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Characterization of the human body as a transmission medium for electrical signals is a necessity for using intrabody
communication (IBC) technique into connecting wearable electronic sensors and devices. In this paper, we propose a novel
multilayer distributed circuit model for galvanic-coupling type IBC, which is emphasized on the propagation characteristics in
contrast with other IBC models. Based on the model, a program is written in MATLAB to investigate the propagation
characteristics of a human body channel with the frequency of 10 MHz to 20 MHz and the distance of 5 cm to 10 cm. Finally, a
galvanic coupling IBC measurement is implemented to verify the proposed model. The outcome proves that the model is valid
and correct.

1. Introduction
Intrabody communication (IBC) is a promising wireless
communication technology which was ﬁrst mentioned by
Zimmerman in 1995 [1]. It is a technique that uses the
human body as a transmission channel for electrical signals.
Compared with other wireless communication technologies,
it helps to meet the high requirements of low power consumption, miniaturized volume, and security for electronic
devices wore on the body or implanted in the body [2]. There
are two basic methods of signal coupling between the transmitter and the receiver in an IBC system: capacitive coupling
and galvanic coupling [3]. In the capacitive coupling
approach, only two signal electrodes are attached to the skin,
and both transmitter (TX) and receiver (RX) ground electrodes remain ﬂoating, which is easily aﬀected by noisy environment because the signal return path is closed through the
surrounding environment and external ground [4]. In the
galvanic coupling approach, which is focused on this paper,

an electrical signal is applied diﬀerentially and then received
by means of a pair of TX electrodes and a pair of RX electrodes attached to the skin. In this way, the human body
between TX and RX can be considered as a transmission line
(waveguide) in where the signal propagates. In order to
understand the galvanic coupling IBC behavior better, it is
signiﬁcant to investigate the propagation mechanism of a
human body channel. There are many diﬀerent methods
having been proposed for galvanic coupling IBC modeling
[5–10], such as ﬁnite element method (FEM) model, quasistatic ﬁeld theory model, equivalent electrical circuit model,
and distributed circuit model. In [5], a realistic 3-D ﬁnite element method model of the human arm has been presented
with a frequency range of 1 kHz to 100 MHz and a distance
range of 5 cm to 20 cm. In [6], a quasi-static ﬁeld model of
the human limb at the frequency of 1 kHz to 1 MHz has been
solved analytically and the gain for a single channel length of
6 cm has been obtained. In [7], a simpliﬁed equivalent circuit
model of the human arm has been proposed for IBC with of
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Figure 1: Geometry of the proposed model. (a) Transverse section of the arm composed of ﬁve concentric layers of tissues: skin, fat, muscle,
cortical bone, and cancellous bone. (b) Longitudinal view of the arm with electrodes, depicting parameters such as channel length (ls),
interelectrode distance (le), and arm length (larm).

frequency range 200 kHz to 10 MHz and channel length
7.5 cm to 11 cm. A similar simpliﬁed circuit model has also
been put forward in [8] with frequency range from 1 kHz to
1 MHz and channel length from 5 cm to 30 cm. A multipath
circuit model through layered tissues has been given in [9],
where the study frequency is from 100 kHz to 1 MHz and
the channel length is from 5 cm to 40 cm. In [10], a distributed circuit model focusing on the propagation characteristics has been investigated for both IBC coupling techniques,
where the frequency and channel length are, respectively,
considered from 10 kHz to 1 MHz and from 5 cm to 15 cm
for galvanic coupling IBC. However, most of the models
listed above mainly study the case of low-frequency (generally below 1 MHz) galvanic coupling IBC. Furthermore, a
majority of the models are not simple and accurate enough
to explain the experimental results of galvanic coupling
IBC. FEM models [5, 6] need a quite complicated and large
calculation. Additionally, they are usually built based on
quasi-static ﬁeld theory in which the wavelength is required
to be much larger than the dimensions of the studied body
domain. According to [4, 11, 12], beyond 10 MHz and particularly at larger TX-to-RX distances, the body’s antenna eﬀect
increases, so the simulation frequency up to 100 MHz in [5]
is not appropriate and the correctness of the obtained result
remains a doubt. In the simpliﬁed equivalent circuit modeling [7–9], the impedance of the human body is calculated
based on lump parameter rather than distributed parameter,
and this kind of equivalence is not proper for high-frequency
IBC because of the wave eﬀect at frequencies higher than
about 10 MHz [12–14]. The distributed circuit model [10]
only takes the distributed parameter eﬀect of the skin layer
into account and ignores the distributed parameters of the
fat and muscle tissues. As we know, the wave propagation
eﬀects cannot be negligible deﬁnitely as the frequency
increases, and the communication no longer follows a formal
IBC scheme. Thus, further research is still needed in order to
develop more accurate models to identify the propagation
mechanisms of IBC performance.
Consequently, with the objective of high-speed shortrange communication in wireless body area network
(WBAN), in this paper, we propose a novel multilayer distributed circuit model to investigate the propagation

Table 1: Geometry parameters of the human forearm.
Parameter

Value

Description

ra (cm)
larm (cm)
ds (mm)
df (mm)
dm (mm)
dcb (mm)
de (mm)
le (cm)
ls (cm)

5
60
1.5
8.5
27.5
6
4
8
5, 6.5, 8, 10

Arm radius
Arm length
Skin thickness
Fat thickness
Muscle thickness
Cortical bone thickness
Electrode side length
Interelectrode distance
Signal channel length

mechanisms of galvanic coupling-type IBC. For the human
forearm, we write a program in MATLAB to calculate the
voltage gains of a body channel based on the proposed model
with the frequency of 10 MHz to 20 MHz and propagation
distance of 5 cm to 10 cm. At the same time, we have also carried out some experimental measurements using harmonized
galvanic coupling setups to validate the proposed model. It
should be noted that the frequency range in our study is
much higher than any other existing galvanic coupling IBC
research. Therefore, this model will be quite valuable for
the galvanic coupling IBC in high-speed communication
which is the limitation of the current galvanic coupling IBC.
This paper is organized as follows: Section 2 presents a
multilayer distributed circuit model for galvanic coupling
IBC. Section 3 describes the calculation results of the proposed model. Section 4 presents the galvanic coupling IBC
measurement setup and its comparative results with the proposed model. Finally, Section 5 presents the conclusions of
this paper.

2. The Proposed Model
2.1. Geometry Model Deﬁnition for the Human Forearm. In
this paper, the human forearm is simpliﬁed as a multilayer
cylinder formed by ﬁve diﬀerent concentric layers, each of
which simulates a diﬀerent tissue: skin, fat, muscle, cortical
bone, and cancellous bone. The detailed geometry is shown
in Figure 1, and the parameters are listed in Table 1. The
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Figure 2: Equivalent distributed circuit of the skin layer. (a) Galvanic coupling-type IBC. (b) Distributed circuit of the skin layer. (c)
Impedance of the skin (Zs). (d) Conductance of the skin (Ys).

tissue thicknesses are within the range of true anatomical
proportions and refer to those proposed in [5]. Two pairs
of squared TX and RX electrodes are placed on the skin at
the determined distance le and ls. The AC signal is applied
on TX and is transmitted to RX along the z-axis.
2.2. Multilayer Distributed Circuit Modeling for the Human
Forearm. The human forearm can be seen as a lossy multilayer transmission line consisted of multilayer distributed
circuits, because the signal from TX to RX propagates in
a multipath channel composed of the diﬀerent tissue layers
of skin, fat, muscle, and bones. Each of the human tissue
layer is equivalent to a distributed circuit consisted of the
periodic insertion of basic cells formed by the impedance
Z ω and the admittance Y ω , deﬁned on the same plane,
with the objective of studying their inﬂuence on propagation characteristics. The impedance Z ω is composed of
the resistance R ω and the inductance L ω , where R ω
and L ω , respectively, emulate the resistive characteristic
and inductive eﬀect of the human tissues in the signal
propagation between the basic cells repeated along the
propagation axis. The admittance Y ω is represented as a
shunt circuit composed of a conductance G ω and a susceptance B ω , where G ω emulates the conductive pathways of the tissue and B ω accounts for the electric ﬁeld
eﬀect. Both G ω and B ω are deﬁned on the longitudinal
direction between two points placed on the same plane.

For instance, the equivalent distributed parameter circuit
of the skin layer is shown in Figure 2, where Ze is the
equivalent impedance of the electrode and Zs and Ys are the
distributed impedance and admittance of skin, respectively.
We can see that the distributed parameter elements Zs and
Ys shown in the dotted box are repeated with the longitudinal
direction to represent the propagation characteristics of the
signal in the skin tissue. The other tissue layers, such as fat
and muscle, are modeled as well, and the ﬁnal detail model
scheme is shown in Figure 3. It should be noticed that the
model is consisted of only three layers of distributed circuits: skin, fat, and muscle. The bone layer is not considered because the corresponding circuit of human forearm
geometry model is symmetrical and the conductivity of
bones is much lower than other tissues, which causes
almost no current to ﬂow in the bone tissue. In addition,
the circuits between layers are connected by the equivalent
distributed admittances that emulate the conduction of the
signal from skin to fat and fat to muscle in the radial direction. In Figure 3, Zs and Ys, Zf and Yf, and Zm and Ym are,
respectively, the per-unit-distance impedances and admittances of the skin, fat, and muscle. Ysf and Yfm are, respectively, the per-unit-distance admittances of skin to fat and
fat to muscle.
2.3. Impedance and Admittance of Human Tissues. The frequency behavior of dielectric properties of tissues, such as
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Then, the relative permittivity εr ω and conductivity σ
ω can be given as follows:
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Figure 3: Multilayer distributed circuit model of galvanic coupling
IBC for the human forearm.

where K is the ratio of the cross-sectional area to the
length of tissues, S is the cross-sectional area, and l is
the length which is generally set as 1 m in distributed
parameter calculation.
Finally, the per-unit-distance impedances of basic cell
on each tissue layer with propagation direction are easily
calculated from
Z ω =R ω =

1
,
Gω

5

and the per-unit-distance admittances of basic cell on
each tissue layer between two points on the same plane are
obtained by the following:
conductivity and permittivity, is derived from the parametric modes of Gabriel et al. [15] who summarized measurements from in vivo experiments on the human body
and autopsies of cadavers and animals. The four-order
Cole–Cole equation [15] presents the change of dielectric
properties of a tissue over a broad frequency range
10 Hz–100 GHz:
ε∗r

4

ω = ε∞ + 〠

n=1 1 +

Δεn
jωτn

1−αn

σ
+ i ,
jωε0

1

where ε∗r is the complex dielectric constant, Δεn is the magnitude of the dispersion which is calculated from the diﬀerence
between permittivity at static εs and inﬁnite frequency ε∞ , ω
is the angular frequency, τn is the relaxation time constant
which depends on physical processes such as ion eﬀects, αn
is the distribution parameter which is between 0 and 1, σi is
the static ionic conductivity, and ε0 is the permittivity of
vacuum.
Once ε∗r is obtained from (1), it can be divided into real
and imaginary parts [16] as follows:
ε∗r ω = ε′ ω − jε′′ ω

2

Y ω = G ω + jωC ω

6

It should be noted that the inductive element L is
neglected in this circuit conﬁguration.
2.4. Equations of the Model. We assume that the signal
propagates along the z-axis. Our model consists of a line
section of the length Δz containing impedances Z s Δz, Z f Δz,
and Z m Δz and admittances Y s Δz, Y f Δz, Y m Δz, Y sf Δz, and
Y f m Δz in Figure 3.
Our objective is to determine the manner and extent
to which the output voltage and current are changed from
their input values in the limit as the length Δz approaches
a very small value. We can consequently obtain a group of
diﬀerential equations that describe the variations of the
voltage and current with respect to z. First, the input
and output voltages and currents of each layer circuit are
given, respectively, as un z, t and in z, t and un z + Δz, t
and in z + Δz, t , with n = 1, 2, 3. Then, Kirchhoﬀ’s voltage
law (KVL) and Kirchhoﬀ’s current law (KCL) are applied to
the circuit encompassing the entire section length, and we
obtain the following:
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u1 z, t = 2Z s Δzi1 z, t + u1 z + Δz, t ,

in the multilayer transmission line—both as per-unitdistance measures.

u2 z, t = 2Z f Δzi2 z, t + u2 z + Δz, t ,

2.5. Solutions of the Model Equations. Once the equations
of multilayer distributed circuit are obtained, the ﬁnal
solution of voltage and current distribution with respect
to z can be derived by using the Laplace transform and
inverse Laplace transform.
With the help of Laplace transformation, (8) is transformed as follows:

u3 z, t = 2Z m Δzi3 z, t + u3 z + Δz, t ,
i1 z, t = i1 z + Δz, t + Y s Δzu1 z + Δz, t
u z + Δz, t − u2 z + Δz, t
+ Y sf Δz 1
,
2
i2 z, t = i2 z + Δz, t + Y f Δzu2 z + Δz, t
u z + Δz, t − u3 z + Δz, t
+ Y f m Δz 2
2
u1 z + Δz, t − u2 z + Δz, t
− Y sf Δz
,
2

s U s − u 0 = AI s ,
s I s − i 0 = BU s ,

where u 0 and i 0 are the initial values of voltage and current corresponding to z = 0; they are also the initial values
corresponding to t = 0.
When the source voltage is imposed on TX at the
moment of t = 0, the current has not ﬂowed into the body
yet, so we give the values of u 0 and i 0 as follows:

i3 z, t = i3 z + Δz, t + Y m Δzu3 z + Δz, t
u z + Δz, t − u3 z + Δz, t
− Y f m Δz 2
2

Vi

7
Now, in the limit, as Δz approaches zero (or a value small
enough to be ignored), we obtain the ﬁnal diﬀerential equation form to describe the multilayer distributed circuit model
as follows:

u2 ,

0

−1

I s = B s2 − AB

su 0 ,

−1

u0

12

Finally, the inverse Laplace transforms of U s and I s
are given by the following:

i1
i2 ,

u z = L−1 U s ,

i3
−2Z s

0

0

0

−2Z f

0

0

0

−2Z m

−Y s −
B=

0 ,

U s = s2 − AB

u3

A=

11

0

where V i is the sinusoidal voltage source applied on the two
TX electrodes.
Substituting u 0 and i 0 into (12), we therefore can
obtain the following:

u1

i=

,

0
0

8

where

u=

u0 =

i0 =

∂
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∂z
∂
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10
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2
1
Y
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0
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Y
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2
9

where A and B are, respectively, called the net series
impedance matrix and the net shunt admittance matrix

13

These are the solutions of the multilayer distributed circuit model. With these solutions, the received voltage and
current by RX electrodes at any distance z can be ﬁgured
out, and the voltage gain of the body channel is achieved by
the following:
gain = 20log10

Vo
,
Vi

14

where Vo is the received voltage.

3. Results of the Model
The proposed model is carried out by writing a program in
MATLAB to study the gain of the received voltage with the
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of 10 MHz to 20 MHz. We also see that the gain presents a
linear decrease with distance z, which reveals that the
received voltage decays exponentially with the signal propagation direction z.
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Figure 4: Gain of the received voltage corresponding to the distance
z and frequency.
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In order to validate the results of the proposed model, a galvanic coupling IBC measurement on a human forearm is carried out. The setup is consisted of a signal generator DG4162
and a balun FTB-1-6 at the transmitter side (TX), a digital
isolation oscilloscope TPS2024 at the receiver side (RX),
and four 4 cm × 4 cm medical electrodes LT-1 attached to
the skin in a diﬀerential conﬁguration in Figure 5 [17]. It
should be noticed that a diﬀerential probe must be used to
test the received signal voltage so that the electromagnetic
interference from the AC source can be eliminated. The
excited signal between the two transmitter electrodes adopts
a sine voltage with the peak-to-peak value of 3 V and the frequency of the range from 10 MHz to 20 MHz. In addition,
with the purpose of analyzing the eﬀect of channel length
to the transmission quality, diﬀerent channel lengths ls,
5 cm, 6.5 cm, and 8 cm, are tested.
Figure 6 shows the comparison of gain between the multilayer distributed circuit model and the experiment on a 37year-old female volunteer for the galvanic coupling IBC. In
Figure 6, the measurement values are averaged from the
results of a three-day repeated experiment. It can be found
that the result approaches to that of the measurement, where
the diﬀerence values between them are all less than 4 dB.
Table 2 lists, in detail, the speciﬁc values of the proposed
model and measurement when z = 5 cm. The maximum
and the minimum diﬀerence values are 3 dB and 0.03 dB,
respectively. However, from Figure 6, we also ﬁnd that the
measured results started lower than the simulated results at
the low-frequency end (10 MHz) and then crossed over and
ended up higher than the simulated results at the highfrequency end (20 MHz). This may be caused by the parasitic
capacitances between the electrodes, which generally perform high pass characteristics and is worth validating in a
later study. In the actual propagation, as the frequency
increases, the air nearby the body channel may be the other
path of signal transmission and is presented in the form of
parasitic capacitances. Whereas in our proposed model, we
suppose the body channel as a waveguide line where the signal mainly propagates. In this case, the deviation between the
two results is reasonable. So, the proposed model is correct
and valid. It also proves that multilayer distributed circuit
model is suitable for investigating the propagation characteristics of galvanic coupling IBC.

Figure 5: Galvanic coupling measurement setup. (a) Measurement
circuit. (b) Measurement scene.

5. Conclusion

distance z from 5 cm to 10 cm and the frequency from
10 MHz to 20 MHz. The results are shown in Figure 4. We
can see the gain increases with the rise in frequency, which
indicates that the property of body channel performs as a
high band-pass characteristic with respect to the frequency

In this paper, a novel multilayer distributed circuit model for
galvanic coupling IBC on a human forearm has been proposed to investigate the propagation characteristics of a body
channel. Based on the model, we ﬁnd that a human body
channel presents as a high band-pass characteristic with the
frequency from 10 MHz to 20 MHz, and the signal is
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Figure 6: Comparison of the results between the IBC measurement and model.
Table 2: Comparison of the gain values between the IBC
measurement and model corresponding to the distance z = 5 cm.

possible application of these ﬁndings to the design of wireless medical healthcare devices in the future.

Frequency
(MHz)

Conflicts of Interest

10
11
12
13
14
15
16
17
18
19
20

Value of
model (dB)

Averaged value of
measurement (dB)

Diﬀerence
(dB)

−16.45
−16.12
−15.85
−15.62
−15.42
−15.25
−15.1
−14.96
−14.84
−14.72
−14.62

−18.77
−18.52
−17.94
−18.62
−17.30
−17.46
−16.28
−16.16
−16.01
−14.69
−14.41

2.32
2.40
2.09
3.00
1.88
2.21
1.18
1.20
1.17
0.03
0.21

exponentially attenuating with the increasing of propagation
distance along the body. It illustrates that the human forearm
is like a multilayer lossy transmission line which has some
similar characteristics with respect to the general transmission line. To validate the accuracy of the model, an IBC
experiment on a human forearm has been carried out,
and the results demonstrate that the proposed model based
on multilayer distributed circuit meets the actual situation
of high-frequency galvanic coupling IBC which other
models do not focus. Though the model is fulﬁlled at the
frequency of 10 MHz to 20 MHz, it may be applied to a
higher frequency, for example, 400 MHz, and the experimental probe will be done in our next important work.
Considering that a body channel may be aﬀected by the
sizes and types of diﬀerent electrodes, we will take a deep
study on the electrodes and account it into modeling in
the next step. Moreover, we will also focus on extending
the model to other parts of the human body and the
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