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Abstract. In this paper, we investigate two types of data transmission
in human body communication (HBC) with galvanic coupling: Intra-
body communication along a human arm and inter-body communica-
tion between two arms in touch. For the former, the effect of bending
the arm is investigated, too. The arms were modeled as five-layers con-
centric cylinders of different types of tissues. For simulation, the finite
element method (FEM) COMSOL Multiphysics5.3a software was used.
The influence of different HBC key parameters including applied fre-
quency, distance between transmitter (TX) and receiver (RX), bending,
contact area between the contiguous models, and induced current were
investigated. The results show that the transmission loss increases with
the increase of the transmission length and operating frequency. The
electrical potential is directly proportional to the induced current. Bend-
ing helps to improve the detected signal in the cases of short distance
between TX and RX around the curvature. For distant transceivers, both
straight and bended models tend to behave in a close manner. The signal
degradation in inter-body communication is considerably higher com-
pared to intra-body communication at the same horizontal distance be-
tween TX and RX. At frequencies above 200 kHz, both inter-body and
intra-body communication give close values when the contact area be-
tween the arms covers the distance between TX and RX electrodes. In
addition, by increasing the contact area and avoiding gaps between the
models, the detected signal is improved. The results illustrate the main
determinants of information transmission between both sensors within a
body-sensors-network and between different persons.

Keywords: Cole-Cole expressions · Dielectric properties of human tis-
sues · Finite Element Model · Galvanic coupling · Human body commu-
nication · Inter-body communication · Intra-body communication.

1 Introduction

Nowadays, many wireless electronic devices could be used to exchange data be-
tween different points on, inside or at the proximity of the human body. Data



could be medical related, e.g., electrocardiogram (ECG), electroencephalogram
(EEG), electromyogram (EMG), etc., or consumer lifestyle related, e.g., photos,
videos, messages, etc. Nevertheless, airborne transmission using antennas typi-
cally is a very energy intensive process implying large batteries. Therefore, low
power consumption with high quality transmission techniques are highly needed.
Human body communication (HBC) is one transmission technique defined for
low power consumption in wireless body area networks (WBANs). Different ways
can be used to establish BAN communication networks [1]. In this paper, we fo-
cus on HBC based on galvanic coupling approach. Here, the human body is
considered as the transmission medium for data signals. Therefore, the signals
are confined to the body, which ensures high security and less interference with
neighboring transceivers during signal transmission. Moreover, HBC is a promis-
ing technique for low power consumption transmission, which helps the batteries
of wearable or implantable devices to be reliable and longer lasting. In addition,
harvesting energy from the human body could be used to continuously recharge
HBC-enabled devices without the need for external power supplies [2].
HBC transmitter (TX) and receiver (RX) are each connected to a coupler that
is composed of two electrodes, i.e., signal electrode and ground. In the galvanic
coupling, digital information is exchanged by inducing weak AC currents gal-
vanically into the human body. Both TX and RX electrodes are hence attached
directly to the body.
For applications of HBC, two possible communication connections can be estab-
lished. In intra-body communication, data is transferred between sensors dis-
tributed across the same human body, which enables data fusion, e.g. for mon-
itoring of health condition. In contrast, in inter-body communication, data is
transferred between sensors distributed across different bodies that are in touch.
This will allow users to be able to exchange data among several wearable devices
just by touching each other [3]. One application is shown in Fig. 1: Different sen-
sors are distributed across the human body of a patient, which collect his vital
signs, e.g., EMG, ECG, (electrooculogram) EOG, etc., then send this data to a
central processing unit (CPU) to be combined, encoded and further resent to an
HBC-enabled device worn by a doctor for data decoding and displaying.
Several studies have been previously done to investigate transmission charac-
teristics of intra-body communication either with experimental studies or with
simulations [4–12]. In [4], an experimental study was done to send data through
the tissues from an implanted telemetry device to be detected by surface elec-
trodes. In vivo experiments were conducted in [5] to analyze the human data
channel. The authors in [6] have developed a wearable ECG for vital signals
transmission based on impulse radio type HBC. In addition, numerical simula-
tions and experiments were conducted in [7] to understand the influences from
the electrode size, joints between TX and RX, and electrode positions on signal
attenuation. In [8], the authors proposed a transfer function to represent the
galvanic coupling in intra-body communication, moreover, some in vivo mea-
surements were conducted. Also, a simulated-based model of the whole human
body was introduced to measure the signal attenuation at different positions



Fig. 1: Potential application scenario for human body communication: Vital data from
several sensors are transmitted to a central hub and processing unit (intra-body com-
munication); relevant data is then sent to the treating physician (inter-body commu-
nication).

on the body. In [9], several types of electrodes are compared and signal at-
tenuation between different positions on the human body was investigated via
in vivo measurements. In [10], the authors proposed a 3D FEM multilayered
cylindrical model of a human arm to simulate the current density and electric
field through different tissues as a function of frequency for different channel
lengths and inter-electrode distances. In [11, 12], we have tried to understand
the transmission mechanism in intra-body communication based on a simulated
model of the arm, the electric potential difference at TX and RX at different
applied frequencies, the current density, inter-electrode distances and the signal
attenuation on the surface of the body and inside tissues were investigated.

In this paper, the data transmission mechanism in the human tissues for
both intra-body and inter-body communication is investigated, which to the
best of the authors’ knowledge, has not been enough covered in the HBC liter-
ature. Two different simulation-based models are implemented using COMSOL
Multiphysics 5.3a software. In a model of a human arm consisting of different
types of tissues, the transmission mechanism in intra-body communication in
a straight simulated-based arm model is studied, in addition, some bending is
introduced to the model to investigate its effect on signal attenuation. On the
other hand, with the model of two contiguous human arms, signal transmission
in inter-body communication while changing the area of contact between the
arms is investigated.



This paper is organized as follows. In section 2, we derived dielectric prop-
erties of the human tissues used in our simulation; in addition, some theoretical
framework and approximations are given. In section 3, the simulation setup and
results are given. Finally, section 4 concludes our work.

2 Dielectric Properties of Human Tissues and
Approximations

The dielectric properties of body tissues at various frequencies are represented
in graphical plots using a model based on the summation of 4-Cole-Cole expres-
sions, which describes the complex relative permittivity as follow [13]:

εr(ω) = ε∞ +

4∑
m=1

∆εm
1 + (jωτm)1−αm

+
σi
jωε0

(1)

where εr(ω) represents the frequency-dependent complex relative permittivity,
ε∞ is the material permittivity at very high frequencies, ∆εm, τm, and αm are
material parameters, σi is the ionic conductivity, j denotes the imaginary unit√
−1, ω is the angular frequency, and ε0 the permittivity of free space. Table 1

shows the parameters needed to find the complex relative permittivity of the
human tissues used in our models [14]. From Eq. (1) with Table 1, we derived
the required dielectric properties for our simulation.

Due to [15], quasi-static approximation can be applied if the dimensions of
the system are small compared to the wavelength of the applied signal. In our
study, we used electrical signals with frequencies up to 1 MHz, which means

Table 1: Parameters for the derivation of dielectric properties of different human tissues.
(Adapted from [14])

Tissue Skin (dry) Fat Muscle cortical cancellous

ε∞ 4.00 2.50 4.00 2.50 2.50
∆ε1 32 9 50 10 18
τ1(ps) 7.234 7.958 7.234 13.263 13.263
α1 0.000 0.200 0.100 0.200 0.220
∆ε2 1100 35 7000 180 300
τ2(ns) 32.481 15.915 353.678 79.577 79.577
α2 0.200 0.100 0.100 0.200 0.250
σi 0.000 0.035 0.200 0.020 0.070
∆ε3 0.00E+0 3.30E+4 1.20E+6 5.00E+3 2.00E+4
τ3(µs) 159.155 159.155 318.310 159.155 159.155
α3 0.200 0.050 0.100 0.200 0.200
∆ε4 0.00E+0 1.00E+7 2.50E+7 1.00E+5 2.00E+7
τ4(ms) 15.915 15.915 2.274 15.915 15.915
α4 0.200 0.010 0.000 0.000 0.000



that the operating wavelength is large enough compared to the dimension of the
human body. Therefore, the electro-quasi-static approximation can be applied
and Maxwell’s equation can be simplified to the Laplace equation

−∇ · ((ε+
σ

jω
)∇V ) = 0 (2)

where σ is the conductivity and V represents the scalar electric potential.

3 Simulation-based Human Arm Models

3.1 Simulation Setup

Two finite element method (FEM) models were implemented using COMSOL
Multiphysics 5.3a. In order to investigate intra-body communication, the com-
plex structure of the human arm was approximated by a five-layers concentric
cylinder of radius 3.5 cm and length 60 cm. The layers are skin, fat, muscle, cor-
tical bone, and cancellous bone of thicknesses 0.126, 0.58, 1.55, 0.6 and 0.644 cm,
respectively. These values were chosen to be within the anatomical range [16–19].
For inter-body communication, on the other hand, a second contiguous similar
cylinder was added, where the cylinders represent two human arms that touch
each other. For simplicity, the single arm model connected to the TX was termed
”Arm1” and the second contiguous arm was called ”Arm2”. The dielectric prop-
erties of the human tissues used in our models at different frequencies were
derived as described in section 2 and applied in COMSOL using interpolation
functions. The tissues were defined as homogeneous frequency dependent ma-
terials. Extra-fine mesh size was applied to the geometry. The domain around
the geometry was chosen to be air that extends to infinity. The two TX and
two RX electrodes are in direct contact to the human body. In our work, the
electrodes were assumed to be circular and made of copper with radius 1 cm and
thickness 0.2 cm. The electrical parameters of the copper material are already
defined in COMSOL. An inner-distance of li = 4.5 cm was taken between TX
or RX electrodes. A current controlled waveform with different amplitudes, i.e.,
1 and 4 mA, was applied that meet the safety standardization according to [20].
The current amplitudes are galvanically coupled into the arm model through
the TX signal electrode with a frequency sweep from 10 kHz up to 1 MHz. This
frequency range was chosen to be above the frequencies of the biological signals
and still fulfills the quasi-static approximation. The main parameters used in the
simulation are summarized in Table 2.

3.2 Model for Intra-body Communication

Model Geometry and setup In the intra-body communication model, two
studies have been conducted. In one study, a straight arm model, i.e., Arm1,
has been used. In a second study, a 90o bending has been introduced to the
model to imitate the elbow bending and investigate its effect on the received
signal. Transmitting and receiving electrodes were placed symmetrically around
the curvature of the bended arm as seen in Fig. 2.



Fig. 2: Simulation-based model of a single human arm: (a) 3D straight model, (b) cross-
sectional view, (c) 3D model with 90o bending, (d) side view of the bended model.

Results and Discussion Fig. 3(a) shows the electrical potential distribution
for a cross sectional area of the arm model at TX at an induced current of
1 mA, and applied frequency 10 kHz. The same setup but at applied frequency
of 1 MHz is shown in Fig. 3(b). In Fig. 3(c), we changed the induced current to
4 mA with 10 kHz applied frequency. In Fig. 3(d), 4 mA induced current with
frequency of 1 MHz was applied. Regardless of the induced current, the electric
potential decreases with the increase of the applied frequency. At the lower
frequency, i.e., 10 kHz, the relative permittivity of the human tissues is high and
conductivity is low. Therefore, penetration of the signal into the tissue is high.
As seen, the electric potential is mainly confined to the skin and fat layers, while
less potential exists in the muscle and bones layers. At the higher frequency, i.e.,
1 MHz, in contrast, when the relative permittivity is low and conductivity is high,
signal transmission is limited to the surface of the body. However, increasing the
amplitude of the induced current at a fixed applied frequency has a significant
effect on the generated signal. Nevertheless, we should follow the human safety
standardization for not harming the biological tissues.
In Fig. 4(a), we studied the effect of increasing the surface distance between TX
and RX, i.e., ltr, when keeping constant current of 1 mA, while in Fig. 4(b), the
signal attenuation is shown. The attenuation factor between TX and RX was
calculated according to [7]

Attenuation [dB] = 20 · log10

∆VRX

∆VTX
(3)

where ∆VRX and ∆VTX denote the potential difference at the receiver and trans-
mitter electrodes, respectively. At low frequencies, the increase of ltr has a weak
effect on the received signal. This gives a good opportunity to use intra-body



Table 2: Parameters for the simulation-based model.

Parameters value

Frequency range ”f” [Hz] 104 – 106

Length of the Arm [cm] 60

Skin layer thickness [cm] 0.126

Fat layer thickness [cm] 0.58

Muscle layer thickness [cm] 1.55

Cortical bone thickness [cm] 0.6

Cancellous bone thickness [cm] 0.644

Current amplitude ”I” [mA] 1, 4

Radius of copper electrodes [cm] 1

Thickness of copper electrodes [cm] 0.2

Distance between TX and RX ”ltr” [cm] 20, 30, 40, 50

Inner-distance between TX or RX electrodes ”li” [cm] 4.5

Fig. 3: Electric potential distribution for cross sectional area of the straight arm model
at TX when: (a) I = 1 mA, f = 10 kHz, (b) I = 1 mA, f = 1 MHz, (c) I = 4 mA , f
= 10 kHz, and (d) I = 4 mA , f = 1 MHz.



Fig. 4: (a) Electrical potential difference at TX and RX at I = 1 mA, when ltr = 20 cm,
ltr = 30 cm, ltr = 40 cm, and ltr = 50 cm, (b) Signal attenuation [dB] at RX for different
channel lengths.

communication at low frequencies, e.g., up to 50 kHz, for sending data between
distant locations on the body. However, frequencies above the biological signals
frequencies should be used to avoid interference. On the other hand, a significant
effect can be seen at higher frequencies, where the signal loss inside the tissues is
high. Therefore, the attenuation increases, which agrees with the results in [7].
In another study, to investigate the effect of 90o bending of the arm model and
compare it to the straight model, we calculated the electric potential difference
at RX for both cases when the induced current is 1 mA for different ltr. As seen
in Fig. 5, the electric potential difference at RX of the bended model is higher
than that of the straight model. The reason is the actual channel length or the
shortest distance between TX and RX. In the straight model, the channel length
equals the direct horizontal distance from TX to RX. In the bended model, the
actual channel length, shown as dashed yellow line in Fig. 2, is shorter than the
surface length we considered. At short distances between TX and RX, the rel-
ative discrepancy between the actual channel length in the straight model and
the bended model is large. On the other hand, for longer models and distant
transceivers around the arm curvature, the relative discrepancy becomes small
and both models tend to behave in a close manner, see Fig. 5 when ltr = 40 cm,
and 50 cm.



Fig. 5: Electrical potential difference at RX for both bended and straight models at I
= 1 mA.

3.3 Model for Inter-body Communication

Model Geometry and Setup In the inter-body communication model, the
second contiguous similar cylinder ”Arm2” was added, as shown in Fig. 6. Dif-
ferent common lengths lc = 5, 10, and 20 cm between Arm1 and Arm2 were
assumed. A contact plate of width 2 cm and length lc was added between the
two arms to increase their contact area and defined in COMSOL as skin material,
shown in Fig. 6 inside dotted blue ellipsoids.

Results and Discussion Fig. 7 shows the electric potential difference at RX
for a horizontal distance ltr = 20 cm between TX and RX and common length
lc = 20 cm at two different induced current amplitudes, i.e., 1 mA, and 4 mA. As
expected, the electric potential is directly proportional to the amplitude of the
induced current. Maximum value is achieved at 10 kHz, then the signal decreases
rapidly with frequency.
For a comparison between inter-body and intra-body communication transmis-
sion mechanisms, we have created Fig. 8(a) at three different common lengths,
i.e., lc = 5, 10, and 20 cm, between Arm1 and Arm2 when the current amplitude
is 1 mA and ltr = 20 cm, while the signal attenuation from (3) is depicted in
Fig. 8(b). We can see the same behavior with frequency as in intra-body com-
munication, the potential difference decreases with the frequency increment. In
addition, increasing the length of contact, i.e., lc, and hence the contact area be-
tween the two arms has a significant effect on the detected signal. By increasing
the contact area between the two arms, the detected signal increases. As seen
at frequencies above 200 kHz when lc = ltr = 20 cm, intra-body and inter-body
communication give close values. Such that the two arms together can be consid-



Fig. 6: Simulation-based model of two contiguous human arms. (a) 3D model, (b) cross
sectional view, (c) side view.

Fig. 7: Electric potential difference at RX for lc = 20 cm and ltr = 20 cm with two
different induced current amplitudes.

ered as one geometry that uses intra-body communication. For shorter lc, high
signal degradation is detected at the RX at Arm2. Hence, one factor to improve
the received signal in inter-body communication is to avoid gaps and increase the
contact area between the two bodies. However, inter-body communication might
be power consuming communication technique and hence adaptive HBC-enabled
devices are needed.



Fig. 8: Electric potential difference at RX for both intra-body and inter-body commu-
nications with three different lc values at an induced current of 1 mA and ttr = 20 cm,
(b) Signal attenuation [dB] at RX.

4 Conclusion

Galvanic coupling is one of the approaches used for coupling in human body com-
munication (HBC), which enables electronic devices in or on the human body
to interconnect with each other and exchange information at very low power
consumption. In this paper, we have studied the transmission mechanism on the
human body for intra-body and inter-body communication based on galvanic
coupling. Two FEM simulations representing a single human arm and two hu-
man arms in contact to each other have been proposed. Both models took into
account the different types of tissue that the arm consists of. The influence of
different HBC key parameters including applied frequency, distance between TX
and RX (i. e., transmission length), bending, contact area between two bodies,
and induced current were investigated. The results show that the transmission
loss increases with the increase of the transmission length and operating fre-



quency. The electric potential is mainly confined to the skin and fat layers at
lower frequencies, as the relative permittivity of the human tissues is high and
conductivity is low. At high frequencies, when the relative permittivity is low
and conductivity is high, the transmitted signal is limited to the surface of the
body. Furthermore, increasing the transmission length has a significant effect on
the signal degradation at high frequencies, hence it is more appropriate to use
low frequencies, i.e., up to 50 kHz, for transmission over long distances on the
body. Bended models improve the received signal in the cases of short distance
between TX and RX around the bending. For distant transceivers, both straight
and bended models tend to behave in a close manner.

Concerning inter-body communication, we found that the received signal is
directly proportional to the induced current and inversely proportional to the
applied frequency. Due to the dielectric properties of the human tissues and
the increase of the actual transmission distance between TX and RX (in order
for the signal to leave one arm and enters the other), the signal degradation is
considerably higher compared to intra-body communication at the same hor-
izontal distance between TX and RX. At higher frequencies, i.e., > 200 kHz,
both inter-body and intra-body communication give close values when the con-
tact area between the arms covers the distance between TX and RX electrodes.
Increasing the contact area between the models helps to improve the detected
signal.

In conclusion, the results demonstrate the feasability of HBC for establish-
ing wireless communication between distributed sensor nodes in or on the hu-
man body as well as the exchange of information between different individuals.
The approach hence promises diverse ways application, e. g., in healthcare and
telecommunications.
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