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Abstract 

Galvanic coupling represents a promising approach for wireless intrabody data 
transmission between sensors. Utilizing the human body as a transmission medium for 
electrical signals constitutes a novel data communication technique in biomedical 
monitoring systems. This paper provides special attention to the coupling of current into 
the human body while fulfilling safety requirements and achieving optimal signal 
coupling. Different electrodes are systematically compared using a sophisticated test 
system offering up to 1 mA contact current modulated in the frequency range of 10 kHz 
to 1 MHz. The injected current remains up to 20 times below the maximum allowed 
contact current, enabling energy-efficient data communication compared to other 
wireless technologies. 

Keywords Biomedical sensor network, electrode characterization, galvanic coupling, 
intrabody communication, measurement system. 

Introduction  

DATA transmission using the human body as a channel of electric near-field propagation 
is driven by the vision of a cable-free biomedical monitoring system. Wireless sensors 
give more freedom to patients and will revolutionize the possibilities in clinical 
monitoring. Data transfer by capacitive coupling through the human body was first 
proposed as a personal area network (PAN) [1]. It was discovered that certain parts of the 
near field could be exploited to make the human body act as a medium for data 
transmission. 

The electric field, induced by a signal electrode of the PAN transmitter, passes through the 
body and flows toward the ground reference. Further systems with similar coupling 
methods have shown the potential of data communication through the human body [2]-
[4]. All these systems used a fixed carrier frequency. The detector sensibility was 
increased by electrooptic sensors and extended in the signal frequency to above 1 MHz 
[5],[6]. The novel principle of galvanic coupling was investigated by Oberle [7] and was 
compared by Hachisuka et al. [8]. 

In comparison to capacitive coupling applying static charged electrode, galvanic coupling 
provides alternating currents over multiple electrodes. Two coupler electrodes induce 
currents into the human tissue and two detector electrodes sense the potential 
differences. Ground is not required for reference as in the method of capacitive coupling. 
Electrical characterizations of the human body with respect to galvanic coupled current 
flow and identified differences between body parts are shown by Wegmueller et al.[9]. 
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The feasibility of the technology has been proven, and its limits regarding tissue 
sensitivity and body geometry have been assessed. The exposure guidelines of the 
International Commission on Non-Ionizing Radiation Protection [10] are defined via 
maximum contact current and current density. State-of-the-art intrabody communication 
transceiver units for usage in close body proximity have been developed for battery 
powered sensors. 

 

However, comparison of different electrode types in the target frequency range has been 
missing, but the importance of optimal signal coupling became obvious and necessitated 
further investigation. In particular, there exist open points on the comparison of different 
electrode coupling materials and the size of the active electrode area. In this paper, 
advanced measurements with various coupling schemes are presented. Section II 
introduces the concept of galvanic coupling and a derived reference model. The 
measurement hardware shown in Fig. 1 is described in Section III. Investigations over a 
wide range from 10 kHz to 1 MHz are enabled. Several electrodes are compared at the 
characteristic body parts identified in [11]. The measurements are discussed in Section 
IV, and conclusions are drawn in Section V. 

 

Galvanic coupling 
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Galvanic coupling for intrabody communication denotes the technology of signal 
transmission through the body for onbody and implanted sensor communication. Thus, 
the human body becomes the transmission channel of the communication system. A 
profound understanding of its channel characteristics and the coupling impacts is 
required for defining the channel constraints and the subsequent system constraints of a 
transceiver design. 

A. Concept of Transmission 

Galvanic coupling follows the approach of coupling alternating current into the human 
body. The signal is applied differentially over two coupler electrodes and received 
differentially by two detector electrodes. The coupler establishes a modulated electrical 
field, which is sensed by the detector. 

Therefore, a signal transfer is established between the coupler and detector units by 
coupling signal currents galvanically into the human body. The induced current has a peak 
amplitude of 1 mA, and the alternating signal frequency remains in the frequency range 
from 10 kHz to 1 MHz. The influence on body signals located below 10 kHz shall be 
omitted, while the drawback of signal loss above 1 MHz would be increasing. 

B. Simplified Circuit Model of the Human Body 

The goal of a simple discrete body model is the modeling of the main dependences on the 
skin layer and the coupling electrode conditions. The simple model shall reduce the body 
complexity to its minimum and shall be compared later with more detailed approaches. 

 

As shown in Fig. 2, intrabody transmission can be described by a four-terminal circuit 
model with ten complex impedances. This simplified model takes into account 
longitudinal transmit (Zt), input (Zi) and output impedances (Zo), as well as cross 
impedances (Zb) between coupler and detector electrodes. In a first approximation, the 
body impedances can be described as an equivalent parallel circuit of resistance Rp and 
capacitance Cp according to the Cole–Cole reference model [12]. 

The entire transfer function G includes the coupling electrode impedances (Zc), i.e., 
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Its characteristic is shown in Fig. 3 for different coupling impedances. 

 

C.  Comparison With Complex Models 

To learn more about the influence of the human anatomy on the signal propagation 
complex, layered and 3-D finite-element models have been applied [9], modelling up to 
three tissue layers (i.e., skin, muscle, and bone). For the finite-element simulations, 3-D 
elements and the simulations of the potential distribution were produced with the 
commercial package EMAG from ANSYS [13]. The simulations results of the complex 
model conform well with the simplified model in case of a simple geometrical structure 
like an arm, as shown in Fig. 3. Therefore, the simplified impedance model serves as 
model reference in this paper. It is sufficiently detailed for the transfer characteristic 
calculations and further allows fast estimation of coupling influences like the variances of 
electrode or skin contacts. For further investigations on more advanced body structures, 
full anatomical models will become a must. 

Hardware realization 

Developed models and the simulation results regarding electrical signal transmission 
through the human body. Strict medical regulations have to be fulfilled for any system 
application on a human subject. To explore the concept of galvanic coupling, a 
sophisticated measurement system has been developed and approved by the Swiss 
National Advisory Commission on Biomedical Ethics (NEK-CNE). 
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A.  System Architecture 

The low-frequency measurement system is composed of two sensor units (i.e., coupler 
and detector) and an interface board (see Fig.4). The interface board offers a serial optical 
connection to each of the two sensor units and universal serial bus (USB) interfaces to 
standard computers. 

The coupler and detector units (Fig. 5) allow modulated electrical signal to be sent and 
received. A Xilinx SPARTAN IIE field-programmable gate array (FPGA) provides interfaces 
between an analog front end and the digital communication links. 

 

The signals generated by the FPGA in the coupler are fed through a 12-bit digital-to-
analog converter into a differential current output capable of a peak amplitude of 1 mA. 

The coupling of the signal currents into the human tissue is performed through two 
electrodes attached to the skin (Fig. 1). The transmitted signals are differentially picked 
up by the detector electrodes and bandpass filtered. After an amplification of up to 72 dB, 
they are digitized by a 14-bit analog-to-digital converter at a sampling rate of 8 MSPS. 
Configuration and data collection are provided by bidirectional serial data links from each 
sensor to a host system. For measurement purposes, transmitted signals are recorded on 
both coupler and detector units. The recorded data are stored in a static random-access 
memory and transferred over the serial optical link to the host system for further 
evaluation. 

The serial optical data stream is converted to USB on the interface board. The host system 
initializes the sensors, starts the measurement, and collects the data for postprocessing. 
The basic functionality of the host is implemented in Perl using win32api libraries. Both 
coupler and detector units are battery powered and fully optically isolated. Therefore, the 
units are entirely electrically decoupled from any power lines and operate far below 
safety limits. 

B.  Electrode Types 

The envisioned application requires flat and self-adhesive electrodes with a low contact 
resistance. Based on a survey of available electrodes and electrode technologies, the 
following products have been selected for further investigations (Table I; Fig. 6). 

1) Swaromed REF 1008 ECG electrodes are pregelled and have a silver/silver chloride 
sensor. 

2) The Neuroline 715 electrode features a high-quality silver/silver chloride sensor. The 
transparent electrode area enables very precise location of the application position. The 
electrode is coated with a skin-friendly solid gel that allows repositioning several times 
without losing adhesive power. 
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3) The Blue Sensor BR features a skin-friendly solid gel that enables high signal quality 
and allows the electrode to be repositioned if necessary. Due to the cloth backing material, 
the skin is able to breathe such that the electrode remains comfortable to wear over long 
periods. 

Body measurements 

The measurement system is used for investigation of the transmission and coupling 
characteristics among subjects in a feasibility study conducted at the University Hospital 
Berne. Two volunteers have been chosen for the comparison of the electrode types. The 
selection of volunteers, measurement points, and electrode samples had been based on 
the study protocol jointly developed by the cardiology research group and the authors. 

The volunteers had to stand still during the measurements of electrode comparison. 
Further investigations with different conditions (e.g., the impact of body structure, 
physiological parameters, geometry, and moisture on the performance) are shown in [9]. 

A. Test Strategy 

In the trial, distinct differences between extremity and thorax measurements were 
identified. Based on these results, the following two setups as typical characteristics for 
either thin (e.g., extremities) or voluminous body parts were chosen for comparison of 
the various coupling strategies (Table II, Fig. 7) 
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1) on the upper arm: from elbow B1 to axillary B2; 

2) on the thorax: from left C1 to right body side E1. 

The measurement sensors were attached to the human body, as shown in Fig. 1. Both 
transmitter electrodes were attached with 5-cm spacing, while the receiver electrodes 
were separated by 7 cm or less, depending on the body geometry. Transmission on the 
arm is very sensitive to distance and location of attachment. 

It follows a low-pass characteristic on the lower arm, whereas transmission on the thorax 
is rather constant with frequency. Results of further body part measurements are 
presented in [11]. To assess the coupling characteristics of the different electrodes at 
various locations, the following test strategies have been defined: 

1) assessment of the signal attenuation between coupler and detector electrodes by 
sweeping a sinusoidal signal over the defined frequency range; 

2) measurement of the coupling impedances with an induced signal current of 1 mA and 
frequencies of 100 kHz and 1 MHz. 

B. Electrode Comparison 

Fig. 8 shows the measured attenuation of all three electrode types. The Blue Sensor and 
Swaromed electrodes show rather similar attenuation in both setups on the upper arm 
(from elbow B1 to axillary B2) and on the thorax (C1 to E1). Swaromed electrodes behave 
on the upper arm with the absolute lowest attenuation. 

The Neuroline electrode has the highest attenuation. When taking the much smaller 
contact areas into account, however, the Neuroline electrode is competitive with the Blue 
Sensor. In Table III, the measured impedances averaged over five experiments for every 
setup of the three electrode types are compared for the three locations, namely, Direct, 
B1, and C1. Direct indicates measurements with two electrodes pasted together. 
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That implies shorted Zi in Fig. 2; therefore, twice Zc is measured. In addition, the values 
of the input impedance measured at locations B1 and C1 are listed. The measurements 
were performed at 100 kHz and 1 MHz. The body input impedance (Zi in Fig. 2) is in the 
range of a few hundred ohms. In the case of the Neuroline at 1 MHz, the electrode 
resistance is in the range of the body resistance of approximately 200 Ω. Swaromed 
electrodes feature a significantly lower impedance. At 100 kHz, the body resistance is 
significantly higher with more than 300 Ω. In addition, different sizes of Blue Sensor 
electrodes have been compared. The active area was cut into one-half and one-quarter of 
the original size. The measured impedance values are shown in Table IV. 

The smaller the size of the electrode is, the larger the resistance and the smaller the 
capacitance of the electrode will be. Thus, larger electrodes improve the transmission 
characteristics. However, for the envisioned application and a further miniaturization, a 
tradeoff has to be found. 

In Fig. 9, the attenuation measurements with combinations of different coupler and 
detector electrode sizes are shown. The size of the detector electrodes has a negligible 
impact (results with index 44 compared to 41), whereas the attenuation decreases with 
an increase in size of the coupler electrodes (41, 21, down to 11). 

The influence of the coupler electrodes has been confirmed in the finite-element model 
simulations, as shown in Fig. 9. A doubling in the size of the coupler electrodes caused a 
lower attenuation of 6 dB in the simulations. In summary, the comparison between 
Swaromed REF1008, Neuroline 715, and Blue Sensor BR has shown the following. 

1) Electrodes with a lower resistance led to a lower attenuation and, therefore, feature a 
longer transmission. 

2) Pregelled Swaromed electrodes feature a lower coupling resistance compared to solid–
gel electrodes, e.g., Neuroline. 

3) Solid–gel electrodes with lower capacitive values are superior to the pregelled 
electrodes. Both the electrode impedance and the electrode-skin impedance can increase 
up to the kiloohm range. 

 

This causes a huge undesired loss, as seen in Fig. 8, and coupling problems become clear 
with a high electrode impedance for the resistive and the capacitive parts. Therefore, the 
electrode impedances have to be minimized. 
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C. Transmission Channel Performance 

The channel behavior is characterized by the signal-to-noise ratio (SNR), as defined in 
accordance with Shannon [14], as the ratio between the total transmitted power and the 
noise power. The channel capacity is defined according to Shannon by the signal 
bandwidth (BW) and the SNR as 

C = BW · log2(1 + SNR). 

The parameters for the measurements on the upper arm and the thorax are indicated in 
Table V. The feasibility measurements have shown that the novel technology has the 
potential to transmit data through the human body by galvanic coupling. The signal 
attenuation is highly dependent on the coupling electrodes and the application location. 

1) The upper arm has been identified as the body part with the best performance. This 
short-range transmission features a low attenuation of 40 dB, a high SNR of 37 dB, and a 
high resulting channel capacity of 1.23 Mb/s. 

2) The thorax showed stable attenuation independent of the location. Compared with the 
upper arm, a higher attenuation and a lower SNR were measured. The findings shall be 
confirmed and extended further among a set of subjects by applying the system in a 
clinical study. 

D. Uncertainty Consideration  

Major causes of uncertainty are thermal noise at the receiver input, body impedance 
variations (tissue state, e.g., wet and dry), electrode coupling (considered electrode and 
its measurement contact), and the precision of the measurement hardware. The contact 
impedance variations are dominant. The variations result in part from the electrode skin 
contact, the alignment of the electrodes, and the dependency on contact pressure. 
Standard deviations up to 26% have been observed for the measured resistance. 
Attenuation variations of up to 6 dB are determined between experiments at rest and 
during ergo meter exposure. The minor uncertainty of the instrument was validated with 
comparable impedances in a laboratory setup. 

Conclusion 

Galvanic coupling is a promising approach for intrabody communication. The versatile 
platform presented here offers sophisticated possibilities for signal application and data 
transmission using a differential pair of electrodes that are galvanically coupled to the 
human body. 

Different electrodes were compared with the proposed measurement system. Pregelled 
Swaromed electrodes feature lower coupling resistances compared to solid–gel 
electrodes. Nevertheless, solid–gel electrodes with lower capacitive values are superior 
to pregelled electrodes. With application-specific electrodes, the technology is enhanced. 
The proposed system will be miniaturized with the goal of realizing data transmission 
based on galvanic coupling in a biomedical system for monitoring vital functions 

Future scope 

If all PCs are connected on the conference table then it will be able to transmit the data 
over all the PCs at the same time as shown in figure. 
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By handshaking it will be able to transmit the data between two devices which is carried 
by the humans as shown in figure. 

 

By installing the designed system in the printer and touching the printer simultaneously 
with mobile device it will be able to print the document as shown in fig. 

 

Further the rapid increase in healthcare demand has also seen novel developments in 
health monitoring technologies such as body area network (BAN) paradigm. BAN 
technology consists of a network of sensors which operates continuously and measure 
critical physical and physiological parameters like mobility, heart rate and glucose level. 
So the Intrabody communication is an alternative option in BAN. 
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