECTS

Unless otherwise indicated, the two pairs of electrodes at the
transmitting terminal and the receiving terminal were both
attached with 8-cm spacing.

On the other hand, two people were chosen as the subjects;
one is male and has a normal weight, while the other is female
and underweight. Table II shows the physiological parameters
and the geometries of the subjects.

In our measurement, the sine wave signals with the amplitude
of 5 V (peak-to-peak value) were applied on the transmitting
electrodes. The considerations of the signal frequency used
in our experiments include the following: 1) The existing
research shows that the power spectrum of the electrical signals
produced by the biological processes mainly covers the low-
frequency range [14], and therefore, the IBC system should
avoid using the low-frequency signals, and 2) there is also the
limitation of the circuit model in the high-frequency range.
Finally, the frequency range from 100 kHz to 5 MHz was
chosen as the signal frequency used in our measurements and
simulations. In our in vivo measurements, the signal attenua-
tions of the galvanic coupling IBC were calculated according
to the following equation:

Attenuation = 20 log10

(
Ureceiver

Utransmitter

)
(16)

where Utransmitter represents the voltage at the transmitting
electrodes, while Ureceiver represents the voltage at the receiv-
ing electrodes. Additionally, all the measurements correspond-
ing to the different detection points and signal frequencies were
repeated and recorded for three times, while the average values
of the three results were chosen as the measured values.

B. Signal Transmission Along the Arm

First, the in vivo measurements of the signal attenuation in
the galvanic coupling IBC were carried out along the arms of
the subjects. As shown in Fig. 7, the transmitting electrodes
were placed on the positions of A1, while the receiving elec-
trodes were placed on A2, A3, and A4, resulting in the signal
transmission distance of 20, 30, and 40 cm, respectively. In the
measurements with the female subject, the two pairs of elec-
trodes at the transmitting terminal and the receiving terminal
were both attached with 6-cm spacing. Meanwhile, the corre-
sponding simulations based on the proposed transfer function
were carried out according to the geometries of the subjects.

1) Determination of K: Due to the influence of the mod-
eling method, the parameter determination, the measurement
precision, etc., the difference between the simulation results
and the measurement results is inevitable. In our investigation,
the K in (13) is determined by the inherent error between
the measurement results and the simulation results. According
to the comparison between the measurement results and the
simulation results, it can be found that there is an approximately
constant error between the two results corresponding to a
particular signal transmission path. As a result, the constant
error can be set as the value of K. For instance, in Fig. 8(a),
which shows the signal attenuations of the measurement and
simulation results of the male subject, it can be found that
there is an approximately fixed error between the two re-
sults corresponding to the three signal transmission distances
(20, 30, and 40 cm), while the average value of the fixed error is
19.88 dB. Moreover, the similar phenomenon can also be found
in Fig. 8(b), which shows the errors between the measurement
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Fig. 8. Simulation results and the measurement results of the arm path. (a) Results of the male subject. (b) Simulation errors of the female subject.

Fig. 9. Measurement results and the simulation results corrected by the K of the arm path. (a) Results of the male subject. (b) Simulation errors of the female
subject.

and the simulation of the female subject. The standard deviation
of the errors shown in Fig. 8(b) is 0.75 dB, while the average
value is 20.67 dB. Therefore, the values of K corresponding to
the arm path were finally set as 19.88 (the male subject) and
20.67 dB (the female subject).

According to the results previously mentioned, we also can
find that the K value of the male subject (19.88 dB) is close
to the value of the female subject (20.67 dB). Generally, in
the case of IBC simulation with low precision, the value of K
corresponding to the arm path can also be set as the average
value of the two K values (20.28 dB). On the other hand,
in the case of IBC simulation with high precision, due to the
error between the simulation and the measurement which is
influenced by the matching degree between the model and the
actual human body, K changes along with the different signal
transmission paths and the different human bodies. Therefore,
in order to achieve the high simulation precision, the in vivo

measurement corresponding to the particular signal transmis-
sion path within the actual human body should be carried out at
one or more specific signal frequencies; then, the value of the K
corresponding to the particular signal transmission path of the
human body can be determined by comparing the measurement
results and the simulation results.

2) Comparison Between the Simulation and the Measure-
ment: The measurement results and the simulation results cor-
rected by K of the arm path are shown in Fig. 9, which
also includes the errors corresponding to each signal frequency
and transmission distance. It can be seen from Fig. 9 that the
mathematical simulation results based on the proposed transfer
function basically agree with the corresponding measurement
results. Both the simulation results and the in vivo measurement
results are decreased as the signal frequency increased from
100 kHz to 2 MHz and increased gradually as the signal
frequency increased from 2 to 5 MHz. Meanwhile, the absolute
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Fig. 10. Simulation results and the measurement results of the path from the leg to the torso. (a) Results of the male subject. (b) Simulation errors of the female
subject.

values of the errors between the simulation and the measure-
ment are limited to 2 dB. On the other hand, when the transmis-
sion distance is increased from 20 to 40 cm, the corresponding
increase of the signal attenuations can also be found in the
two results. For instance, according to Fig. 9(b), an increase
of 10 cm of the signal transmission distance leads to an extra
average attenuation of 1.24 dB in the simulation results, while
the corresponding value in the measurement results is 1.19 dB,
indicating that both of the two transfer functions are sensitive
to the signal transmission distance in this path. Moreover, it
can also be noted that the extra average attenuations caused by
the increase of the signal transmission distance are relatively
bigger. The main reason resulting in this phenomenon is that
the diameter of the female subject’s arm (7.5 cm) is less than
that of the male subject’s arm (9 cm).

C. Signal Transmission Within the Different Human Parts

In these experiments, two kinds of applications are con-
sidered: 1) Signal is transmitted from the IBC shoe to the
electronic devices (such as personal digital assistant (PDA),
MP4, cell phone, etc.) attached to the torso, resulting in the
path between the foot and the torso, and 2) signal is transmitted
from the IBC shoe to the earphone, resulting in the signal
transmission path from the foot to the ear. To simplify the
simulation process, the foot itself was not included in the paths
of the measurements and simulations.

1) Transmission Path From the Leg to the Torso: The signal
transmission path from the leg to the torso includes the whole
leg and some parts of the torso. First, the IBC transmitting
electrodes were placed on the ankle of the subjects (B1); then,
the receiving electrodes were placed on the positions of B2,
B3, and B4, as shown in Fig. 7. In this measurement, the signal
transmission distances of the male subject were set as 90, 100,
and 110 cm, respectively. Due to the limitation of the female’s
height (162 cm), the signal transmission distances within her
body were set as 80, 90, and 100 cm, respectively. Meanwhile,

the corresponding simulations based on the proposed transfer
function were carried out. Both the signal attenuations of the
measurement and that of the simulation are shown in Fig. 10 in
which K was set as 19.02 (male) and 19.48 dB (female).

From Fig. 10, it can be observed that the mathematical
simulation results of the leg–torso path also agree with the
corresponding measurement results. Moreover, the average
value of the errors between the simulation results and the
measurement results of the male subject is 0.43 dB, while that
of the female subject is 0.71 dB, indicating that the simulation
results based on the proposed transfer function coincide with
the corresponding measurement results in these experiments.
Furthermore, we also can find from Figs. 9 and 10 that, even
the signal transmission distance of this path is longer than that
of the arm path, the signal attenuations of the leg–torso path are
less than that of the arm path. Moreover, the increment of the
signal attenuations corresponding to the increase of the trans-
mission distance (10 cm) shown in Fig. 10 is comparatively less
than that of the signal attenuations shown in Fig. 9. This phe-
nomenon can be explained by the fact that the cross-sectional
areas of the torso and leg are bigger than that of the arm. As
for the male subject, the diameter of the arm is only 9 cm,
while the diameter of the leg is 16 cm, and the geometry
parameters of the torso are Dt1 = 28 cm and Dt2 = 19 cm. As
a result, the impedances of the arm path are much larger than
that of the path from the leg to the torso. For instance, when the
signal frequency is 100 kHz, the Rt of the arm path (40 cm)
is 263.8 Ω, while the Rt of the leg–torso path (90 cm) is only
166.1 Ω. Therefore, the signal attenuation of the arm path is
bigger than that of the leg–torso path. Meanwhile, the increase
of the signal transmission distance of the leg–torso path results
in the comparatively smaller attenuations.

2) Transmission Path From the Leg to the Ear: In the in vivo
measurement of the path from the leg to the ear, the transmitting
electrodes were also placed on B1, and the receiving electrodes
were placed on the position below the subjects’ ear (C1), as
shown in Fig. 7. This path, including the leg, torso, and head,



SONG et al.: SIMULATION METHOD OF GALVANIC COUPLING IBC WITH DIFFERENT TRANSMISSION PATHS 1265

Fig. 11. Simulation results and the measurement results of the path from the foot to the ear. (a) Results of the male subject. (b) Simulation errors of the female
subject.

has the signal transmission distance of 145 (the male subject)
and 130 cm (the female subject). Both the measurement re-
sults and the corresponding simulation results of this path are
shown in Fig. 11 in which K was set as 16.89 (male) and
16.59 dB (female).

It can be seen from Fig. 11 that the signal attenuation
curves of the simulation results have a similar outline with the
measurement results over the signal frequency from 100 kHz to
5 MHz, while the average errors between the simulation results
and the measurement results are 0.41 (the male subject) and
0.68 dB (the female subject). In addition, it should be noted
that the increments of the signal attenuation corresponding to
the transmission distance of the simulation results are close
to that of the measurement results in these experiments. For
instance, according to the results of the female subject, the
average increments of the simulation results and that of the
measurement results are 3.56 and 3.75 dB, respectively, when
the transmission distances are increased from 80 to 130 cm, as
shown in Fig. 11(b), which indicates that the proposed model
has the similar sensitivity corresponding the actual leg–ear path.

D. Discussion of the Results

According to the results previously mentioned, some discus-
sions are therefore deduced as follows: 1) By using the pro-
posed human body model with five layers and the circuit model
with the impedances of the IBC devices, the simulation of
the galvanic coupling IBC can be achieved with comparatively
high precision; 2) due to the geometry of the whole human
body model that is corresponding to that of the actual human
body, the IBC simulation with the different signal transmission
paths within the different human bodies can be achieved; and
3) the frequency characteristics of the galvanic coupling IBC
can be achieved by using the proposed human body model
corresponding to the signal frequency. Meanwhile, according to
the simulation results, the relatively small attenuations are gen-
erally located in the frequency range of 1–2 MHz. Therefore, to

reduce the power consumption of the IBC devices, it is better to
set the carrier frequency of the IBC system in this range.

V. CONCLUSION

In this paper, a simulation method of the galvanic coupling
IBC with different signal transmission paths has been proposed
by deriving the transfer function and discussing the correspond-
ing parameters. To verify the validity of the proposed transfer
function, both the in vivo measurements and the corresponding
mathematical simulations based on the proposed transfer func-
tion were carried out along the different signal transmission
paths. Finally, the close agreement between the simulation
results and measurement results has been demonstrated, which
indicates that the proposed transfer function will offer signifi-
cant advantages in the theoretical analysis and the application
of the galvanic coupling IBC.

The advantages of the proposed methods can be described
as follows: 1) It has the comparatively high precision in the
simulation of the galvanic coupling IBC; 2) the IBC simulation
with different signal transmission paths can be achieved by
using the proposed method and model; and 3) based on the
proposed method and model, the frequency characteristics of
the galvanic coupling IBC can be achieved. On the other hand,
compared with the simple models, the computational cost of
the IBC simulation based on the proposed method is relatively
bigger.

Recently, the proposed model and method have been suitable
for the simulation of the signal transmission among the elec-
tronic devices attached on the human skin. Our next work will
focus on the simulation of implanting IBC.

ACKNOWLEDGMENT

The authors would like to thank the Institute of Optics and
the Writing Center of the University of Rochester, Rochester,
NY, for their help.



1266 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 4, APRIL 2011

REFERENCES

[1] T. G. Zimmerman, “Personal area networks (PAN): Near-field intra-body
communication, in media art and science,” M.S. thesis, MIT, Cambridge,
U.K., 1995.

[2] M. Shinagawa, M. Fukumoto, K. Ochiai, and H. Kyuragi, “A near-field-
sensing transceiver for intrabody communication based on the electroop-
tic effect,” IEEE Trans. Instrum. Meas., vol. 53, no. 6, pp. 1533–1538,
Dec. 2004.

[3] M. S. Wegmueller, S. Huclova, J. Froehlich, M. Oberle, N. Felber,
N. Kuster, and W. Fichtner, “Galvanic coupling enabling wireless implant
communications,” IEEE Trans. Instrum. Meas., vol. 58, no. 8, pp. 2618–
2625, Aug. 2009.

[4] M. S. Wegmueller, M. Oberle, N. Felber, N. Kuster, and W. Fichtner,
“Signal transmission by galvanic coupling through the human body,”
IEEE Trans. Instrum. Meas., vol. 59, no. 4, pp. 963–969, Aug. 2010.

[5] T. Handa, “A very low-power consumption wireless ECG monitoring
system using body as a signal transmission medium,” in Proc. Int. Conf.
Solid-State Sens. Actuators, 1997, pp. 1003–1006.

[6] M. S. Wegmueller, A. Kuhn, J. Froehlich, M. Oberle, N. Felber, N. Kuster,
and W. Fichtner, “An attempt to model the human body as a communica-
tion channel,” IEEE Trans. Biomed. Eng., vol. 54, no. 10, pp. 1851–1857,
Oct. 2007.

[7] Y. Song, G. Yang, Q. Hao, and M. Wang, “The simulation of electrosta-
tic coupling intra-body communication based on finite-element models,”
Proc. SPIE, vol. 7157, pp. 7 157 0D1–7 157 0D8, 2009.

[8] M. S. Wegmueller, M. Oberle, N. Felber, N. Kuster, and W. Fichtner,
“Galvanical coupling for data transmission through the human body,” in
Proc. IMTC, Sorrento, Italy, Apr. 2006, pp. 1686–1689.

[9] N. Cho, J. Yoo, S.-J. Song, J. Lee, S. Jeon, and H.-J. Yoo, “The human
body characteristics as a signal transmission medium for intrabody com-
munication,” IEEE Trans. Microw. Theory Tech., vol. 55, no. 5, pp. 1080–
1085, May 2007.

[10] K. Hachisuka, A. Nakata, T. Takeda, K. Shiba, K. Sasaki, H. Hosaka, and
K. Itao, “Development of wearable intra-body communication devices,”
Sens. Actuators A, Phys., vol. 105, no. 1, pp. 109–115, Jun. 2003.

[11] A.-I. Sasaki, M. Shinagawa, and K. Ochiai, “Principles and demonstration
of intrabody communication with a sensitive electrooptic sensor,” IEEE
Trans. Instrum. Meas., vol. 58, no. 2, pp. 457–466, Dec. 2009.

[12] K. Hachisuka, Y. Terauchi, Y. Kishi, K. Sasaki, T. Hirota, H. Hosaka,
K. Fujii, M. Takahashi, and K. Ito, “Simplified circuit modeling and
fabrication of intra body communication devices,” Sens. Actuators A,
Phys., vol. 130/131, pp. 322–330, Aug. 2006.

[13] R. Xu, H. Zhu, and J. Yuan, “Circuit-coupled FEM analysis of the electri-
calfield type intra-body communication channel,” in Proc. IEEE BioCAS,
2009, pp. 221–224.

[14] M. S. Wegmueller, “Intra-body communication for biomedical sensor
networks,” Ph.D. dissertation, ETH Zurich, Zurich, Switzerland, 2007.

[15] S. Gabriely, R. W. Lau, and C. Gabriel, “The dielectric properties of
biological tissues: III. Parametric models for the dielectric spectrum of
tissues,” Phys. Med. Biol., vol. 41, no. 11, pp. 2271–2293, Nov. 1996.

Yong Song received the Ph.D. degree from the
Beijing Institute of Technology, Beijing, China,
in 2004.

Since 2004, he has been an Assistant Professor
with the School of Optoelectronics, Beijing Institute
of Technology. In 2007, he was an Associate Pro-
fessor with the School of Information Science and
Technology, Beijing Institute of Technology. From
October 2009 to April 2010, he was a Visiting
Scientist with the Institute of Optics, University of
Rochester, Rochester, NY. His research interests in-

clude intrabody communication, optoelectronic detection, and wireless multi-
media sensor networks.

Qun Hao received the Ph.D. degree from Tsinghua
University, Beijing, China, in 1997.

In 1999, she was a Visiting Scholar with the
University of Tokyo, Tokyo, Japan. Since 2003, she
has been a Professor with the School of Optoelec-
tronics, Beijing Institute of Technology, Beijing. Her
research interests include optics and precision mea-
surement and optoelectronic sensor technology.

Kai Zhang received the B.E. degree from the School
of Optoelectronics, Beijing Institute of Technology,
Beijing, China, in 2008. He is currently working to-
ward the Ph.D. degree in the Modern Optoelectronics
Instrument Laboratory, School of Optoelectronics,
Beijing Institute of Technology.

His research interests include intrabody com-
munication, the modeling and simulation of op-
toelectronic systems, and optoelectronic sensor
technology.

Ming Wang received the B.E. degree from the
School of Information Science and Engineering,
Shandong University, Jinan, China, in 2002. He
is currently working toward the Ph.D. degree in
the Modern Optoelectronics Instrument Laboratory,
School of Optoelectronics, Beijing Institute of Tech-
nology, Beijing, China.

His research interests include the modeling and
simulation of optoelectronic systems, optical manu-
facturing, and testing technologies.

Yifang Chu received the B.E. degree from the
School of Optoelectronic Engineering, Xi’an Tech-
nological University, Xi’an, China, in 2008. She
is currently working toward the M.E. degree in
the Modern Optoelectronics Instrument Laboratory,
School of Optoelectronics, Beijing Institute of Tech-
nology, Beijing, China.

Her research interests include finite-element
method simulation and intrabody communication.

Bangzhi Kang received the B.E. degree from the
School of Optoelectronics, Beijing Institute of Tech-
nology, Beijing, China, in 2008. He is currently
working toward the M.E. degree in the Modern
Optoelectronics Instrument Laboratory, School of
Optoelectronics, Beijing Institute of Technology.

His research interests include circuit design and
intrabody communication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


