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Abstract. Intra-Body Communication (IBC) is an emerging research
area that will transform the personalized medicine by allowing real time
and in situ monitoring in daily life. A galvanic coupling (GC) technology
is used in this work to send data through weak currents for intra-body
links, as an energy efficient alternative to the current radio frequency
(RF) solutions. A sound card based GC testbed is here designed and
implemented, whose main features are: (i) low equipment requirements
since it only employs two ordinary PCs and Matlab software, (ii) high
flexibility because all the parameters setting may be modified through
Matlab programs, and (iii) real time physiological data set transmissions.
Experimental evaluation with a real chicken tissue are conducted in terms
of bit error rate (BER) proving the feasibility of the proposed solution.
The developed GC testbed may be easily replicated by the interested
research community to carry out simulation-based experiments, thus fos-
tering new research in this field.

Keywords: Intra-body networks · Intra-body communication ·
Galvanic coupling technology · Sensor networks

1 Introduction

Implanted sensors will enable the next generation of healthcare by in situ testing
of abnormal physiological conditions, personalized medicine and proactive drug
delivery. The paradigm of interconnecting the implants is known as intra-body
network (IBN) and allows implants to transmit measurements to an external
processing center for real time monitoring, to receive updates on drug delivery
volumes, and to directly start actions by embedded actuators. All these examples
require energy efficient data communication between implants through body
tissues.

However, the state of the art (SoA) for intra-body communication (IBC)
relies on high frequency radio (RF) signals. Short-range RF communication
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techniques, such as Bluetooth, ANT, and Zigbee [1] are useless for intra-body
communication as they are affected by severe attenuation within the human tis-
sues, which are composed of 40–60% water, high power consumption, and limited
battery lifetime. Moreover, emitted RF signals propagates also around the body,
creating privacy risks.

Non-RF IBC Techniques. Non-RF techniques that use the human body as
a medium for data communication include ultrasound (US) technology, which
consists of mechanical vibrations and works well in mediums with high water
content such as the body [2]. The main US drawbacks are severe multi-path
fading and the high delay caused by slow propagation speeds. Another alternative
to RF is inductive coupling (IC) [3]: coils wrapped around anatomy are used to
generate and receive magnetic energy and the efficiency of the data transfer is
directly proportional to the coupling efficiency (i.e. correct resonance frequency
matching between the transmitter and the receiver), which is not always easy
to achieve. Capacitive coupling (CC) [1] uses electrical signals with a couple of
electrodes at the transmitter and receiver, respectively. Only one of the electrodes
at each side is attached to the body while the other electrode is floating (ground
electrode needs only to be in proximity) and the signal is generated through the
body channel transceiver by making a current loop through the external ground.
Thus, unfortunately, the path loss has high variability based on environmental
conditions.

We use an alternative cable-less architecture for IBNs using galvanic cou-
pling (GC) technology for communications among implants. GC utilizes low
or medium frequency (1 kHz–100 MHz) and weak (<1 mW) electrical currents,
which are modulated with data and coupled directly to the tissue [4]. Differently
from SoA RF solutions, GC IBNs does not show privacy risks since the signals
do not propagate outside the body, and consumes two orders of magnitude less
energy than RF method [5,6].

Related Works. Existing GC efforts focused on signal strength changes in
tissues [1,4,7] and the characterization of human tissues [1,5,8], which are a
valuable base to explore the feasibility of communication schemes that are diffi-
cult to be performed directly on the human body.

Some works have been conducted in developing GC testbeds. For example,
a test system has been designed and implemented, which considers a complex
programmable logic device (CPLD) containing all the digital signal processing
blocks of the transmitter, and, besides the analog units, a field-programmable
gate array (FPGA) at the receiver to provide the digital demodulation and
interfaces [7]. More recently, a baseband transmission has been implemented in a
FPGA board based on impulse radio (IR) employing a pulse position modulation
(PPM) [9]. In [10] design a testbed using two USRP software defined radios
(SDRs), one at the transmitter and the other at the receiver side, supporting
low frequency daughterboards. Anyhow, an effective and repeatable GC platform
to carry out experiments is still a challenge.
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Proposed Sound Card Based GC Testbed. We here design and implement
a GC testbed that is based on PC sound card and Matlab environment, hence
easily replicable for the interested research community. The main advantages
of the proposed testbed architecture are that: (i) such scheme requires limited
equipment since only ordinary PCs and Matlab software are needed; (ii) allows
high flexibility since all parameters, including carrier frequency, bandwidth and
modulation order, may be varied directly in the TX/RX Matlab programs allow-
ing a quick evaluation of the resulting effects; (iii) real time option for the receiver
by including a Data Acquisition Toolbox (Daq Tbx) in Matlab that exploits the
real time data logging feature of the toolbox [11], so that real time transmission
and evaluation of physiological data sets are possible; (iv) BER evaluation of the
experimental setup.

2 Background on GC Communication Technology

An alternative ultra-low power solution that uses the human body as a commu-
nication medium is GC technology. In GC, a pair of electrodes is used to directly
couple a weak electric current into the human body, so that the electrical signal
is applied differentially between the two electrodes of the transmitter and sec-
ondary paths of propagation are used for potential difference detection at the
electrodes of the receiver [1]. Recommendation from ICNIRP [12] suggests to
limit the signal within the safe bound of 1 mA, which is easily matched from GC
technology, usually injecting currents in the order of 0.5 mA [13].

Fig. 1. GC setup on skin surface with detail on multiple tissues

Figure 1 represents the conceptual illustration of GC: the transmitter is com-
posed of a pair of electrodes with typical distance of 5 cm (on-skin case is depicted
in Fig. 1, although the electrodes could be places in any tissue) to inject low
intensity electrical currents as data signals. While the primary current flows
through the two transmitter electrodes, weak secondary electrical currents carry
the information to a distant pair of receiver electrodes using layered tissues con-
duction. Experiments prove that a weak secondary current can be detected at
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the receiver with a transmission range of 20–30 cm. GC may use any type of elec-
trode, whose usual size is approximately 10 mm [14], and consumes only 0.24 nJ
per received bit compared to 106 nJ/b of Zigbee [1]. Indeed, due to its frequency
range, the GC signal is restricted to the body so that GC communication is
highly energy efficient, resulting in a long lifetime for battery-powered implants.
The tissue heating is low due to the limited attenuation at the frequencies used,
and communication is interference-free and secure from external fields. The oper-
ative frequency range of GC is a tradeoff among tissue attenuation, interference
with other natural signals (e.g., ECG and EEG signals), and other impairments.
Experiments show that the usable frequency range is 1 kHz–100 MHz [4], so that
other natural signals are not impaired.

2.1 Channel Model for the Human Body

The main approaches modeling the electrical behavior of human tissues include
wave numerical techniques, for instance, finite element analysis (FEA) and finite
difference time domain method (FDTD) [15,16], quasi-static approximations,
[17,18], and equivalent circuit analysis (ECA) models.

Field analysis with FEA and FDTD are accurate but expensive for the
required time computation. The quasi-static approximations of field distribu-
tion are less computationally complex but only model low frequency Maxwell’s
equations, so that they are not valid for high frequency applications.

The ECA model gives an easy transfer function with accurate gain calcula-
tion, and is valid for a wide range of frequency. Several ECA methods focus on
single tissue layer, such as [8], while a recent analytical model has been proposed
that considers a three dimensional multi-layered tissue, validated through finite
element simulations [5].

2.2 Related Works on GC Testbed

Some works have been conducted to develop GC testbeds with different hardware
and software features, in order to validate the aforementioned channel models
and/or prove the GC viability as IBC technology.

A low power single chip biomedical system is designed in [19], firstly exploit-
ing GC paradigm, with a continuous phase frequency shift keying (CPFSK)
modulation scheme.

The test system in [15] includes battery powered transceiver and an FPGA
as interface between analog front-end and digital communication link. Two mod-
ulation schemes have been used, frequency shift keying (FSK) and binary phase
shift keying (BPSK), with a 128 and 255 kbps, respectively.

In [20], the authors build up a transceiver to communicate with both on-body
and implanted sensors with a frequency range in the order of tens to hundred
MHz and a data rate up to 5 Mbps.

Baseband transmissions are developed in a FPGA board based on impulse
radio (IR) with a PPM, and the corresponding BER performance is evaluated
[9].
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A GC testbed has been proposed recently based on off-the-shelf SDR plat-
forms with low frequency daughterboards and Matlab environment, which
presents BER performance for differential BPSK (DBPSK) modulation for dif-
ferent level of transmitted power in case of one transmitter and one receiver
implant [10], and BER QPSK performance in case of two transmitters and one
receiver [12].

Finally, given the heterogeneity of experimental setups and conditions, and
some discrepancies observed between results in literature, some studies have
been conducted to evaluate the influence of different experimental settings on
GC measurements [21]. On that purpose, different experimental setups have been
considered to analyze specific key issues such as load resistance, grounding, effect
of cables, and type of measurement device [21].

Anyhow, all the developed systems require specific hardware and software and
show low flexibility, resulting in GC platforms difficult to replicate for carrying
out experiments.

3 GC Testbed Architecture

Since the common sound cards support signals whose frequency range is included
in the GC frequency range (1 kHz–100 MHz), we develop and implement a GC

Fig. 2. Experimental setup of the GC testbed
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testbed for intra-body communication links employing only ordinary PCs with
sound card support and Matlab software, resulting in a simple platform to emu-
late a single implanted sensor transmission/reception.

The developed system may be easily reproduced and is flexible since all the
parameters may easily changed in the TX/RX Matlab programs, while allowing
real time transmission of physiological data sets. The developed testbed man-
ages all aspects of communication, including, among the others, bit generation,
preamble insertion and raised cosine filtering.

3.1 Blocks Design of the GC System Architecture

The main advantage of the proposed GC system architecture is its limited equip-
ment requirement, consisting of two common PCs with sound card and the basic
Matlab package for transmitter and receiver development, as shown in Fig. 2 and
in the block diagram in Fig. 3. Bridging the channel and the two PCs, we ensure
to use battery powered PCs without connection to the grid, in order to isolate
the common ground return paths of the transmitter and the receiver, as required
from GC technology [12].

Figure 3 illustrates that only two Matlab sessions are required, one per PC,
to implement the transmitter and receiver respectively, and the sound cards are
used to support real signal transmission/reception in a subset frequency range
of GC technology [4]. On that purpose, Fig. 3 shows that the transmitted data
generated through Matlab are converted from digital to analog domain to be
sent over the sound card of the transmitter. A cable is connected to the LINE
OUT jack to carry the signal outside the PC. As detailed later, the cable is
attached to two electrodes that represent the GC transmitter, which send the
signal over the tissue through GC communication technology. At the other side,
the two receiver’s electrodes bring the received signal to the other PC through
the cable connected to the LINE IN jack. The data are thus processed in the
Matlab session II where the receiver program is running.

In the following, the blocks diagram of the proposed audio-band GC system
are described, including the functional blocks of the transmitter and the receiver,
shown in Figs. 4 and 5, respectively.

Fig. 3. Setup of the GC audio-band testbed using two PCs
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3.2 Functional Blocks of the GC Transmitter

Before detailing each block of the transmitter shown in Fig. 4, we summarize in
the following Table 1 the main parameters values of the system. Note that both
transmitter and receiver parameters are included for completeness.

Fig. 4. Block diagram of the GC transmitter

Table 1. Parameters setting

Parameter Value

Carrier frequency fc (KHz) 15

Waveform sampling frequency fsa (KHz) 48

Oversampling frequency fs in number of samples 4

Sampling time Ts (ms) 0.16

RX oversampling frequency fsrx in number of samples 2

Roll-off of TRX filters R 0.2

Delay of TRX filters D in number of samples 8

QAM modulation orderM 2

RX Wiener filter length Nf in number of samples 11

Modulated sequence N in number of symbols 1000

Preamble length Npre in number of symbols 192

Figure 4 shows that after bit generation, a preamble is inserted and the
data are modulated in BPSK. The sequence is oversampled by 4, as speci-
fied in Table 1, and passes through a squared-root-raised-cosine (SRRC) fil-
ter. The corresponding baseband samples x(nTs) are thus generated, with
n = 0, 1, ..., fsN − 1 and sampling time Ts.

The resulting sequence is then upconverted to the carrier frequency by mul-
tiplying it by the cos signal, which represents the local oscillator (LO) obtained
via software-define radio in Matlab program. This yields an audio passband
transmitted signal stx:
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stx(nTsa
) = x(nTsa

) cos(2πfcnTsa
) (1)

where Tsa
= 1/fsa

with fsa
= 48000 Hz, whose value is chosen according to the

standard sample frequency of PC sound card, and fc is the carrier frequency.
According to the parameters setting in Table 1, Ts = 8 Tsa

with a net data rate
R = 6 kbs, in line with several biomedical applications showing sparse and low
rate traffic generated by implanted sensors [6,13]. Anyhow, the achievable data
rate may be increased by appropriately choosing the value of fs, fsa

, fc shown
in Table 1.

Figure 4 illustrates that the obtained audible signal stx passes through the
sound card’s internal amplifier, which may be replaced with an external amplifier
circuit using Arduino. Then, the signal is sent out to the LINE OUT jack by
using the following simple Matlab statements in Table 2, which play the software-
generated transmitted signal:

Table 2. Matlab audio playing statements

sObj = audioplayer(stx,48000); % To create an audioplayer object for signal stx,
using sample frequency at 48000 Hz

playblocking(sObj); % To play from beginning till playback completes

Through a wire, the output signal is then connected to two electrodes, that
represent the GC transmitter.

3.3 Functional Blocks of the GC Receiver

The main blocks of the receiver developed in Matlab are shown in Fig. 5 and
may be split in the following two macro-blocks: (i) signal recording and digital
down-conversion and (ii) burst detection and symbol timing estimation.

Signal Recording and Digital Down-Conversion. A Matlab session must
to be open in the PC connected with the GC receiver for running the receiver
program, which includes the following Matlab statements in Table 3 to record
the received signal and store the data in the array srx.

As shown in Fig. 5, after recording the signal srx in digital format, which
passes through the sound card amplifier, a digital down-conversion is performed
by multiplying the received sampled signal by cos(2πfcnTsa

), where fc is the
carrier frequency at the receiver. The sequence then is sent to an SRRC filter,
resulting in a baseband received signal y(nTsa

) with n = 0, 1, ..., fsN − 1.
The output signal is then decimated by two so that the next blocks, described

below, work at two samples per symbol (fsrx
= 2 as specified in Table 1). The

obtained sampled signal may be expressed as

y(nTs) = stx(nTs)ejθ + v(nTs) (2)
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Fig. 5. Block diagram of the GC receiver

Table 3. Matlab recording statements

recObj=audiorecorder(48000,16,1); % To create a 48000 Hz, 16-bit, 1 channel
recorder object;

Tsamp=1/48000; % Sampling time;
Trecord=N ∗ fs ∗ Tsa ; % Recording time, where:

N is the modulated sequence lenght,
fs is the oversampling freq equal to 4;

recordblocking(recObj,Trecord+3); % To record for length of time, Trecord+3,
expressed in seconds;

srx = getaudiodata(recObj); % To return the recorded audio data
as a double array.

where n = 0, 1, ..., fsrx
N − 1, stx(nTs) is the envelope samples of the passband

signal, v(nTs) is the sampled AWGN noise, θ is the random phase noise due to
time delay.

Burst Detection and Symbol Timing Estimation. Being the packet com-
posed by a preamble followed by data, the burst detection is performed by esti-
mating the start of the preamble through a correlation method. Specifically,
the transmitted preamble, known at the receiver, is cross-correlated with the
received data so that the position of the correlation’s peak gives an estimated of
the preamble start position:

t̂p = argmax
n

∣
∣
∣
∣
∣

L−1∑

k=0

y((n + k)Ts)p∗(kTs)

∣
∣
∣
∣
∣

(3)

where t̂p is the estimate of the sample index where the reference preamble
p begins, Npre is the preamble’s length, L = fsrx

Npre since the receiver is
working at two samples per symbol (oversampling frequency fsrx

= 2), and
n = 0, 1, ..., fsrx

N − 1.
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Hence, the received signal is shifted in time according to the estimated start
of the preamble t̂p and is equalized with a Wiener filter, that also performs
symbol timing improving the delay estimate obtained with (3).

The coefficients w(i) of the filter, with i = 1, ..., Nf , are calculated by using
the shifted received preamble yp(nTs) = y(nTs + t̂p) and the known transmitted
one p(nTs) with n = 0, 1, ..., fsrx

Npre − 1. In more details, the vector w =
[

w1, w2, ..., wNf

]

of the coefficients can be computed by minimizing the mean
square error (MSE) between the transmitted and estimated preamble, defined
as

ε = E
{

[p(nTs) − p̂(nTs)]
2
}

(4)

Setting the following partial derivatives of the error (4) equal to zero

∂ε

∂wi
= 0, for i = 1, 2, ..., Nf (5)

we can solve (4), (5) for the coefficients wi by inverting an autocorrelation matrix
of size Nf × Nf , which leads to the following Wiener-Hopf equation

w = R−1
yp

rpyp
(6)

where Ryp
= {ryp

(k)} is the autocorrelation matrix of the received preamble
yp, whose elements are ryp

(k) = E {yp(i − k)yp(i)}, and rpyp
= {rpyp

(k)} is the
cross-correlation vector between the transmitter preamble p and the received
one yp, whose elements are defined as rpyp

(k) = E {p(i − k)ypk
(i)}, and i, k =

1, 2, ..., fsrx
Nf .

After calculating the Wiener coefficients using only the preamble, the filter
is applied to all the sequence, so that its output is the estimated transmitted
sequence x̂(nTs), expressed as

x̂(nTs) =
Nf−1
∑

l=0

w(lTs)y((n − l)Ts + t̂p) (7)

After a downsampling operation at one sample per symbol, the BPSK symbol
sequence is demapped to a bit sequence and the preamble is removed, thus
completing the receiver operations. The obtained bit sequence may be hence
compared to the transmitted one for BER calculation.

3.4 Implementation of the GC System

Before evaluating the performance of the overall system with a real tissue-based
GC channel, we first test only the transmitter and the receiver, for which the
configuration in Fig. 6 is considered. Then, an experimental setup is evaluated
with real tissue for GC transmissions as in Fig. 3.

Figure 6 derives from Fig. 3 by substituting the steak with a simple wire
connecting the LINE OUT sound card’s jack of the PC running the Matlab
transmitter program with the LINE IN jack of the other PC running the receiver
program.
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Fig. 6. Audio-band testbed using two PCs and a wire

For the final setting, shown in Figs. 2 and 3, the wire connecting LINE IN
and LINE OUT jacks of the two PCs is cut and each of its two parts are attached
to the electrodes of the GC transmitter and receiver, respectively. Since the wire
is composed by three electric cables, two of them are connected to the electrodes
on each side, while the third one remains floating. Under this configuration,
the two transmitter and receiver Matlab session runs in parallel to perform the
experimental evaluation detailed in the following section.

4 Experimental Setup and Performance Evaluation

After testing the architecture in the configuration shown in Fig. 6, which have
confirmed the feasibility of the proposed transmitter and receiver architecture,
we have conducted experiments in the final real scenario shown in Figs. 2 and 3.
The parameters setting is detailed in Table 1, and the average BER is calculated
over 100 iterations.

Note that we use really small size electrodes (in the order of 0.5 mm) while
the SoA is employing 1 cm electrodes [14]. Although such choice would reduce
the achievable distance between GC transmitter and receiver, in this way we
test a real configuration scenario for future miniaturized implantable devices.
The inter-distance between the electrodes at both the transmitter and receiver
is set equal to 1 cm, while the distance between the transmitter and receiver is
varied during the experiments, together with the transmit power.

Figures 7 and 8 show the transmitted and received signal in the frequency
domain, respectively, for 3 cm distance between GC transmitter and receiver.
Figure 7 refers to the transmitted signal before being modulated on the carrier
frequency, as well as Fig. 8 illustrates the received signal after demodulation and
filtering. The comparison between the two figures confirms that the received
signal exhibits the same shape of the transmitted one, since the side lobe of the
receiver signal is maintained low by the filter being its amplitude around 90 dB
less than the main one.

Figure 9 shows BER performance by varying the transmit power for different
distance values between transmitter and receiver. As expected, BER performance
decreases when increasing the distance, although the performance for 2, 4, 6 cm
result to be quite similar. We are able to achieve a BER in the order of 10−4 with
9.5 dBm transmit power for 1 cm distance, reaching 7 ·10−3 for 10 cm, a valuable
result considering the small electrode size of 0.5 mm and the simple receiver that
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Fig. 7. Transmitted signal in frequency domain
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Fig. 8. Received signal after RX filter in frequency domain

is not employing any correction code. More robust receiver may be envisioned
based on ultra wideband (UWB) to improve the performance while maintaining
simple and energy efficient receiver [22], as required by biomedical implantable
devices.
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Fig. 9. BER vs transmit power for different distances between GC transmitter and
receiver

5 Conclusions

We have proposed a sound card based GC testbed as a quick repeatable platform
to carry out experiments. The detailed description of the implemented test sys-
tem may support the interested researchers in replicating the testbed and thus
stimulate further research in the GC field. Experimental tests on real chicken
tissue as GC communication channel have been conducted to prove the feasibil-
ity of the proposed architecture. We achieve a BER in the order of 10−3 with
9.5 dBm transmit power for distances in the range 2−10 cm, employing an simple
receiver and electrodes with really small size (0.5 mm), while the SoA is usually
employing 1 cm electrodes. Ongoing works include extensive simulation to eval-
uate the effect of the carrier frequency, bandwidth, audio sampling frequency,
electrodes size, as well as inter-electrodes distance at both the transmitter and
receiver. Moreover, we are implementing an extension of the proposed testbed
with Arduino platform in order to modulate the signals on a frequency range
larger than the audio signals. Future research directions will exploit compressed
sensing (CS) and UWB techniques to save time and energy [12,22], a strict
requirements in intra-body networks for medical applications.
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