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Abstract—Intra-body communication (IBC) will foster person-
alized medicine by enabling interconnection of implanted devices.
Communication takes place through energy-efficient technologies
such as capacitive coupling (CC) and galvanic coupling (GC);
however, their modeling is still incomplete. This paper tackles
characterization of the human body channel using impulse
response, including a first-ever comparison of CC and GC in both
wearable and implantable configurations. Experimental data are
leveraged to evaluate the measured impulse response in ex-
vivo chicken tissue and in-vivo human tissue in a frequency
range up to 100 kHz. Pseudorandom noise (PN) sequences are
transmitted in baseband and a correlative channel sounding
system is implemented. Experimental results demonstrate that
the channel is relatively flat in the frequency range of interest,
thus offering the opportunity to simplify the design of an IBC
transceiver. The relationship between the channel responses and
the transmitter-to-receiver distance is also examined using linear
correlation, and two regression models are developed. The results
show that CC channels are not affected by distance within the
range of investigation, while a negative relationship is found
for GC channels. Finally, experiments reveal that implantable
CC with isolated ground -not deeply investigated yet- is a very
promising solution for IBC.

Index Terms—Wireless Sensor Networks, Intra-Body Commu-
nication, Intra-Body Networks, Human-Body Communication,
Short Range Communications, Internet of Nano-Things, Internet
of Medical Things, Body Area Networks, Coupling Technologies,
Galvanic coupling, Capacitive Coupling, Experimental Testbed.

I. INTRODUCTION

Implantable medical devices will promote next-generation
healthcare -including personalized medicine- through real-
time physiological monitoring and proactive drug delivery, as
envisioned in the fifth and beyond-fifth generation (5G/B5G)
communication scenarios [1]. Challenging applications are
conceived, such as recovery from paralysis and secure bio-
metric data, which would require communication among im-
plants for exchanging information between inside the body
and outside it. These scenarios call for novel body-centric
architectures, based on both intranet and Internet of Medical
Things (IoMT) [2]-[5].

The intra-body network (IBN) paradigm enables intercon-
nection of devices across the human body by enabling trans-
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mission of acquired measurements among implanted sensor
devices as well as to an external monitoring device. Suitable
energy-efficient communication technologies are needed to
implement this paradigm.

The most common intra-body communication (IBC) links
use classical radio frequency (RF) waves at frequencies below
1GHz or in one of the standard Industrial, Scientific and
Medical (ISM) bands, in the form of narrowband (NB) or
ultra-wideband (UWB) signal [6]. However, several studies
have demonstrated that RF signals, although profitably used
for communication in on-body wearable devices, experience
high losses within living tissues [7]. Consequently, the cov-
erage is limited to short distances, plus possible heating may
cause damage to the tissues conveying waves. Hence, other
technologies have been explored as profitable alternatives for
sub-cutaneous communication among implants. These include
ultrasounds, capacitive coupling (CC) and galvanic coupling
(GC) techniques, featuring lower attenuation within the human
tissues compared to RF methods. Ultrasounds are acoustic
waves showing good propagation properties in environments
with high water content such as the human body [8]. However,
they suffer severe multi-path fading and long delays caused by
slow propagation; these factors can be counteracted by suitable
design of transceivers, which however generally results into
large sizes and high power consumption, unacceptable in im-
plants. Considering the above context and related constraints,
in this paper we investigate the so called coupling technologies
for human body communication (HBC) that are capable of
mitigating the above-mentioned issues. They consist of elec-
tromagnetic (EM)-based methods operating at low frequencies,
up to 100 MHz.

Coupling technologies include capacitive and galvanic cou-
pling methods [7], [9], and are already included in the Standard
for Wireless Body Area Networks [10]. Capacitive and gal-
vanic coupling rely on a couple of electrodes at the transmitter
end and another one at the receiver end, although in a
different configuration. CC is usually employed for wearable-
type scenarios: only one transmitter electrode is attached to
the body because the other one (i.e. ground electrode) is
left floating. The same setup is used for the receiver [9].
Recently, preliminary explorations were made for implanted
CC with an isolated ground electrode [11], [12]. In GC both
the pairs of transmitter and receiver electrodes are attached
to or implanted in the body [9]. These coupling technologies
involve lower power levels compared to RF methods, enabling
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longer-distance transmission within the body, while at the
same time avoiding tissue heating [9].

A. Research Motivation

In order to design proper transmission methods lever-
aging on these coupling technologies, an accurate channel
model is essential for characterizing the electrical behavior
of tissues. The standard approaches consist of quasi-static
approximations [13], full wave numerical techniques, such as
Finite Difference Time Domain (FDTD) Method, Finite Ele-
ment Method (FEM) [7], [9] and Equivalent Circuit Analysis
(ECA)-based models [7], [9], [14], [15].

The quasi-static field distribution analyses are computation-
ally efficient, but they only model low frequency approxima-
tions to Maxwell’s equations and can not be used for high-
frequency applications [15]. Field analysis using FDTD and
FEM are more accurate and flexible and recently, indeed, 2-D
and 3-D models based on FDTD and FEM [16] were proposed
to address realistic geometrical properties of the human body.
These models, however, are computationally very demanding,
making them unsuitable for rapid design and deployment of
an IBN.

The ECA model offers a simple transfer function valid for
a wide range of frequencies, with accurate and instantaneous
gain computation; this makes it useful for IBN deployment
in time-sensitive healthcare applications [15]. The methods
developed consider a single layer of tissue or multiple het-
erogenous layers composed of skin, fat, muscle, and bone
tissues with experimental analysis [15].

These channel models are effective in representing the
dielectric properties of human tissue that may affect signal
propagation. On the other hand, they are unable to model
essential properties of wireless channels, such as multi-path
delay spread and amplitude fading statistics, that need to be
taken into account when designing a communication system
[17].

Methods based on impulse response show some potential
for filling this gap, but, while this approach has been largely
employed to characterize wireless channels over the air [18],
limited effort has been spent so far to model IBC channels
through impulse response methods [19]. Some studies were
conducted only on CC in wearable configuration [20]-[23]
and a few others on GC [17], [24]. However, a comparative
investigation of both CC and GC technologies based on
impulse response channel method, under both wearable and
implantable configurations, has not been conducted yet, to
the best of the authors’ knowledge. The present work intends
to address such research gap, thus enabling a more complete
understanding - from the communication perspective - of the
properties of each technology for the specific configuration.
Furthermore, a linear correlation model and two regression
models are proposed to investigate the relationship between
the channel responses and the distance between the transmitter
and receiver.

B. Main Contributions

The main contributions of this paper are the following:

« a channel model based on impulse response is derived for
a comparison of CC and GC technologies. We explore
and compare for the first time all the four possible
configurations that include CC and GC in wearable and
implantable scenarios.

« a first attempt is made to characterize the human-body
channel using a correlative channel sounding method
based on experimental measurements, conducted on both
ex-vivo and in-vivo tissues, as an alternative to the stan-
dard ECA models, in order to capture the communication
properties of the body channel.

« frequencies up to 100 KHz, which were only preliminar-
ily evaluated in our previous work [24], are thoroughly
investigated for the first time ever. The analysis of this
frequency range is essential to developing a baseband
UWRB transceiver, whose simplicity is suitable for IBNs.
In the future, our evaluation will be expanded to cover
frequencies up to 100 MHz.

« safety considerations are incorporated in the employed
experimental testbed by transmitting ultra-low power.
Considered power levels are in the order of tens of uW,
which mean negligible tissue heating. Extensive experi-
ments were carried out and different distances between
transmitter and receiver were tested.

« a linear correlation model and two regression models are
proposed to verify the relationship between the channel
responses and the distance between the transmitter and
receiver for all the four configurations of GC and CC in
wearable and implantable settings.

Interestingly, experimental findings indicate that the channel
response is relatively flat for the frequency ranges of interest
and the noise can be approximated as additive white Gaussian
in all of the four considered electrodes configurations. These
results allow to design simple transceivers, without complex
receivers to counteract multi-path effects of the channel as re-
quired, for example, in ultrasound technology when employed
for intra-body networks. The possibility to implement simple
devices is fully in line with IBC requirements of energy-
efficient solutions.

Furthermore, while it is well understood that CC outper-
forms GC in wearable settings, the state of the art (SoA)
employs GC for implantable settings. A very interesting result
obtained from the present work points at implantable CC
with isolated ground as a promising solution for IBC. This
technology has not yet been deeply investigated: only recently,
some attention turned to CC in implantable configuration
[11], [12], whereas previously it was usually employed in
on-skin settings [9]. Comparing all possible configurations,
we demonstrate that this version of implantable CC with
isolated ground achieves lower attenuation levels. Hence, we
believe that implantable CC may pave the way for interesting
applicative developments in IBNs. However, implantable CC
requires more complex hardware implementation due to the
need for an isolated ground.

The rest of the paper is organized as follows. In Sec. II
the considered low-power coupling technologies and their
underlying physical principles are presented, together with
configuration settings of the electrodes. Sec. III presents
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Fig. 1: Human Body Communication Technologies: (a) Ca-
pacitive Coupling (CC), (b) Galavanic Coupling (GC).

the channel model based on impulse response and Sec. IV
describes the system overview and the experimental setup. Sec.
V shows the experimental results, and Sec. VI closes the paper
with some summarizing conclusions and future directions.

II. Low-POWER COUPLING TECHNOLOGIES

Low-frequency EM technologies are customarily classified
based on their coupling principles, that use different physical
methods to generate an electrical signal to propagate through
the human body. Body-area coupling methods are classified
into capacitive and galvanic [25]. The electrical signal lies
below 100MHz and conveys power levels in the order of
uW, lower than those used in traditional RF signals, which
extend up to several GHz [9], [26]. For this reason, body-area
coupling methods have gained great attention in IBC research
aimed at ensuring safety and decreasing energy consumption

[27]. Indeed, on the one hand low levels of transmitted
power ensure safety by avoiding heating of the body tissues
as required by ICNIRP [28]. On the other hand, a low power
consumption - in the order of few mW for both GC and CC [7]
- assures longer battery life, as needed for IBN biomedical
applications.

A. Coupling Technologies

Capacitive and galvanic couplings share some features as
both employ electrodes to transmit and receive, albeit in
different configurations. In CC, only one of the two transmitter
electrodes is attached to the body while the other (ground)
electrode is left floating. The same configuration is used for
the receiver. The physical principle is based on near-field
electrostatic coupling of the human body with its surroundings
(Fig. 1(a)). The signal electrode of the transmitter induces the
electric field in to the human body [9]. The induced electrical
signal is controlled by an electrical potential and the body acts
as a conductor with the ground as the return path [9]. The usual
carrier frequency ranges from 100kHz up to 100 MHz [9], [29]
and this approach is usually employed in wearable scenarios
covering long distances, up to 170cm. However, its operation
may be affected by environmental conditions.

In GC, both pairs of electrodes, transmitting and receiving,
are attached to or implanted in the human body. In GC, an
AC current flows inside the body and the body acts as a
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Fig. 2: Electrodes configuration placement for CC and GC
technologies.

waveguide transmission line. Specifically, an electrical signal
is applied differentially between the two electrodes of the
transmitter. While the primary current carrying the data flows
between the two transmitting electrodes, highly attenuated sec-
ondary currents can still be detected at the receiver electrodes
(Fig. 1(b)). This technology is suitable for implanted scenarios
and consumes two orders of magnitude less energy than RF
transceivers [30]. Its usual operating frequency range is 1 kHz-
100MHz with a coverage range up to 20 —30cm [25].

In terms of applications, GC is usually employed for com-
munication among devices in implanted scenarios, while CC is
used for wearable settings to establish communication between
on-body devices or with devices close to the body [11].
Anyhow, as it will be detailed in the following, a modified
CC configuration has been recently proposed for implantable
scenarios [11], [12], [31], [32].

B. Coupling Technology Configurations

Both coupling types require transceivers with two electrode
pairs. Fig. 2 (a), (b) illustrates the different electrode configu-
rations of CC and GC coupling in a wearable scenario. In CC,
only one of the electrodes (signal electrode) of the transmitter
side and receiver side is attached to the body, while the other
electrode (ground electrode) floats (Fig. 2 (a)). In GC, both
electrodes at transmitter and receiver side are attached to the
human body [9] (Fig. 2 (b)). The different physical principle,
explained above, calls for lower GC transmission rates and
distances than those of CC. At the same time, there is no need
for a floating ground reference nor for propagation outside
the human body, hence GC does not suffer interference from
external environment [7]. Anyway, given the aforementioned
features, CC is the usual choice in wearable scenarios.

GC in implantable configuration consists of both electrode
pairs of transmitter and receiver embedded inside the body
as in Fig. 2 (d). So far, GC has been the preferred choice
in implantable scenarios [11]. Recently, however, it has been
demonstrated that a stable capacitive return path can be
achieved not only by exposing the capacitive ground electrode
directly to the air, as in wearable configurations, but also in
implantable settings, provided that the ground electrode is
isolated from human tissue [11] (Fig. 2 (c)). In this way, the
path between transmitter electrodes has higher impedance than
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the path to the receiver, resulting in reduced signal attenuation
with respect to the implantable GC (Fig. 2 (d)). Therefore,
the intra-body capacitive method emerges as a viable alter-
native for communication among implanted devices that can
extend the transmission range currently achievable with GC
technology. The results of implantable CC are very promising
but this area is still in a nascent stage. Implantable CC is
not widely accepted, also because a thorough investigation of
its characteristics has not yet been carried out [12]. A few
studies have been conducted, such as [11], [12], but a proper
channel modeling for this configuration is still lacking, and
further investigation is required to evaluate the features of
implantable CC [12]. One of the objectives of the paper is
hence to confirm the feasibility of this configuration and, at
the same time, compare it with the implantable GC, due to
the similarity of electrode configurations. The final goal is to
build a first, comprehensive comparison among all the possible
coupling wearable and implantable configurations, assessing
benefits and drawbacks of each configuration. The investiga-
tion focuses on the impulse response of the communication
channel.

III. CHANNEL MODELING BASED ON IMPULSE RESPONSE

This work uses a stored channel impulse response strategy
[18], [33] to model the channel, which employs a correlative
channel sounder. The method has been selected because of
these two advantages: (i) the channel impulse responses mea-
sured and stored are based on experimental measurements,
(ii) the stored responses are reproducible and reusable, which
is useful when simulating and optimizing communication
systems. Before detailing the developed channel model, the
theoretical foundations of CC and GC are recalled in the
following sub-section.

A. Dielectric Properties of Human Tissues

Gauss’s law and charge-continuity equations are reported
below as eqgs. (1) and (2):

V-D=p ()

V']zv'(O—E"']source):_% 2
in which D is the electric displacement, p is the electric
charge density, J is the current density, o is the electrical
conductivity, E is the electric field intensity and Jou;ce 1S the
current density of the source.

When the product of body size and the wave number in
biological tissues is much larger than 1, wave propagation
and inductive effect in biological tissues may be neglected
[12], [34]. Therefore, Maxwell’s equations can be decoupled
as quasi-static electric field governing equation:

V- (GweVV)+ V- (0VV)+V - Jsource = 0 3)

in which V is the electric potential, w is the angular frequency,
and ¢ is the permittivity.

The permittivity € is governed by the Cole—Cole equation,
which shows how the dielectric properties of a tissue change
over a broad frequency range [9]:

N Ae
1+ (jowr)(-a)

where £ is the complex relative permittivity, and Ae is the
magnitude of the dispersion calculated as As = &5 — £, In
which e is the permittivity at field frequencies where w7 > 1
and &, the permittivity at wt < 1. 7 is the relaxation time
constant that depends on physical processes, such as ion
effects, and « is a distribution parameter that lies between 0
and 1 [9] and is a measure of the broadening of the dispersion.
The properties of a tissue are therefore more appropriately
described by means of multiple Cole—Cole dispersion:

4)

E(w) = €

R Agy, oy
8(w) = 800+Zn: 1+ (jowt,)(d-an) * iweg )

where o5 is the static ionic conductivity and &g is the permit-
tivity of free space. Equation (5) may be used to predict the
dielectric behaviour in the considered frequency range, with a
proper choice of parameters for each tissue.

The complex conductivity and the complex specific
impedance of a tissue may be then calculated as [9]:

1
== (6)
g

0 = jweoé,

Electrical properties of human body tissues may be modeled
by equivalent electrical components such as resistors and
capacitors. Such properties also represent the building bricks
in developing the transfer function of the body channel based
on a circuit model, a FEM, or a circuit-based FEM model
[9]. Alternatively, given the dielectric properties of the human
tissues, we leverage a different approach based on channel
impulse response. This method is more suitable to analyze
the properties of the body channel from a communication
perspective. In the rest of this paper, the term channel refers
to human body channel.

B. Correlative Channel Sounders

A channel sounding signal is composed of a pulse transmis-
sion that occurs with predetermined repetition intervals. When
signals are received, a sounder device filters and records them
for off-site storage and processing [17]. The type of sounding
signal sent depends on the method used [33] and in the
following we consider pseudorandom noise (PN) sequences.

As is known, the received signal can be described as
y(t) =x(t) «h(t)+n(t), where x(¢) and y(¢) are the transmitted
and received signal, respectively, i(¢) is the channel impulse
response, n(t) is the additive white noise, and * is the convo-
lution operator. Correlating each side of the previous equation
with x(¢) yields:

ny (1) = h(7) * Rxx (1) (7

where Ry, is the cross-correlation function between x(r)
and y(t), Ryx(7) is the auto-correlation function of x(¢), T is
the delay time. n(¢) and x(¢) are assumed uncorrelated.
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The impulse response A(z,7) is expressed as a function of
time ¢ and delay 7. However, if the channel impulse response
h(t,7) changes slowly within the time interval required to
measure the correlation function, we may assume a time-
invariant impulse response /(7). Then (7) can be employed to
measure i(7). This can be achieved if Ry, approaches a delta
function, as in this case Ry, becomes a good approximation
of the channel impulse response (CIR) 4(7) as shown in (7).
To this aim, PN sequences are used as the transmitted signal
x(t) since they yield an auto-correlation function with a high
correlation peak and much lower off-peak components [18].

The use of maximal-length PN sequences as the transmitted
signal leads to an auto-correlation function a high correlation
peak and extremely low side lobes (high peak-to-off-peak
ratio). This feature allows any multi-path component to be
detected at the receiver when correlating the channel output
with the originally transmitted PN sequence by means of a
convolution matched filter [24]. Fig. 3 illustrates the blocks of
the considered channel sounding architecture.

The power delay profile Py, (7) can be calculated by squaring
the impulse response without averaging over time:

Py(7) = |h(7)]* = [Ryy (7)? (8)

The signal loss and power delay profiles of the conducted
measurements may be used to obtain the following channel
parameters: mean signal loss, mean delay, root-mean-square
(rms) delay, received power, coherence bandwidth.

The mean signal loss is calculated by averaging the mag-
nitudes of the signal loss at all frequencies, while the mean
delay 7 and rms delay o, are obtained using the power delay
profile:

Yo TP ()

F=
St Pr()

€))

SN (k= T)2 Py (Tk)

S Py(ty)

where Ny = Npn = Ng with Npy being the number of PN
bits and Ny number of samples per bit.

The coherence bandwidth B, may be calculated using a
frequency correlation function [35] expressed as a function of
the power delay profile [21], [35]. Given the inverse relation
between B, and o, the coherence bandwidth B. can be
calculated from o [35].

(10)

o=

C. A Linear Regression Model for the Channel

To achieve a better understanding of the channel features,
we performed a correlation analysis and constructed a linear
regression model to examine the relationship between the CIR
and the distance between the transmitter and receiver dyx—_, .

A, is defined as the maximum peak-to-peak am-
plitude of the cross-correlation Ryy(7) in the time
domain, i. e, A, = max(Ry,(7)) — min(R.,(7)). Let
{(Op:1,dix—rx:1)s- s (S pinsdix—rx:n)} be a paired sample of
size n, where 6,,; is the observed A, and d;x_,x;; is the
distance between transmitter and receiver for the ith measure

in the sample, i = 1,...,n. The Pearson coefficient is used to
assess a possible linear correlation between these variables:

r= er'l=1 (6p;i _Zp)(dtx—rx;i - th—rx)
\/Z?:l(ép;i _Zp)z\/zln:l(dtx—rx;i - d_tx—rx)2

(1)

where Z,, and c?,x_rx are the sample means of A, and
dix—rx, respectively. The value of r ranges from -1 to 1, with
its sign indicating the direction of the relationship, and no
linear dependency between the variables marked by r = 0.
Therefore, we perform a hypothesis test to verify if the Pearson
correlation is statistically equal to zero. The test statistic is
based on Student’s t-distribution with n—2 degrees of freedom,
under the null hypothesis that the samples follow independent
normal distributions. It holds approximately in case of non-
normal observed values if sample sizes are large enough.

Moreover, in case of a linear relationship between A, and
dyx—rx, as verified in Sec. V-B, it is possible to construct
a linear regression model to compute the marginal effect of
dix—rx over A, values. We perform the analysis using two
different approaches. In the first approach, we assume that the
value of A, can be represented by a simple linear regression
using d;x_rx as a continuous predictor. In other words, we
assume it is possible to develop the sample regression line in
its stochastic form as follows:

Spii=ad+bdiyyi+é, i=1,...n (12)

A

where 4 is an estimator of the mean of A, value when the
dix—rx:i =0, b is an estimator of the expected change in the
A, when the distance increases by one unit, and & =6,.; —
(d+l§d,x_rx;l-) is the residual term.

In the second approach, dummy variables are created to
compute the differences in the A, for each measured distance.
Considering the experiment that evaluates A, for three dis-
tances dy, d; and d,, we define two dummy variables to be
employed as predictors in a multiple regression model, using
dix—rx equal to dy as the base category. Therefore, the second
approach assumes a multiple regression model according to
the following equation for its stochastic form:

Spi=a+bdyi+Cdyi+é, i=1,...,n (13)
where 4 represents an estimator of the mean A, value when
dix_rx = do, b is an estimator of the mean Ap when diy_x
changes from dy to dy (dix—rx =d; and d;.; = 1), ¢ is an
estimator of the mean of A, when the distance changes from
do to da (dyx—yx = dp and dy;; = 1), and & =6, — (a+bdy.; +
¢dy.;) is the residual term.

We use the ordinary least squares method to estimate the
regression coefficients in (12) and (13). Additionally, we
examine their residuals as a diagnostic tool. Since the linear
regression relies on the assumption that the residuals follow
a normal distribution with mean equal to zero and constant
variance [36], we perform the Shapiro-Wilk (SW) test [37] to
examine the normality hypothesis for the regression residuals.
Its null hypothesis is that the residuals are normally distributed.
Therefore, normality can be assumed if its p-value is larger
than 0.05.
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Fig. 3: Block diagram of the Correlative channel sounding
system.

We also evaluate the adjusted-R-squared (R?), which is
defined as follows:
_ n—-1)3" ¢
Rop-— DI - (14)
(n—p) Xi, (5p;i _AP)

where p is the total number of explanatory variables in
the model, and n is the sample size. The R? indicates the
proportion of the variance in the response variable that can be
explained by the predictor variables in the model. Therefore,
it can be used as a measure for how well each model fits, to
select the most suitable. As detailed in Sec. V-B, experimental
results reveal that -within the considered distances- a linear
relationship between A, and d;,_,, exists for GC but not for
CC.

IV. EXPERIMENTAL SYSTEM OVERVIEW
A. Testbed Description

In order to experimentally measure the channel impulse
responses, PN sequences were transmitted in baseband. A
linear polynomial PN sequence of degree m = 14 was built
using a linear-feedback shift register with a chip duration of
5.2 us (corresponding to a bandwidth of 96 kHz) as in [24].
These parameters were set according to the frequency range
employed in the test system, up to around 100 KHz.

The testbed [38] was modified to implement a correlative
channel sounding, only explored to a limited extent in our
previous work [24] (Fig. 3). The source code of the transceiver
[38] is available online on Code Ocean for sake of replicability
[39]. Hardware requirements are moderate, limited to two
PCs with sound cards used to generate/transmit and receive
the signal in a subset of the GC frequency range [38]. As
shown schematically in Fig. 3 and better detailed in Fig. 4(a),
we used two PCs as transmitter/receiver and secured com-
mon ground isolation between them, as required by coupling
technologies [38], [40]. Specifically, a battery-powered laptop
was employed as the transmitter (TX) and a desktop PC as
the receiver (RX), respectively (Fig. 4(a)). The laptop was
unplugged from the grid to avoid common ground return paths
between the transmitter and the receiver. A Matlab session

(b) Electrodes implanted con- (c) Electrodes wearable config-
figuration with ex-vivo biolog- uration with in-vivo biological

ical tissue tissues

Fig. 4: Implemented coupling-based testbed and electrodes
placement.

TABLE I: Parameters setting

Parameter Value
PN sequence degree m 14
Bandwidth (kHz) 96
Waveform sampling frequency fs, (KHz) 192
Sequence length N (# of symbols) 100000

had to be kept open and active on each machine, to run the
transmitter and receiver software, respectively.

The generated PN sequences were transmitted using the x
Matlab program, and then converted from digital to analog
(D/A) domain to be sent over the sound card of the trans-
mitter (see Fig. 3). The transmitted signal is injected into the
biological tissue through a cable connected to the LINE OUT
jack on one side and to the two transmitter electrodes on the
opposite side.

After transmission, the two electrodes of the receiver de-
tected the received signal, which was then delivered to the
second computer via a cable connected to the LINE IN
jack. The Matlab rx program includes a 50 Hz filter and a
convolution matched filter to correlate the channel output with
the transmitted PN sequence known at the receiver, to build
the CIR estimation (Fig. 3). The audio frequency sampling
fsa was set to 192 KHz, with 16 bits per sample. Table I
shows the values of the main system parameters. Some of
these latter, such as the polynomial degree of the PN sequence,
may be set in the zx/rx Matlab program code, while other
audio parameters can be set through the control panel of each
computer. In particular, at the TX computer, one of the two
channels (either left or right) had to be muted, and some audio
features disabled, such as audio optimization, while at the RX
computer, DC compensation had to be disabled.
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B. Experimental setup

In our experiments, we considered two configurations: one
with electrodes implanted in ex-vivo chicken breast tissue (Fig.
4 (b)) and another one with wearable electrodes placed on in-
vivo human skin (Fig. 4 (c)). Indeed, given the human-like
dielectric properties of chicken and pork muscle tissue [41],
[42], we decided to use chicken breast for the implantable
setup. Electrodes with different sizes (0.5 mm and 1 cm
diameter) were tested.

For the case of ex-vivo tissue we employed low-cost regular
leads, covered with an aluminum foil to avoid oxidation due
to the water content of the chicken breast. We used small-
sized circle electrodes (in the order of 0.5 mm diameter)
to test a real configuration scenario for future miniaturized
medical devices. For the case of in-vivo tests we employed
commercial electrodes with a size of 1 cm, applied on human
leg skin. The ex-vivo tissue, a sample of chicken breast sized
roughly 21 cm X 16 cm X 6 cm, consisted of a single-
layer tissue, i. e., the muscle. The in-vivo tissue (human leg)
involved heterogeneous multi-layers tissues, i. e., skin, fat,
muscle and bone tissues. Indeed, although the electrodes are
placed on the skin, the signal is expected to flow not only in the
outmost layer of skin but rather in all of the aforementioned
tissues [25]. Performances were computed by averaging over
100 measurements. The measurements were carried out over
a period of several days, under the same conditions and for
the same subject as in-vivo tests. Measurements on the ex-
vivo chicken were conducted on the same meat only for
two consecutive days to avoid deterioration of the meat,
and consequent spurious drifts in dielectric properties [43].
The experiments were then repeated on ten different chicken
breasts and ten human subjects. The transmission power P;y
was in the order of 10 uW. It was calculated by measuring
the potential difference at the output of the transmitter device
with a voltmeter in parallel and measuring the current with an
amperometer in series under the hypothesis of the impedance
characteristics in [44]. A different transmission power can be
set by varying the audio volume of the transmitter device. The
signal-to-noise ratio (SNR) was in the order of 20 dB, and the
inter-electrodes distance at both transmitter and receiver side
was set to 1.5 cm for ex-vivo and 4 cm for in-vivo experiments,
while the transmitter-to-receiver distance was varied during
the tests. The inter-electrodes distances of 1.5 and 4 cm were
found -by experiment- to be a good compromise: shorter
distances imply the loop of injected primary current is too
short to propagate any secondary current [45], whereas longer
distances enlarge the size of the device, not recommended
for medical applications [15]. As shown in Table II, a CFR
magnitude around 4 dB higher was found when increasing the
inter-electrode distance in GC implantable configuration from
1.5 to 4 cm. The difference was less evident in the wearable
GC setting: only around 1 dB from 4 to 8 cm inter-electrode
distance. On the contrary, the differences were negligible for
CC. Similar results were obtained when increasing the size
of the electrode. For example, 4 dB CFR magnitude change
was found in GC wearable configuration when varying the
electrode diameter from 0.5 to 1 cm.

TABLE II: Inter-electrode distance evaluation with fixed

dix_rx =14 cm.
Experiment dins (cm) CFR (dB)
Implantable GC 1.5 34.02
Implantable GC 4 38.27
Wearable GC 4 38.78
‘Wearable GC 8 39.82
Implantable CC 1.5 77.1
Implantable CC 4 772
Wearable CC 4 72.03
‘Wearable CC 8 72.13

V. EXPERIMENTAL CHANNEL CHARACTERIAZION

The received signals were post-processed in MATLAB
to obtain the channel impulse response (CIR) and channel
frequency response (CFR) for both GC and CC technologies
in wearable and implantable configurations.

Preliminary evaluation demonstrated that the GC-based
communication channel is non-frequency-selective [17], [46],
although this was proved only in wearable setting. In other
studies [21], [47]-[49], some aspects of the CC channel were
presented. In [21] a channel delay spread was evaluated,
which however was not due to the multipath effects as in
radio channels, but rather to capacitive coupling effects in
the body. The spreading time resulted to be constant as in
a resistor—capacitor circuit [21]. However, in these studies
the transceiver setup considered a transmitter and/or receiver
sharing an Earth ground connection through the power grid.
This means characterizing a channel which is in fact different
from the real case of wireless body area network (WBAN)
or intra-body network, which lacks any common ground. Fur-
thermore, these papers did not consider nor compare the four
possible configurations discussed in this paper and shown in
Fig. 2, since the evaluation of impulse response was conducted
only in wearable settings and separately for GC and CC [17],
[21], [46]-[49]. Moreover, the frequency range was different
from the considered one, up to 100 KHz. The evaluation of
this frequency range will allow to design baseband UWB
transceiver, whose simplicity matches well the requirements
of long-lasting implants in IBNs.

Fig. 5 illustrates the measured CIR for the communication
scenario of heterogeneous tissues, i.e. the in-vivo tissues of
a human leg. The figure shows the high peak-to-off-peak
ratio discussed in Sec. III, which provides good correlation
results from the experiments. All the CIRs obtained in different
scenarios show a similar behaviour, suggesting no multi-path
effect in the body channel at the considered frequencies.

A. Experimental Results

Figs. 6 and 7 represent the CIR and its corresponding
frequency domain representation, i. e., the CFR, for implanted
and wearable scenarios with fx-to-rx distances of 6 cm and
10 cm, respectively. Similar trends with different magnitudes
for channel gain are obtained in the CFRs while changing
distances between transmitting and receiving electrodes, as
detailed in Fig. 8.

The CFRs in Figs. 6 and 7 indicate that the channel is rela-
tively flat within the frequency range of interest, although with
lower channel gain for the GC than for the CC technology. In
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Fig. 5: Channel Impulse Response (CIR) for a wearable GC
configuration in heterogeneous in-vivo biological tissues with
1 cm electrodes, d;,; =4 cm inter-electrodes distance, and
dix_rx = 10 cm distance between transmitter and receiver.
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Fig. 6: The measured channel impulse response (CIR) and
channel frequency response (CFR) in implanted configuration
with 0.5 mm electrodes size and d;x_,x = 6 cm with ex-vivo
biological tissue. The inter-electrodes distance is set dj,; = 1.5
cm for both GC and CC configurations. Note that the ground
is isolated at both transmitter and receiver in implanted CC
configuration.

particular, focusing on the implantable setting shown in Fig.
6, the CC method shows a higher peak-to-off-peak ratio for
CIR compared to GC technology (Fig. 6 (a) vs. Fig. 6 (c)),
as well as larger CFR magnitude, around 76 dB vs. 36 dB
(Fig. 6 (b) vs. Fig. 6 (d)). These results prove the great
potentials of implantable CC with isolated ground. So far,
the SoA focused on CC with floating ground electrodes for
wearable configurations, and on GC for implantable settings.
However, as reported in Fig. 6 (b) and (d), this new version
of CC with isolated ground can achieve a CFR magnitude
40 dB higher than GC in implantable configuration, starting
from the same transmitted power. This makes it possible to
operate on longer transmission distances for implantable CC
than GC. Confirming clues were then found in very recent
literature [11], [12], [31], [32].

Fig. 8 shows the mean and standard deviation as descriptive
measures of CFR value for CC and GC technologies in both
implantable and wearable configurations while varying the
distance d;x_,,. The maximum distance d; _,, for in-vivo
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Fig. 7: The measured channel impulse response (CIR) and
channel frequency response (CFR) in wearable configuration
with 1 cm electrodes size and d;x_,» = 10 cm with in-vivo
heterogeneous biological tissue. The inter-electrodes distance
is set di; =4 cm for both GC and CC configurations. Note
that the ground is floating at both transmitter and receiver in
wearable CC.

setting was set to 30 cm, while it was constrained to 14
cm for ex-vivo by the size of the chicken breast. The mean
CFRs are represented along with their standard deviations. CC
technology always achieves better performance with higher
CFR than GC. Fig. 8 shows that CC, unlike GC, does not
depend strongly on channel length d;,_,, showing similar
CFR values as the distance increases. Indeed, as detailed in
Sec. V-B, a linear relation between the peak-to-peak of the
CIR and d;,_,x was found for GC but not for CC within the
considered distances. As shown in Fig. 8, the GC dependency
with distance is less evident for distances longer than 25 cm,
which may be due to the marginal signal propagation effects
from the body into the surrounding [15], that can externally
reach the receiver. It is worth noting that higher CFR values
were found for CC even for distances much longer than those
applied in GC. Similar findings were obtained in [45], and
in [50] where several measurements on diverse subjects were
performed.

Figs. 9 and 10 show the mean amplitude of the received
signal in time, normalized to the number of bits of the ADC
converter, the maximum peak-to-peak amplitude of the cross-
correlation in time, and the mean amplitude of the cross-
correlation in frequency, for implantable and wearable sce-
narios, respectively. Values were averaged over 100 measure-
ments. As mentioned above, the value of maximum distance
in Figs. 9 and 10 was constrained by the size of the chicken
breast. The same value was considered also for the in-vivo
tests with a human leg for comparison purposes, although
a really fair evaluation of the differences is not possible
because electrode sizes and biological tissues were different.
Nevertheless, comparing the two figures, it is possible to note
that the amplitude of the received signal is lower for GC in
implantable configuration than in wearable scenario (Fig. 9(a)
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Fig. 8: Comparison between the CFR magnitude for different
tx-to-rx distances (d;x_,x). The mean and standard deviation
of CFR magnitude are represented for CC and GC in im-
plantable and wearable configurations. 0.5 mm electrodes are
employed with ex-vivo tissue and 1 cm electrodes for in-vivo
heterogeneous tissues.

vs Fig. 10(a)). However, cross correlations in both time and
frequency domains are better for GC in implantable than in
wearable scenario (Fig. 9(b) vs Fig. 10(b), and Fig. 9(c) vs
Fig. 10(c)). This is due to a larger electrode size in wearable
configuration -1 cm vs 0.5 mm of implantable setting- that
allows higher signal amplitude at the receiver with, however,
stronger noise also (see Fig. 7(a) vs Fig. 6 (a)). During the
experiments, it was not possible to compare different electrode
sizes in implantable and wearable configurations for feasibility
reasons. Indeed, implantable and wearable configurations in
the chicken breast showed similar results due to the single
layer tissue, while human implantation was not explored since
it would have required appropriate medical lab facilities.
Overall, Figs. 9 and 10 show better performances for CC over
GC. Indeed, referring to Fig. 9 for implantable setting, all the
considered performance parameters are higher for CC with
respect to GC, i. e., the mean amplitude of the received signal
in time (Fig. 9 (a)), the maximum peak-to-peak amplitude
of the cross-correlation in time (Fig. 9 (b)), and the mean
amplitude of the cross-correlation in frequency (Fig. 9 (c)).
The parameters in the time domain (Fig. 9 (a)-(b)) show larger
differences than in the frequency domain (Fig. 9 (c)). The same
trend is evident for wearable settings in Fig. 10, although with
a smaller difference between CC and GC than in implantable

configuration. However, it is worth noting that in wearable
configuration, CC may suffer from external interference. This
is due to its physical principle based on the formation of an
electrical field around the body, whereas in GC fields and
currents are confined inside the body. Summarizing, while
results of Fig. 10 for wearable configurations were expected
being CC preferred to GC according to SoA, up to now GC
was the only available choice for implantable setting. Anyhow,
the experiments (Fig. 9) revealed the superiority of the new
version of implantable CC with isolated ground. Moreover,
the latter has also great potential in terms of miniaturization
compared to the other coupling technologies, as detailed in
Sec. VL.

In addition to the above, the results of experiments con-
ducted over ten different subjects are presented in Fig. 11,
which summarizes the mean and standard deviation of the
distances. A dependency on the subject was found in terms of
CFR magnitude, although the flat behaviour was maintained
over the frequency range of interest. Indeed, it is possible to
observe a larger standard deviation in Fig. 11 than in Fig. 8(b)
that was referring to a single subject - as an example for GC
configuration at d;y_,» =5 cm, the standard deviation was 5
dB in Fig. 11 while only 0.34 dB in Fig. 8(b). This is due
to the different hydration and diameter of the subject’s leg,
as has also been reported by other works [21], [45], as well
as different thickness of the tissues. However, the difference
for CC was smaller than for GC, which can be explained by
the fact that CC is not as influenced by the human body as it
is by the CC return path in the environment, through which
the signal loop is closed. On the contrary, the GC physical
principle of weak secondary currents flowing in the body
makes the technology more dependent on the body channel.
Differences between chicken breasts were less evident, which
may be due to the similar size of the selected meat and limited
variability of the tissue. Further analysis are being planned for
ex-vivo chicken which will include heterogeneous tissues, like
bones, muscle fat and skin, to evaluate the related variability
effects.

Finally, a preliminary evaluation of the impact of limb
motion has been conducted under two configurations. In the
first one, the transmitter and the receiver were placed on
the same calf with a d;,_,, distance equal to 15 cm and
the experiments did not show changes in the CFR while
moving the leg. In the second configuration, the transmitter
and receiver were located on the opposite side of the elbow,
hence a relative motion occurred between them when moving
the arm, and even in this case the CFR did not show relevant
changes. These findings are in line with the expected results;
when the coherence time is much larger than the symbol
time, a channel may be considered slowly time-variant. This
condition is easily met by commonly-used IBC symbol rates
against regular body movement speeds [51], [52].

B. Analysis of the Linear Regression Model

As mentioned in Sec. III-C, for each experimental setup,
i. e., GC and CC in both wearable and implantable configu-
rations, we analyzed the relationship between A, and d;x_,x
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vivo biological tissues for ten subjects with 1 cm electrodes,
din: =4 cm inter-electrodes distance, and different distances
d;x_rx between transmitter and receiver.

by computing the Pearson correlation and verifying if it was
statistically significant. The results in Table III show negative
coefficients for all cases, indicating that A, decreases as the
distance increases. However, the correlation is significant at
the 5% significance level only for the GC channel since the
p-value is < 0.01 in both implantable and wearable GC setups.
Pearson correlation statistically equals zero for the CC channel
in implantable and wearable configurations.

Table IV reports results obtained by fitting the regression
models in (12) and (13), corroborating the correlation analysis.
Indeed, Table IV shows that only the GC channel presents
significant values for the coefficients related to the distances
and satisfies the normality assumption for the residuals (p-
value of the SW test over 0.05). Therefore, the regression
coefficients within the considered distances can be interpreted
only for results regarding the GC technology. Similar findings
were obtained in [45] and in [50].

From the first approach for implantable GC, i. e., a linear
regression using d;x_,, as a continuous predictor (see Sec.
III-C), we obtain the mean A, value equals 127.99 when
the distance is zero and decreases by -9.04 for every unit
increase in the distance. Regarding wearable GC, the mean
A, value is around 374.31 when the distance is zero, with
a 95% confidence interval (IC95%) of (348.64,399.98) and a
marginal effect of -7.62 for a unit increase in the distance,
1C95% of (-9.75,-5.48). The cross-correlation values were not
normalized, while the considered sequences had the same
length and energy in the same transmission conditions.

The second approach, which considers dummy variables
in the regression model (see Sec. III-C), offers a different
interpretation. It compares the mean A, value (4) at 6 cm
distance with the longer distances considered in each exper-
imental setup (10 and 14 cm for implantable setup, 10 and
20 cm for wearable setup). Regarding the implantable GC
configuration, b indicates that increasing the distance from
6 cm to 10 cm, on average, reduces the A, by -54.4, and
1C95% by (-73.03,-35.77). From this result, we can calculate
the mean A, value for a distance of 10 cm, which gives 25.4
cm. Analogously, the mean A, value decreases by -68.3, and

IC95% by (-89.82,-46.78), when the distance increases from
6 cm to 14 cm, resulting in a mean value of 11.5 for the latter
case. Notice that R? is higher for this approach. Therefore, in
implantable GC configuration, the proportion of the variance
in the A, is better explained by the model in (13).

When analyzing the wearable GC configuration, the model
in (12) appears to be more suitable based on its better
goodness-of-fit measure. Indeed, it returns a higher value of
R?, besides b is not significant under the second approach.
Therefore, we analyze the mean A, values using coefficients
estimated for the model in (12). By doing this, the A, fitted
values are given by Sp;i =374.31-7.62d;x—rx:;i. In this case,
we obtain mean A, values of 328.59, 298.11, and 221.91
mV for d;x_,x.; equal to 6 cm, 10 cm, and 20 cm distances,
respectively.

TABLE III: Pearson correlation between the A, and the d;x_,x
and their corresponding p-values.

Experiment r p-value
Implantable CC~ -0.19 0.53
Implantable GC  -0.88 <0.01
Wearable CC -0.28 0.36
Wearable GC -0.92 <0.01

TABLE 1V: Fitted models in the channel linear regression
analysis, including parameter estimates, with their correspond-
ing t-values and p-values for hypothesis testing, besides SW
and R? results.

Experiment ~ Measure Model in (12) Model in (13)
Estimate t-value  p-value | Estimate t-value p-value
a 10108.63  12.145 <0.01 | 9682.8 22422 <0.01
Implantable b -55.40 -0.657  0.52 58.8 0.096 0.92
é -505.47 -0.717 049
cc SW 0.90 0.12 0.94 0.47
R? -0.05 -0.12
a 127.99 8.737 <0.01 | 79.8 13494 <0.01
Implantable 5 -9.04 -6.097 <0.01 | -54.4 -6.505 < 0.01
é -68.3 -7.073  <0.01
GC SW 0.96 0.71 0.84 0.02
R? 0.75 0.84
a 4518.35 18.663 <0.01 | 4383.60 24110 <0.01
Wearable b -19.28 -0.958  0.36 -43.40 -0.169  0.87
é -265.27 -0.892  0.39
CcC SW 0.84 0.02 0.847 0.03
R? -0.01 -0.10
a 374.31 32.095 <0.01 324.60 38304 <0.01
Wearable b -7.62 27852 <0.01 -20.80 -1.736 0.11
é -105.27 -7.607  <0.01
GC SW 0.98 0.95 0.94 0.48
R? 0.84 0.83

C. Analysis based on noise thresholding and CIR calibration

1) Noise thresholding: Additional experiments were con-
ducted considering only the contribution of the main values
of the channel impulse response and discarding other noise
contributions lower than a suitable threshold. The method es-
timates the SNR and deletes the contributions of the CIR with
values lower than a threshold set equal to \/oTﬁ, where o2 is
the estimated noise variance. Fig. 12 shows results obtained in
implantable configurations and compares them with a setting
where a cable was used to connect the transmitter and the
receiver. In particular, Fig. 12 (a), (b), (c) report the full CIR,
while 12 (d), (e), (f) report only the CIR contributions with
values higher than the threshold; it can be noticed that the CIR
in the setting with the cable presents less samples than the
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one with wireless transmission via CC and GC. In particular,
the impulse response presents three main samples in the first
case, which increase to around ten in the other cases. Similarly,
12 (g), (h), (i) and 12 (), (k), (1) illustrate the full CFR and
the one obtained from the CIR with thresholding, respectively,
showing more clearly the flat nature of the channel with higher
channel gain for CC than GC technology. In more details, Fig.
12 (j) illustrates the flat channel with cable, while showing its
low pass behaviour with around 10 dB major attenuation at
higher frequencies. Fig. 12 (k) depicts the high-pass behaviour
of the CC channel, with higher attenuation at low frequencies
due to the capacitive effect of the body. CF magnitude rises
indeed from 36 dB to 80 dB at medium frequencies, to then
settle at 65 dB for higher frequencies. A similar, slightly high-
pass behaviour is visible for the GC channel in Fig. 12 (1)
although with CFR values lower than CC. The low-pass filter
effect observed at normalized frequencies above 0.9 is due to
anti-aliasing filters in the sound cards.

2) CIR calibration: In order to better characterize the
measured intra-body CIR, it is possible to equalize both the
cable and the complete transceiver device effects using the
CIR estimated in direct tx-to-rx cable connection conditions,
as in Fig. 12.

After removing noise by thresholding, the estimated
discrete-time CIR of the cable channel can be written as

he(n) = Ry, (nty)

where Ry (7) represents the estimated CIR when the received
signal y.(¢) is collected after a cable that directly connects
transmitter and receiver; 7 is the sampling interval.

Once estimated h.(n), the intra-body discrete-time CIR
h(n) = Ry, (nts) can be equalized by using the following
inverse filter, i.e. the zero-forcing (ZF) criterion,

(15)

W, = (HCHCH)_1 (16)

where W, is the convolution matrix corresponding to the
inverse ZF filter, while H. is the convolution matrix of the
discrete-time cable CIR of length L. L is determined after
thresholding, by considering only non-zero elements of /. (n)

he = [7e(0), he (1), ..., he (L= 1)]. (17)

In order to better mitigate noise effects, the minimum mean
square error (MMSE) criterion can be also used:
W, = (HCHCH +0',le) : (18)

where o2 is the noise variance defined above.

Our experiments, however, verified that the equalized es-
timated CIR is practically equivalent to the ones depicted in
Fig. 12. This outcome confirms that the cable CIR can be
effectively represented by an ideal flat channel that does not
affect the measured intra-body CIR when employing CC and
GC technologies.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper, we discussed the characterization of commu-
nication channels inside the human body by means of impulse

response measurement, with the aim of comparing CC and GC
technologies in both wearable and implantable configurations.
Experimental results demonstrate that the tested body channel
is relatively flat in the frequency range of interest up to
100 KHz, which makes a simple baseband transceiver design
suitable in principle for IBNs. One interesting finding is that
implantable CC with isolated ground -not deeply investigated
so far- can compete with the more widely used GC, thanks
to its ability to cover long distances with very low trans-
mission power. Another important result regards the channel
responses and the distance between the transmitter and the
receiver. By using linear correlation and regression models,
we demonstrated that only GC channels present significant
relationships between these variables within the distances
under investigation.

Future avenues of development include the investigation of
the channel at higher frequencies, up to 100 MHz. This will
require a different hardware to replace the currently employed
testbed but would also enable comparison with existing experi-
mental results, such as [17] that focused on higher frequencies.
Higher frequencies enable broader bandwidths and thus higher
data rates, however according to existing studies the channel
tends to become frequency-dependent [12], [13], [45], and
thus requires more complex and energy-hungry transceivers
to counteract its effects. On the contrary, the evaluation in
the present work shows a flat channel at low frequencies up
to 100 KHz, where simple and low-consumption transceivers
may suffice. This feature suits well both the IBC requirement
of utilizing low-power devices, and the moderate bandwidth
needed for most physiological signals. Furthermore, the impact
of own body motion will be evaluated in channel characteri-
zation, although from our preliminary analysis we expect the
impact to be much smaller than for RF WBAN channels.

Specialized transmission techniques suited for IBC may be
designed that leverage the channel model findings; these tech-
niques may include UWB, compressive sensing trasmission
methods [53], simple-multiple channels [54] and basic digital
modulation schemes [55]. Also, multiple-implants scenarios
can be conceived, in which it is fundamental to develop
opportunistic wake-up methods enabled by location awareness
of devices [56], [57] to minimize energy consumption as
required in IBNs.

Regarding miniaturization of implanted devices, CC features
a key advantage with respect to GC. This latter requires indeed
a minimum inter-electrode distance to ensure proper operation.
A tiny device would require really close electrodes at the
transmitter, however, all the current would flow between those
electrodes and secondary currents would become too weak to
be detected at the receiver side. By contrast, in implantable CC
the isolated ground electrode can be placed extremely close
to the other electrode, unlocking higher degrees of device
miniaturization. This feature, together with the experimental
results of the channel, suggests that implantable CC is a
promising technology in this exciting IBC research area.
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