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ABSTRACT

Home health care system and long term physiologic
parameters monitoring system are important for elevating
the living quality of chronic disease patients and elderly.
Elaborating towards a sophisticated and comprehensive
home health care system, Intra-Body Communication
(IBC) is believed to have advantages in power consump-
tion, electromagnetic radiation, interference from external
electromagnetic noise, security, and restriction in spec-
trum resource. In this article, we start from quasi-static
Maxwell’s Equation and propose a mathematical model,
which includes electrical properties and proportion of
human tissues, for IBC on a human limb. By solving the
mathematical model analytically and conducting in vivo
experiment, our model has shown adequate agreement
with experiments.
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1 INTRODUCTION

Home health care system and long term physiologic
parameters monitoring system are important for chronic
disease patients and the elderly. They could provide user
and paramedic instant health information and generate
alert while emergence. Comprehensive physiological pa-
rameters monitoring and simple treatment, can effectively
elevate the living quality of patients, reducing the risk
of not timely remedy, and ease the pressure of public
health system. However, increasing number of wearable
sensors/devices for better monitoring patients, not only
means to enhance the capability of the system to take care
of patients, but also introduces demands for sharing infor-
mation between sensors/devices. Networking for devices
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on human body is not easy, especially, the requirements
of light weight, miniaturization, energy efficient, and less
electromagnetic interference, limit the resources available
for the communication modules. Among the developed
communication methodologies, wireless technology is the
popular candidate for networking sensors currently.

In contrast to the traditional wireless communication
techniques, which mainly transmit information via the
air medium, T. G. Zimmerman proposed Intra-body
communication for transmitting information over human
body [1][2]. The idea of the IBC is straightforward, using
the conducting phenomenon of the human tissue to send
electrical signal through the human body. Although im-
plementation of IBC involving significant considerations,
the basic principle is to represent the sensors’ data with
a small amount of electric current. Then, the electrical
signal is applied to the human body and flows inside.
Eventually, the signal is picked up by the receiver in
other locations and recover the data from the received
signal. With IBC, the communication between devices
on the human are virtually embedded into the human
body and the sensors scattering over the human body are
interconnected. Thus, IBC is emerging as an attractive
technique for wearable sensor in these years.

In addition to the connectivity advantages, IBC is believed
to have merits in power consumption, electromagnetic
radiation, interference rejection, and etc. Currently, the
development of the IBC is still in preliminary stages
and several important questions are open. Extensive
researches in investigation of the long term effect of IBC
for health, maximum data rate of IBC and optimum
carrier frequencies are required.

In the implementation aspect of IBC, two variants have
been developed: Capacitive coupling technique is two-
electrode approach [3] and Galvanic coupling technique
employs four electrodes [4]. Fig. 1 and Fig. 2 show
the illustrations of Capacitive and Galvanic coupling
techniques, respectively. Both methods uses the human
body as channel to realize the communication between
the transmitter and receiver. The main difference between
these methods is that the return path of the Capacitive
coupling technique passes through the periphery of the
human body. In the meanwhile, the Galvanic coupling
technique mainly transmits electrical signal within the
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human body. This intrinsic difference of the methods, to
a certain extent, results in higher channel gain [3] and
data rate [5] of Capacitive coupling technique; while, the
Galvanic coupling technique is capable of both on-body
and in-body (i.e. implanted) devices [6][7].

The research and development of IBC is popular and
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Figure 1: Capacitive coupling technique
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Figure 2: Galvanic coupling technique

diverse in these years. In terms of application, prototypes
have been built by different research groups. The first
application was a system for business card exchange
developed by T. G. Zimmerman [2]. Since then, there
were typically applications including but not limited to:
The electrocardiography (ECG) monitoring system by T.
Handa et al. [8], virtual typing system by M. Fukomoto
et al. [9], implanted devices communication by D. P.
Lindsey et al. [6], and a Biomedical system-on-a-chip by
Y. Lin et al. [10]. The fundamental exploration of IBC is
also excited. To authors’ knowledge, there are researches
in prototype experiments [11], equivalent-circuit model
development [2], numerical simulation [12] and analytical
model development at high frequencies [13] have been
report.

In this article, the authors propose a mathematical model,
which includes electrical properties of human tissues, for
Galvanic coupling IBC on a human limb. By checking
with the quasistatic approximation criteria including
human skin, the authors find that the capacitance effect
is significant for model. With the electrical properties
of human tissues, an analytical solution is developed.
The calculated channel gain is compared with the in vivo
experiment results of three separated days. The compar-
ison shows that the proposed mathematical model with
capacitance effect owes better agreement with experiment
results over model neglecting capacitance effect.
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2 MATHEMATICAL MODEL

In our model, the IBC of human limb is first approximated
by a cylinder, in analogous to the researches of K. Fujii et
al. [14], M. Wegmueller et al. [15], T. Sasamori et al.
[13] and J. Oh [16]. For better resemblance to reality, we
have included both permittivities (e1, ..., €,) and conduc-
tivities (o1,...,0n) with its geometry illustrated in Fig.3,
where h depicts the length of the limb, r; ...r, represent
the radii of various tissues.

For the sake of analytically handling, we have first

Transmitter

Figure 3: Representation of IBC limb model

checked the quasi-static criteria (1) - (4) [17][18] for de-
coupled the Maxwell’s equations based on the followings:

Neglect Propagation Effects kRmaz < 1 (1

Neglect Capacitance Effects we <1 2
o

)
(2)
Neglect Inductive Effects (kRmaz)2 <1l (3)
(4)

Neglect leakage to outside air ? <1 4
k2 = w2pe(1+ 7
w”pe(l + 7 ) ()

where Rmax is the maximum length corresponding to the
overall dimension, € and o are the permittivity and con-
ductivity of tissue, and €g is the permittivity of free space.
Employing the conductivities and permittivities of bone,
fat, muscle, and skin, which are derived from the para-
metric models of C. Gabriel et al. [19] by summarizing
the measurements from autopsy of cadavers and animals,
and in vivo measurement of human body, the quasistatic
approximation criteria are checked and listed in Table 1
(in later page).

From the table, it is found that except the capacitance
effect of either dry or wet skin, all other effects are negligi-
ble up to 1IMHz. This suggests that the capacitance effect
cannot be neglected in the IBC problem in this frequency
range (1k to 1IMHz). Thus, by including the permittivities
of human tissue as suggested by Plonsey and Heppner [17],
the governing equation for our multilayer model becomes:

V 0opysVV =0 s=1...N (6)
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where equivalent permittivities are
OEq(s) = Os + jwers€o (7)

The transmit signal of the IBC is then expressed as J, and
the electrode shape can also be introduced into the model
by defining in (8)

ov
TN - (r=rn,0,2) = Jn(0,2) (8)

where J, (0, z) depicts the normal component of the cur-
rent density injected into the limb.

For multilayer model, (9) and (10) are necessary for defin-
ing the continuity properties between tissues.

Jns (0, 2) = Jns+1 (0, 2) 9)
Vs (0,2) = Vs (6, 2) (10)
s=1...N—-1

By solving the mathematical model with (6) and (7),
an analytical solution for the IBC limb model can be
expressed as (11).

T‘ 9 Z i io: smn ’rL %)CGS(H@)

m=1n=0

+ Famn In () $in(n) + Glamn Kn (22" Yeos(nb)
+HsmnKn(M)sin(n6’)}sm(m}zr %) (11)

where I,, is the modified Bessel function of the first kind

of order n and K, is the modified Bessel function of the
second kind of order n. Since V is finite at r = 0, thus,
Gimn and Himn are equal to zero for the most inner
tissue. Enforcement of (8), (9), and (10), the constants
Esmny Fsmny, Gsmn, and Hgmy in (11) can then be found
by using (12) and (13).

i ENmn i I a1 i
GNmn 0
ENflmn 0
A GNflmn = 0 (12)
L Elmn i L 0 .
FNmn 1 i Q2 i
HNmn 0
FN*lnLn 0
B HN—lmn = 0 (13)
Flmn i L 0 4
where mr
kp = — 14
. (14)
2r forn=20
an = { m otherwise (15)
Ys = OEq(s) = Os +jW€T560 (16)

/J 0zsm

)cos(n@)dzd@ (17)

)sm(n&)dzd@ (18)
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A and B are shown in next page

3 MODEL VALIDATION WITH
EXPERIMENT

With the mathematical model discussed in Section 2, the
authors attempted to evaluate the frequency response
properties of IBC, utilizing the body as communication
medium. The calculation had chosen a healthy male
subject in age 26 with upper limb of 250mm in length and
the average diameter of the limb is 65mm. Stimulating
electrode (40mm by 40mm) is chosen for coupling the
transmitted signal into the human body and retrieving up
the signal in the receiver. The transmitter electrodes are
placed 50mm away from the elbow and laterally oriented
on the upper limb. The receiver electrodes are attached
60mm away from the edge of the transmitter electrodes.
The detail arrangement can be found in Fig. 4.

The calculation of the voltage distribution induced by
the transmitter, started by evaluating (17) and (18) with
the transmitted signal. In the case of our in wvivo IBC
experiment, J, is defined uniformly for electrodes as:

J if —0.615< 6 <0.615
Jn(0,2) = —J ifr—0.615<60<m+0.615
0 Otherwise

50mm < z < 90mm  (19)

where J is the normal component of the current density.
The Esmn, Fsmn, Gsmn, and Hgpy, are then found by the
geometrical data of the limb of the subject and the tissue
parameters. In this research, four layers of tissues, namely:
bone, muscle, fat and skin are considered. Eventually, the
voltage distribution induced by the transmitter electrodes
are computed by (11) and the channel gain can be evalu-
ated. In Fig. 5, the calculated results for model with and
without capacitance effect are plotted. In comparison with
model neglecting capacitance effect, model considering the
capacitance effect has higher gain below 100kHz, while two
models have similar gain in high frequencies. This obser-
vation is matched with quasistatic criteria check of wet
skin in Table 1, where the capacitance effect of wet skin is
less significant at high frequencies, say 1MHz.

In vivo measurement on the chosen human subject has
been done for validating the calculated result of the mathe-
matical model for three days. A calibrated Agilent 4395A
Network/Spectrum/Impedance Analyzer is used to mea-
sure the channel gain of the IBC on the upper limb of
the subject with testing frequencies span from 1kHz to
1MHz. Before the experiment, the skin of the subject
is cleansed to ensure good contact with electrodes. Ad-
ditionally, the transfer characteristic of the measurement
setup is taken as the baseline for later compensation. The
measurement result can be found from Fig. 6 and three
days measurement result are consistent except day 2 and
high frequency range. The major causes of error remain
vague, and repeatedly slight inaccurate electrodes posi-
tioning during experiment, geometrical approximation of
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Table 1: Verification of quasistatic criteria

Tissue Frequency | Conductivity Relative Capacitance | Propagation | Inductive | Leakage
(Hz) a(S/m) Permitivity e, effect effect effect to air
Bone 1k 2.00e-2 2.70e3 7.50e-3 6.26¢-6 2.50e-3 2.78e-6
10k 2.00e-2 5.20e2 1.45e-2 6.22e-5 7.89e-3 2.78e-5
100k 2.1e-2 2.30e2 6.09e-2 6.22e-4 2.49e-2 2.65e-4
1M 2.4e-2 1.40e2 3.24e-1 5.12e-3 7.15e-2 2.32e-3
Muscle 1k 3.20e-1 4.30e5 7.47e-2 9.34e-5 9.67e-3 1.74e-7
10k 3.40e-1 2.60e4 4.25e-2 1.03e-3 3.20e-2 1.63e-6
100k 3.60e-1 8.10e3 1.25e-1 9.94e-3 9.97e-2 1.54e-5
1M 5.00e-1 1.80e3 2.00e-1 1.26e-1 3.55e-1 1.11e-4
Fat 1k 2.24e-2 2.41e4 5.98e-2 6.65e-6 2.58e-3 2.48e-6
10k 2.38e-2 1.09e3 2.53e-2 7.33e-5 8.56e-3 2.33e-5
100k 2.44e-2 9.29¢e1 2.11e-2 7.54e-4 2.75e-2 2.28e-4
M 2.51e-2 2.72el 6.03e-2 7.44e-3 8.62e-2 2.22e-3
Dry skin 1k 2.00e-4 1.14e3 3.16e-1 4.32¢-8 2.08e-4 2.78¢-4
10k 2.04e-4 1.13e3 3.09 1.34e-6 1.16e-3 2.72e-3
100k 4.51e-4 1.12e3 1.38el 1.82e-4 1.35e-2 1.23e-2
1M 1.32e-2 9.91e2 4.16 1.32e-2 1.15e-1 4.20e-3
Wet skin 1k 6.60e-4 3.20e4 2.69 3.57e-7 5.94e-4 8.42e-5
10k 2.90e-3 2.90e4 5.56 4.17e-5 6.64e-3 1.92e-4
100k 6.60e-2 1.50e4 1.26 5.48e-4 2.34e-2 8.42¢-5
1M 2.20e-1 1.80e3 4.55e-1 3.78e-2 1.95e-1 2.53e-4
[ Yvan[Ly(kmrn] YN [Kn(kmrn] 0 0 0
I (krs) Ky (kmrs) =L (kprs) — K (kmrs) 0
A Vo1 Ln(kmrs)]" Ysr1 [Kn(kmrs)"  —vs[Ln(bmrs)] —vs[Kn(kmrs)) 0
0 0 0 Iy (kmr1) K, (kmr1) — Ly (k1)
L 0 0 0 Yelln(kmr1)l” YelKn(kmr)] —71[ln(kmr1)] ]
forn=0...00
INT[In(kmrN] N7 Kp(kmr ]’ 0 0 0
I (kmrs) K, (kmrs) — I, (kmrs) — Ky (kmrs) 0
B Vst1[Ln (k)] Vs1[Kn(kmrs)] —Vs[In(kmrs)] —Vs[Kn(kmrs)] 0
0 0 0 Ly (ki) Kn(kmr1) =1y (kmr1)
0 0 0 YVelln (k1) V2lKn(kmr)] —nln(kmr1)]” |

where A and B are for (12) and (13)

forn=1...00
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Figure 4: Placement of electrodes in the experi-
ment(not to scale)

limb and variations of subject’s physiological status are
potential considerations at present. The measurement re-
sults also show a peak for channel gain in the range of
10kHz to 40kHz, which suggests a possible optimum oper-
ating frequency for the Galvanic coupling IBC on human
limb.

H0ia

Gain

-60

T T T T
1000 10000 100000 1000000
Frequency (Hz)

Figure 5: Comparison of results with and without ca-
pacitance effect

4 RESULT DISCUSSION

The calculation results are obtained from the mathemati-
cal model with parameters chosen as close as possible to
the IBC prototype experiments. By comparing the calcu-
lation results without capacitance effect and measurement
result in Fig. 6, model without capacitance effect has
maximum error less than 15dB.

On the other hand, the mathematical model with capac-
itance effect shows better agreement with experimental
results in comparison with model without capacitance
effect. The gain calculated from the proposed model
coincides with the measurement result at low frequencies
(less than 5kHz) and the maximum error between the
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Figure 6: Results of measurements and calculations

calculation result & experimental results is less than 5dB
for operating frequency below 100kHz. For operating
frequency higher than 100kHz, the trend of the calcula-
tion result differs from the experimental results and the
maximum error is less than 10dB.

The comparison of the results with/without capacitance
effect and experiment confirm that the capacitance
effect contributes a significant role in the model and
cannot be neglected. Furthermore, the calculation results
also suggest the IBC channel on human upper limb ex-
hibited a high pass filter characteristic below several MHz.

5 CONCLUSION

Home health care system and long term physiologic pa-
rameters monitoring system are important for chronic dis-
ease patients and the elderly. They can effectively ele-
vate the living quality of patients, reducing the risk of not
timely remedy, and ease the pressure of public health sys-
tem. In contrast to wireless communication techniques,
IBC is a technique to network various devices on human
body, by utilizing the conducting properties of human tis-
sues. It contributes as another communication method for
Home health care system & long term physiologic parame-
ters monitoring system and is believed to own advantages
in power consumption, electromagnetic radiation, inter-
ference from external electromagnetic noise, security, and
restriction in spectrum resource.

In this work, the authors used a cylinder to represent hu-
man upper limb, which consists of bone, muscle, fat, and
skin layers. By validating the quasistatic criteria over the
operating frequency range, it is found that neglecting the
capacitance effect would induce significant error whenever
skin is included. Thus, the permittivities of tissues are
properly included in our model and the corresponding an-
alytical solution is presented. The result of the tentative
in vivo experiment shows that the model with capacitance
effect shows better agreement than model without capaci-
tance effect. In addition, the proposed model and method-
ologies can be easily extended to even high number of
layer tissues. Overall, the proposed model shows adequate
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agreements with in vivo experiments.

In the future, a comprehensive experiments will carried
out to verify and exploit the capability of the proposed
mathematical model . In addition, extending the model
to other parts of human body and exploring higher fre-
quency range will be the main directions for accelerating
the research and development of IBC.
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