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Abstract. Intrabody communication (IBC) uses the human body as a
transmission medium for electrical signals, providing an efficient chan-
nel to interconnect devices in Body Sensor Networks. For IBC galvanic
coupling, the signal path is accomplished through two pairs of electrodes
deployed on the skin, which suggest the dependence of the attenuation
signal on the subject’s electrophysiological skin properties. With the pur-
pose of gaining an insight into the attenuation differences observed for
diverse subjects, a simple transmission line-based model has been used
for the identification of those personalized parameters that best emulate
the attenuation behavior. Experimental results for two different subjects
have been carried out using a harmonized measurement set-up. Model
simulations have shown to match measurement data more accurately
when individualized instead standard skin parameters were used, thus
highlighting the need to deal with personalized models in IBC research.

Keywords: electrophysiological properties, galvanic coupling, intrabody
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1 Introduction

Pervasive monitoring along with Body Sensor Networks (BSN) have been estab-
lished as the technological basis for the delivery of preventive and personalized
health systems, which aim to improve patients’ quality of life [1]. Nevertheless,
some technical challenges regarding the design of small-size, power-saving and
miniaturized intelligent wearable devices are yet to be solved [2]. In this sense,
a promising technique called Intrabody Communications (IBC), which uses the
human body as a transmission medium for electrical signals, allows low frequen-
cies and low power signals to be used, thus reducing consumption, permitting
miniaturization and avoiding interferences [3]. One key issue involving IBC re-
search is the human body characterization as a communication channel. For this
purpose, different models, which have shed light on signal propagation mech-
anisms through the human body, have been proposed in the literature [4–7].
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However, an accurate validation has not always been possible due to the great
dependence of the experimental results on both the measurement conditions
and the test subject [4, 6, 8]. In this way, significant differences in pathloss data
have been found due to each subject’s particular anthropometrical characteris-
tics (e.g., diameter and length of the arm, weight, sex,...) and the position of
electrodes through the body [4, 6]. For instance, previous results reported by
the authors evidenced that the frequencies at which the minimum attenuation
was obtained did not match for different subjects [9], thus highlighting the need
for personalized models. In spite of the fact that all existing IBC models in the
literature use the widely accepted parameters reported in [10], there is evidence
that these models have not always been able to emulate the complex frequency
behavior of attenuation, with discrepancies existing among diverse authors’ out-
comes and different subjects. In addition, in the case of galvanic coupling, the
dependence of the attenuation results on the subject’s physiological parameters
has been found to be even higher [4, 9], which could be explained by the fact
that the signal path is confined to the skin when sensors are deployed on it.

In this work, a skin transmission line model previously reported by the au-
thors [11] has been used in order to identify the personalized parameters that best
match the frequency behavior of the pathloss found for different subjects. Conse-
quently, the objective of this work has been to show that a better agreement can
be accomplished by considering personalized instead of generalized parameters.
In order to assess these parameters, galvanic coupling attenuation experiments
for different subjects have been carried out using a harmonized set-up [12]. For
the purpose of validation, a set of measurements over different distances between
electrodes were obtained and a satisfactory agreement between the model’s pre-
dicted behavior and the experimental data was found. Finally, the results of the
personalized model and those obtained by using generalized parameters were
compared in order to show the need to deal with personalized models in IBC
research.

2 Material and Methods

2.1 Distributed Transmission Line Model

The model used in this work, which can be seen in Fig. 1, is based on a skin
transmission line model [11]. It consists in the distributed insertion of skin cross-
sectional admittances, Yskin(ω), and skin longitudinal impedances, Zskin(ω),
along a longitudinal plane. Specifically, Yskin(ω) is formed by a shunt circuit
composed of a conductance G(ω) that represents the conductive pathways of
the skin (sweat glands and the ionic channels that cross the cell membrane),
and a susceptance B(ω) that accounts for the keratinized cells of the stratum
corneum (SC) and the lipid bilayer [13]. In addition, Zskin(ω) corresponds to
a resistive characteristic R(ω) that emulates the signal propagation between
adjacent admittances. Finally, Ze, whose frequency response was taken from [14],
models the electrode impedance, and Zl represents the input impedance of the
receiver.
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Fig. 1. Galvanic coupling transmission line model

A propagation constant γ(ω) can be found through

γ(ω) =
√
2Zskin(ω)Yskin(ω) =

√
2R(G(ω) + jB(ω)) , (1)

where the constant factor of 2 is due to the differential characteristic of galvanic
coupling.

In order to take into account the electrode effect through the Ze impedances,
which could cause an impedance mismatch, a reflection coefficient Γl(ω) was
introduced in the model to obtain the total pathloss of the IBC system,

L(dB) = 20 log10
1 + Γl(ω)e

−2γ(ω)l

(1 + Γl(ω))e−γ(ω)l
, (2)

where l is the length between electrodes.
The electrophysiological properties of the skin were addressed by means of

G(ω) = Kσ′(ω), R(ω) = 1/G(ω) and B(ω) = ωε′r(ω)ε0G(ω)/σ′(ω), where K =
A/d, d is the transverse distance between the same pair of electrodes and A is
the electrode measurement area. On the other hand, ε′r(ω) and σ′(ω) are the real
part of the permittivity ε̂r(ω) and the conductivity σ̂(ω) of the skin, respectively.
For the sake of simplicity, these were modeled by means of a single-pole Cole-
Cole model given by (3) and (4), instead of the usual two-pole model reported
in [10]. This simplification was validated within a limited frequency range, taking
into account that galvanic coupling usually operates at frequencies up to 1 MHz,
where a single-dispersion model is accurate enough.

ε̂r(ω) = ε∞ +
�ε1

1 + (jωτ1)1−α1
+

σs

jωε0
, (3)

σ̂(ω) = jωε0ε̂r(ω) , (4)

where ε0 is the permittivity of vacuum. Subsequently, the rest of parameters
in (3)-(4), were personalized for different subjects, instead of using the usual
parameters reported in [10].
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Fig. 2. Galvanic coupling measurement set-up

2.2 Galvanic Coupling Measurement Set-Up

The galvanic coupling measurement set-up, shown in Fig. 2, consisted of a GFG-
8015G function generator of GW Instek to provide the signal, an MSO6032A
digital oscilloscope of Agilent Technologies Inc. (Rinput = 1 MΩ) to acquire it, a
pair of PT4 balun transformers of Oxford Electrical Products and four electrodes.
The baluns were used to remove the effect of the internal ground of both the
signal generator and the oscilloscope, in order to obtain a realistic IBC galvanic
coupling transmission path. Commercial round pregelled silver/silverchloride
Swaromed ECG electrodes (0.5 cm-radius) were chosen. The two transmitter
electrodes were attached to the skin near the wrist and the two receiving elec-
trodes were moved along the forearm using two distances: 5 and 10 cm. At the
same time, a distance of 9 cm between the two electrodes of the same pair was
chosen, according to [12]. A sinusoidal signal with a peak-to-peak current ampli-
tude of 0.5 mA was applied. Twelve frequency points from 20 kHz up to 1 MHz
were considered. This limited frequency range was chosen because of the evidence
that the human body acts as an antenna for higher frequencies [15, 16] and, in
addition, some other non-deterministic effects, such as radiation from cables and
electrodes, become non-negligible as frequency increases [17]. Finally, some an-
thropometrical characteristics such as sex, age, height, weight, arm length and
arm diameter were taken into account, and are summarized in Table 1, for two
subjects A and B. Finally, it must be noted that the amplitude levels considered
in this work were established well in the bounds of the International Commission
on Non-Ionizing Radiation Protection’s (ICNIRP) regulations [18].

Table 1. Test subjects’ anthropometrical characteristics

Subject Sex Age Height Weight Arm length Arm diameter

A Male 33 1.82 m 100 kg 65 cm 9.5 cm

B Female 27 1.57 m 50 kg 50 cm 4.3 cm
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Fig. 3. (a) Comparison between experimental results and model simulations for sub-
jects A and B. (Marks: measurement data; solid line: model with generalized parameters
and K = A/d; dashed line: model with generalized parameters and K = 0.7A/d) (b)
Comparison between experimental results and model simulations by using personalized
parameters for subjects A and B. (c) Comparison between conductivity model by using
generalized and personalized parameters for subjects A and B. (d) Comparison between
permittivity model by using generalized and personalized parameters for subjects A
and B.

Table 2. Personalized Parameters for (3)

Parameter set ε∞ �ε1 τ1 (ns) α1 σs

Dry skin 37 1122 32.51 0.18 0.0002

Subject A 1855.81 876.32 325.11 0.49 0.0002

Subject B 2225.81 1246.32 230.61 0.45 0.0002

3 Results

We first implemented a Least-Mean-Square (LMS) algorithm to find the parame-
ters from which the simplified single-pole Cole-Cole model was able to accurately
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Experimental results A 5 cm
Personalized model A 5 cm
Personalized model A 10 cm
Experimental results A 10 cm

Fig. 4. Experimental results and model simulations obtained for subject A and two
different distances of 5 and 10 cm between electrodes

reproduce both skin permittivity and conductivity reported in [10]. These pa-
rameters, whose values are given in Table 2 (Dry Skin), showed to be valid up to
1 GHz, which is much higher than the usual galvanic coupling frequency band
(up to 1 MHz) [4,6,9]. Once the validity of this simplification was proven, we sub-
sequently used the same LMS algorithm to identify the personalized parameters
that best match the model’s pathloss curve to that obtained experimentally, for
both subjects A and B. These parameters are also listed in Table 2 (Subjects A
and B). The pathloss curves obtained by using the generalized parameters in [10]
are shown in Fig. 3a, whereas those obtained by using personalized parameters
are shown in Fig. 3b. It can be seen that in the former case, personalization was
addressed through the parameter K, considering a smaller measurement area
(parameter A) for subject B, whose arm diameter was lower. The characteristics
obtained for ε̂r(ω) and σ̂(ω) using the single-pole Cole-Cole model along with
the personalized parameters found for each subject are shown in Fig. 3c and 3d.
Furthermore, in order to validate the model with personalized parameters, other
experimental samples by changing the distance between the electrodes were con-
sidered. Therefore, once the personalized parameters were found for the given
subjects, they were subsequently applied to the model in order to predict the
experimental results obtained with a separation of 10 cm between the electrodes.
The results for subject A and two different distances are shown in Fig. 4.

4 Discussion

The attenuation results obtained from using generalized parameters in Fig. 3a
show that only a satisfactory agreement is obtained within 50-250 KHz, as was
previously evidenced in [9]. This could be due to the fact that the signal path
is primarily accomplished through the skin within this frequency range, and
out of which other signal paths begin to be dominant. In fact, the signal could
even penetrate through the skin towards the muscle or the fat, notwithstanding
that there also exist other external phenomena such as off-body radiation that
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could affect at higher frequencies. On the other hand, it must be noticed how
the maximum peak of the pathloss curve is located at different frequencies for
different subjects, as can be seen in Fig. 3b. It can also be noticed how the use of
personalized parameters yields to a better fit between model and experimental
results in the galvanic coupling approach. This may be explained by the fact that
they are capable of reproducing the dominant effect of different tissues within a
wider frequency range. In much the same way, these parameters address some
underlying issues related not only to the subjects’ anthropometrical character-
istics, but also to the electrophysiological properties of the skin. In fact, skin
admittance varies considerably between different people and different environ-
mental conditions. Changes in hydration mechanisms due to sweat gland activity
and temperature can be manifested in large variations of skin admittance [19].
Nevertheless, the trends observed for the dielectric properties of skin by using
personalized parameters were found to be quite similar to those reported for skin
in [10], thereby producing a response within a physiological range, as can be seen
in Fig. 3c and 3d. Finally, the results for subject A shown in Fig. 4 highlight
that there exists a satisfactory agreement for both distances, thus showing the
validity of the model using personalized parameters.

5 Summary and Conclusion

In order to gain an insight into the differences observed for diverse subjects,
a simple IBC galvanic coupling model has been used in this paper. With this
objective in mind, an LMS algorithm was implemented in order to find those
personalized parameters that best adapt the model’s response to the experimen-
tal results. In fact, we have shown that it is necessary to personalize the models
not only regarding anthropometrical characteristics but also skin dielectric prop-
erties. In addition, the conductivity and permittivity obtained by means of these
parameters showed to have a similar trend to that reported in [10]. Finally, ex-
perimental results considering another distance between electrodes were used
in order to validate such personalized parameters. The satisfactory agreement
between the model’s response and the experimental results shows the validity of
the proposed approach and suggests the use of personalized models in order to
overcome some of the discrepancies observed between authors’ outcomes in IBC
literature.
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