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SUMMARY Physical channels of the intra-body communications, in
which communications are performed by exciting electric field around the
human body, have been treated as a capacitive circuit from the beginning
of the development. Although the circuit-like understanding of the chan-
nels are helpful to design devices and systems, there is a problem that the
results may be invalid if the circuit parameters are incorrectly estimated. In
the present study, the values of the circuit parameters are properly derived
by solving a boundary value problem of electric potentials of the conduc-
tors. Furthermore, approximate models which are appropriate for cases that
some of the conductors are grounded are investigated.
key words: intra-body communications, quasi-static approximation,
equivalent circuit, boundary value problem

1. Introduction

In recent years, body-centric communications, by which
wireless networks are composed between wearable devices,
have become an active area of research because of their vari-
ous applications such as e-healthcare, security systems, and
personal services [1]–[11]. The body-centric communica-
tions using electric field below several megahertz around
the human body are also known as intra-body communica-
tions. The physical channels of the intra-body communica-
tions have been treated as a capacitive circuit since it was
firstly devised by Zimmerman in 1995 [4]–[7]. In the be-
ginning, the human body was modeled by a perfect conduc-
tor [4]. Afterward, loss and voltage drop due to conduction
currents inside the human body was taken into account by
introducing a distributed RC circuit model; and its validity
was examined by experiments [6]. These circuit-like under-
standings of the channels are helpful to design devices and
systems; however, there is a problem that the results may
be invalid if the circuit parameters are incorrectly estimated.
Moreover, applicable scopes of these circuit models are still
unclear. For instance, in [6], the transmitted signals were
received by earth-grounded instruments such as a spectrum
analyzer and an oscilloscope. Therefore, there is no proof
that the model may be applied for cases that the receiver is
not grounded or only the transmitter is grounded.

Meanwhile, analyses as an antenna excitation problem
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were widely conducted by using full-wave analysis methods
such as the finite-difference time-domain (FDTD) method
and the method of moment (MoM) [9]–[11]. These ap-
proaches have advantages as below: they can be flexibly
applied for cases that the wave length is comparable with
the dimensions of human body; they bring correct results as
far as the analytical precision is ensured. However, there is
a drawback that it is difficult to clearly understand the ob-
tained results as a physical phenomenon.

Therefore, it is necessary to correctly know the compo-
sition of the equivalent-circuit model and the concrete val-
ues of respective parameters. In the present study, the val-
ues of the circuit parameters are properly derived by solv-
ing a boundary value problem of electric potentials of the
electrodes and the human body. Furthermore, approximate
models which are appropriate for cases that some of the con-
ductors are grounded are investigated. For example, a case
that the body is grounded corresponds to a situation that the
user stands on the earth barefoot. Other cases that either or
both of the transmitter and the receiver are grounded corre-
spond to various kinds of off-body applications, including
personal authentication, electronic payment, and so forth.
These investigations will clarify the validity and applicable
scope of the previously-proposed equivalent circuit models.
The approach of the present study can be applied only for
the low frequency range in which the wavelength is much
longer than the human body and conduction currents in-
side the body are ignorable. For example, the frequency
should be much less than 70 MHz, at which half-wavelength
is comparable with the height of the human body. Neverthe-
less, the results of the present study will be useful to de-
sign and assess the devices and the systems because they
are based on an electrostatically-proper analysis.

2. Procedure to Derive the Equivalent Circuit

First of all, we describe the procedure to express the general
problem of conductor systems as an equivalent circuit. As
an example, in a case that three conductors are in free space
as shown in Fig. 1(a), the potentials and the net charges of
respective conductors have a linear relationship as below.
⎛⎜⎜⎜⎜⎜⎜⎜⎝

c11 c12 c13

c21 c22 c23
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where, ci j is the capacitance coefficient, φ j is the potential
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Fig. 1 An example of multiple conductor systems and the corresponding
equivalent circuit expression.

of each conductor, and qi is the net charge. Each capac-
itance coefficient can be obtained by solving a boundary
value problem of electric potentials of the conductors. For
example, by obtaining the charge distributions of each con-
ductor under a condition of φ = (1, 0, 0)T , we can find the
values as c11 = q1, c21 = q2, and c31 = q3. The potentials
of each conductor in arbitrary net charge conditions can be
obtained by solving Eq. (1) in which the charge vector in the
right hand is specified.

Figure 1(b) shows the equivalent circuit corresponding
to the conductor system. This circuit is a network of which
all nodes including the infinite distance of reference poten-
tial (V = 0) are connected with capacitors. The nodal equa-
tion of the circuit is as follows.

jω

⎛⎜⎜⎜⎜⎜⎜⎜⎝
C1+C12+C13 −C12 −C13
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where, Vj is the potential of each node, Ii is the current flow-
ing into each node. Considering the relationship of I = jωQ
between current I and charge Q, we find that the relationship
of Eq. (2) is essentially equal to that of Eq. (1). Hence, by
comparing these matrices, the equivalent-circuit parameters
can be formally obtained as C1 = c11+c12+c13, C12 = −c12,
and C13 = −c13.

3. Model and Numerical Methods for Investigation

Figure 2 shows the structure of the model for the present in-
vestigation. For simplicity, the human body is modeled by
a perfect conducting sphere. Its diameter is 300 mm which
corresponds to the longest diameter of the human torso [12].
The transmitter and the receiver have a same structure of
which two electrodes are 30 mm in side length and separated
each other by a gap of 5 mm. These dimensions are small
enough both for on- and off-body applications. Both of the
transmitter and the receiver are equipped on the conducting
sphere with a 5-mm separation from the sphere, assuming
some covers and clothes. The angle θ formed between the
transmitter and the receiver is varied from 20◦ to 180◦. In-
cidentally, since the actual human body has some amount

Fig. 2 Model for the investigation.

of resistance, the voltage drop and the loss due to conduct-
ing currents inside the body are expected to get larger as
the frequency increases. Regarding to this, we have already
conducted some additional tests and confirmed that the dis-
crepancy of received voltage from the static approximation
is at most 3 dB in a range below 60 MHz. The detail is de-
scribed in the Appendix.

The static characteristics of the model were numer-
ically analyzed by using the method of moment (MoM)
based on the potential integral equation and the Galerkin’s
method [13]. The electrodes are divided into rectangular
constant elements which have unit net charge. The ratio
of the mesh sizes is equal to that of weight factors for the
Gaussian quadrature [14]; that is, the meshes neighboring
the edges have the minimum size. Division number of each
electrode is 32 × 32. Instead of dividing the sphere into el-
ements, we used a Green’s function of which value is zero
on the surface of the sphere. This Green’s function is based
on the image charge method [15], and transformed to a re-
ciprocal form between the source and observation points as
follows.

G(r, r′) =
1

|r − r′| −
1√|r|2|r′|2/a2 − 2r · r′ + a2

(3)

where, r is the observation point, r′ is the source point, and
a is the radius of the sphere. If the given potential on the
sphere φsphere is not zero, a point charge can be assumed at
the center of the sphere so as to satisfy the given boundary
condition. Therefore, the integral equation to be solved is as
follows.

φ(r) − a
|r|φsphere =

1
4πε0

∫
S

G(r, r′)σ(r′)dS ′ (4)

where, the second term of the left hand is the contribution
of the point charge, ε0 is the permittivity of vacuum, σ is the
surface charge on the electrodes, and S is the surface region
of the electrodes.
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In order to validate the MoM analysis described above,
we also employed the FDTD method. The dimensions of
the computational domain are 600 mm×600 mm×600 mm;
and 20-layer perfectly matched layer (PML) surrounds the
domain. The cell sizes in a region including the electrodes
and the sphere are Δx = Δy = Δz = 1 mm. The sphere
is approximated by using the staircasing. The maximum
cell size neighboring the PML absorbing boundary is 5 mm.
The transmitter is fed at the central point of the electrodes
by a current source with uniform current distributions and
infinite internal impedance. The exciting waveform is the
derivative Gaussian pulse, of which spectrum is −60 dB at
1 GHz. Since the feeding charge is a time integral of the
feeding current, the charge has a waveform of the Gaussian
pulse; therefore, the spectrum of the charge has maximum
value at zero frequency. The top and bottom electrodes of
the receiver are open ended in order to obtain open voltages
by a line integral of the electric field.

As well as in the MoM analysis, the static character-
istics should be obtained in this FDTD analysis. In the
present case, the number of the PML layers is large enough
so that its precision is ensured for relatively-low frequency
[16]. Thus, the convergence of the field of interest is faster
than the risetime of the undesired reflections from corners
of outer boundaries. For this reason, by terminating the iter-
ative updates of electromagnetic field and the Fourier trans-
form immediately after the convergence of field, the static
characteristics can be obtained with acceptable accuracy.
The duration of the filed calculation is about 19.2–57.6 ns,
depending on cases. The time of the convergence were con-
firmed by once observing the long-duration transient field at
a corner of the domain. Then, the field distributions were
calculated again in a shorter duration appropriate for each
case. Incidentally, if the number of the PML layers is not
enough, the risetime of the undesired reflections is much
faster, and so they are unable to be excluded. Likewise, if
the maximum frequency of the exciting pulse is too lower,
the time for the convergence is much longer; therefore, the
field of interest is unable to be separated with the reflections.
We have figured out enough values for the pulse waveform
and the PML layers through trial-and-error processes.

4. Parameters of Equivalent Circuit and Signal Trans-
mission Characteristics

Figure 3 plots the equivalent-circuit parameters calculated
by the MoM. The solid lines indicate the capacitances be-
tween the electrodes of one device and the body (Bot.–
Body, Top–Bot., and Top–Body); the broken lines indicate
the capacitances of each conductor with the infinite distance
(Body–Inf., Top–Inf., and Bot.–Inf.); and the chained line
indicate the capacitances between respective electrodes of
the transmitter and the receiver (Top–Top′, Top–Bot.′, and
Bot.–Bot.′: Tx–Rx couplings). In addition, specific values
of the parameters at θ = 90◦ and 180◦ are listed in Ta-
ble 1. Naturally, the direct couplings between the transmit-
ter and the receiver depend on the receiver position θ; and

Fig. 3 Calculated equivalent-circuit parameters.

Table 1 Numerical values of equivalent-circuit parameters.

Parameter θ = 90◦ θ = 180◦

Body–Inf. 1.642 × 10−11 1.642 × 10−11

Bot.–Body 2.121 × 10−12 2.121 × 10−12

Top–Bot. 1.774 × 10−12 1.774 × 10−12

Top–Body 9.138 × 10−13 9.143 × 10−13

Top–Inf. 1.221 × 10−13 1.221 × 10−13

Bot.–Inf. 2.424 × 10−14 2.419 × 10−14

Top–Top′ 6.355 × 10−16 2.239 × 10−16

Top–Bot.′ 1.286 × 10−16 4.478 × 10−17

Bot.–Bot.′ 2.602 × 10−17 8.966 × 10−18

Unit: [F]

Fig. 4 Received voltages in various conditions.

their values are relatively small compared with the others.
By contrast, the other parameters hardly depend on θ; and
the largest one is the capacitance of the body with the in-
finite distance (Body–Inf.), followed by that between each
conductor (Bot.–Body, Top–Bot., and Top–Body), and that
of each electrode with the infinite distance (Top–Inf. and
Bot.–Inf.). The large amount of the capacitance of the body
with the infinite distance is due to the large dimension of the
body.

Figure 4 plots the received voltages in various condi-
tions. Here the received voltages are normalized by the in-
put voltage. In the case that no conductor is grounded (No
grounding: this case corresponds to some on-body appli-
cations such as sensing of biological information and head
mount displays [1], [3]), the received voltage decreases with
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increasing θ. This fact indicates that the direct couplings be-
tween the transmitter and the receiver are not negligible even
though their values are relatively small; and accordingly, the
equipping position of devices and user’s postures are impor-
tant for the on-body applications. At large θmore than about
120◦, however, the received voltage almost converges; that
is, contribution of the direct couplings becomes relatively
small. By contrast, when the body is grounded (Grounding
body), the received voltage does not converge even at large
θ. This is due to a fact that the coupling through the infinite
distance is not available because the body and the infinite
distance are equal in potential as also described in [4]. In
the cases that the top electrode of one device is grounded
(Grounding Tx and Grounding Rx), the value and the sta-
bility of the received voltage are considerably improved.
This is because the coupling through the infinite distance
is dominant. These results suggest that the equipping po-
sition of devices is not so important in the off-body appli-
cations. Furthermore, when the both devices are grounded,
the performance is better than the previous cases. Inciden-
tally, the symbols plotted in Fig. 4 indicate the results by the
FDTD method. In order to ground some conductors, thin
conducting wires are connected with them and extended into
inside of the PML. Therefore, the models for the FDTD and
the MoM are not exactly the same; however, the calculated
values almost agree with each other. Hence, the numerical
analyses conducted here are most likely valid.

In addition, in order to understand the phenomenon
from electromagnetic view, Figs. 5(a)–(e) shows the elec-
tric field distributions on the plane of y = 0 when θ = 180◦
in respective cases. In all the cases, the distributions by the
MoM and the FDTD agree with each other, as well as in
Fig. 4. Comparing (b) to (a), the distributions around the
transmitter (top side of the sphere) are almost the same as
that in (a), but attenuate more rapidly. That is because the
electric charges which contribute to the electric field around
the bottom side in (a) have gone away to the infinite distance
(or the earth ground).

Regarding (c), the distributions are almost uniform
around the surface of the sphere. This corresponds to the
stability of the received voltage in Fig. 4, and is because the
absolute value of the potential of the sphere (contributed by
the point charge assumed at the center of the sphere) is larger
than that in (a). On the other hand, the distributions in (d)
are not uniform as in (c). But since the potential should be
constant on the sphere and that of the grounded electrode
is forced to be zero, the potential difference between them
is also constant; therefore, almost uniform electric field is
supposed to be generated between them. Actually, as shown
in (d), the electric field in a region between the body and
the grounded electrode seems to be enhannced. In another
respect, this is contributed by charges supplied from the in-
finite distance to the grounded electrodes. This is the al-
ternative proof that the received voltage is stable when the
receiver is grounded.

Fig. 5 Electric field distributions in various conditions.

5. Investigations of Approximate Circuit Models

In this section, we select negligible parameters out in each
case considered in the previous section, and investigate what
approximate models are reasonable.

5.1 Case 1: No Conductor is Grounded

In order to figure important parameters out first, Fig. 6 plots
the received voltages with omitting some parameters in the
case that no conductor is grounded. First, the received volt-
age with omitting the direct couplings between the transmit-
ter and the receiver is quite different from the exact one as
already suggested in the previous section (Omit. Tx–Rx).
But another result with omitting the direct coupling only
between the bottom electrodes agrees with the exact result
(Omit. Bot.–Bot.′); and furthermore, even if only the direct
coupling between the top electrodes is taken into account,
the result largely agrees with the exact one (Omit. Tx–Rx
except Top–Top′).
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Fig. 6 Received voltages with omitting some parameters when no
conductor grounded.

Fig. 7 Approximate model when no conductor is grounded.

Regarding other parameters, in the case that the cou-
pling between each top electrode and the human body is
omitted, the estimated received voltage is almost 10 dB
higher than the exact one (Omit. Top–Body); therefore, it
is not omissible. Finally, the result with omitting the cou-
pling between each bottom electrode and the infinite dis-
tance has a little discrepancy with the exact one at larger θ
(Omit. Bot.–Inf.); but the amount is less than 1.4 dB. Con-
sidering these results, it is concluded that at least parameters
shown in Fig. 7 should be taken into account. The model
in Fig. 7 is much more complicated than any other approx-
imate models proposed previously. In addition, we would
like to note again that the direct coupling between the trans-
mitter and the receiver is significant in the on-body applica-
tions and the equipping position and user’s posture should
be taken into account.

5.2 Case 2: The Body is Grounded

Next, we discuss the case that the human body is grounded.
In this case, the human body and the infinite distance are
equal in potential; therefore, capacitances of each electrode
with the reference potential are the sum of those with the
human body and with the infinite distance. Since the capaci-
tances with the human body are sufficiently larger than those

Fig. 8 Received voltages with omitting some parameters when the body
is grounded.

Fig. 9 Approximate model when the body is grounded.

with the infinite distance, the capacitances of each conduc-
tor with the infinite distance are expected to be omissible.
Figure 8 plots the received voltages with omitting some pa-
rameters. In the case that the capacitance of the bottom elec-
trodes with the infinite distance and that between each bot-
tom electrode, the result almost agrees with the exact one
(Omit. Bot.–Inf. & Bot.–Bot.′). On the other hand, the result
with omitting capacitances of each top electrode with the in-
finite distance do not exactly agree with the exact one (Omit.
Top–Inf.). However, the discrepancy is less than 1.1 dB;
therefore, they are most likely omissible. In addition, in the
case that the direct couplings between the transmitter and
the receiver except between the top electrodes are omitted,
the discrepancy is somewhat larger (1.7 dB) than that in the
ungrounded case. According to these results, the approxi-
mate circuit model for this case is as shown in Fig. 9.

5.3 Case 3: Devices are Grounded

Finally, we consider the cases that either or both of the
transmitter and the receiver are grounded. If one device is
grounded, the capacitances between the electrodes of other
device and the reference potential are the sum of those with
the grounded electrode and with the infinite distance. Since
the direct couplings between the transmitter and the re-
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Fig. 10 Received voltages with omitting some parameters when the
transmitter is grounded.

Fig. 11 Received voltages with omitting some parameters when the
receiver is grounded.

Fig. 12 Received voltages with omitting some parameters when both of
the transmitter and the receiver are grounded.

ceiver are relatively small, they are omissible. Therefore,
the received voltage is supposed to be independent with the
equipping position of devices. Similarly, some couplings
with grounded electrodes are expected to be omissible. Fig-
ures 10–12 plot the received voltages with omitting some
parameters in the respective cases. The common point is that
the direct couplings between the devices are almost omissi-

Fig. 13 Approximate model when the transmitter is grounded.

Fig. 14 Approximate model when both of the transmitter and the
receiver are grounded.

ble as expected (plotted with solid lines). In addition, the
results indicate that the coupling between the bottom elec-
trode of grounded device and the infinite distance is also
omissible. Furthermore, even if the coupling between the
grounded electrode and the human body is omitted, the dis-
crepancy with the exact result is very small. This is also due
to the same reason, that is, the capacitance of the body with
the grounded electrode is sufficiently small than that with
the infinite distance.

Figure 13 shows the approximate model when the
transmitter is grounded. This circuit model suggests not
only that the channel is independent on the device posi-
tions, but also that the potential of the body is sensitive to
the capacitance between the bottom electrode of the trans-
mitter and the body. In other words, the received voltage
strongly depends on the distance between the transmitter
and the body. Therefore, it may be suggested that an action
touching the off-body transmitter can be used as a trigger for
communications. In addition, the approximate model when
the receiver is grounded have a composition that the trans-
mitter and the receiver are interchanged in Fig. 13.

Finally, Fig. 14 shows the approximate circuit model
for the case that both of the transmitter and the receiver are
grounded. This model is relatively similar to models pro-
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Fig. 15 Received voltages calculated by using exact and approximate
models.

posed in some previous studies [7]. Of course, if we mea-
sure the channel with a network analyzer, the channel should
behave as Fig. 14. Therefore, if we need to assess the chan-
nels for on-body applications, the devices should be isolated
from the ground of the instruments.

5.4 Received Voltages by Using Approximate Models

In order to examine the validity of the approximate models
described in previous subsections, Fig. 15 compares the re-
ceived voltages calculated by using the approximate models
with the exact values. In all the cases, the discrepancies are
less than 2 dB in a range of θ ≥ 40◦. Hence, the approxi-
mate models proposed here are most likely enough to grasp
the behavior of the channel.

6. Conclusion

In the present study, the equivalent-circuit expressions of the
intra-body communications channels using the quasi-static
field were properly derived by solving a boundary value
problem of electric potentials of the electrodes and the hu-
man body. Then, the signal transmission characteristics in
various conditions were calculated with the obtained circuit
parameters. According to the results, in the case that either
or both of the transmitter and the receiver are grounded, the
value and the stability of the received voltage are improved
because the coupling through the infinite distance becomes
dominant.

Furthermore, after we have investigated omissible cir-
cuit parameters in each case, it is found that in the case that
the devices are not grounded, many parameters, especially
the direct couplings between the transmitter and the receiver,
are not negligible. Similarly, in the case that the human body
is grounded, the most of parameters should be taken into ac-
count. We believe that these facts are important in consider-
ing on-body applications such as e-healthcare and personal
services. By contrast, if either of the transmitter and the re-
ceiver is grounded, the direct couplings between them are
negligible. This fact is most likely important for off-body
applications such as personal authentication and electronic

payment. Especially, in the case that the both devices are
grounded, many parameters may be omitted; and therefore,
the approximate circuit model is relatively similar to models
proposed in some previous studies. Of course, if we measure
the channels with a network analyzer, the channel should be-
have as the last case. Therefore, the devices should be iso-
lated from the ground of the instruments to correctly assess
the channels for on-body applications.

In the future, we will consider some effects due to prox-
imity of the earth ground and variations of human posture by
employing more realistic human body models.
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Appendix: Applicable Frequency of Quasi-Static Ap-
proximation

The approximate circuit model in Fig. 14 implies that the
received voltage decreases with frequency because the rel-
ative amount of impedance of human body increases with
frequency. As an example, we assume a lossy circuit model
shown in Fig. A· 1, which includes a resistance component
R between two points on the human body which face each
bottom electrode of the transmitter and the receiver. With
this assumption, we find the received voltage V2 for input
voltage V1 as

V2 =
C2

(C2 +C3)( jωRC7 + 1) + C7
· C5

C4 +C5
V1 (A· 1)

where, C7 = C4C5/(C4 + C5) + C6. Equation (A· 1) indi-
cates that V2 decreases with increasing ω. In order to assess
the extent of this depression, we have additionally calcu-
lated the frequency characteristics of received voltage with
a lossy sphere model (εr = 91.8, σ = 0.658 S/m: muscle at
30 MHz) by using the FDTD method.

Fig. A· 1 Approximate model including a resistance component.

Fig. A· 2 Frequency dependence of received voltage.

Figure A· 2 plots the frequency dependence of the re-
ceived voltages in respective cases. Here the position of the
receiver is θ = 180◦. At zero frequency, the voltages almost
agree with that in Fig. 4 except just a little numerical error.
As implied by Eq. (A· 1), the received voltage when both
devices are grounded decreases with increasing frequency.
However, the depression is within 3 dB below 60 MHz. In
addition, the received voltage with the grounded body ap-
proaches to that with the ungrounded body as the frequency
increases. This is due to a fact that it takes relatively long
time before the excited electromagnetic waves have propa-
gated to the infinite distance through around the body and
the grounding wire.
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