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Abstract—Several studies have examined the propagation
losses of the Human Body Communication (HBC) channel.
However, a general agreement has not be found yet. In this paper,
the complete S-matrix of the HBC channel is measured on an
human subject using two Kkinds of electrode devices. The data
is integrated in a lumped element model, which allows to take
into account for the capacitive return path of realistic battery
operated transmitter and receiver. Results, shown as power gain
curves between 10 MHz and 150 MHz, exhibit a band pass profile,
with cut-off frequency depending on the kind of electrode devices.
A model is obtained by vector fitting of the equivalent Z-matrix
of the measured HBC channel.

Index Terms—Propagation, BAN, HBC.

I. INTODUCTION

In the field of Body Area Networks, Human Body Com-
munication (HBC) is a technology that has been added to
the IEEE.802.15.6 standard [1]. For a capacitive coupling
scenario, both transmitter and receiver are battery powered
small devices consisting in a signal electrode, i.e. an electrical
conductor to be placed in contact with the body, and a ground
electrode, i.e. the ground plane of the device. The signal is
applied to the body by the transmitter signal electrode and
sensed by the receiver electrode as a current flowing through
receiver input resistance. This is the forward path of the
signal. Since transmitter and receiver are battery powered, their
ground planes are floating and the return path of the signal
is capacitive. Both theoretical [2] and experimental [3], [4]
investigations have been carried out to understand and predict
HBC channels. Lumped element models have been proposed
[5], while validation has been carried out using prototypes [6].
Concerning experimental investigations, baluns have been used
to carry out Vector Network Analyzer (VNA) measurements
while decoupling HBC return path from instrument ground
plane [7]. However, the effect of this solution is the modifi-
cation of the return path without being able to isolate HBC
channel [8]. If the use of prototypes guarantee the preservation
of the return path, it is time consuming, limited in frequency
resolution and reproducibility is harder than using a VNA.

In this paper, we aim to show that a physical understanding
of the mechanisms of HBC channel can be used to cor-
rectly interpret measurement results obtained with VNA. In
particular, full 2-ports measurements are used in a model in
order to take into account propagation and contact impedance

between human body and signal electrodes. Return path is then
modified by using capacitors in order to account for capacitive
coupling with the external environment.

II. GENERAL MODEL

The proposed model is shown in Fig. 1.(a). The two-port
network represents the direct path through the body and takes
into account the effect of contact between signal electrodes
and the skin, and propagation through the body, including
leakage out of the body to ground. Return capacitors model
the coupling to the environment.

The two-port network has been measured with a VNA R&S-
ZVL. Measurements were conducted during six days on the
same male subject, 1.68 m height, 55 kg weight. Two coaxial
cables R&S ZV-7Z193 0.91 m length were used to connect test
devices to the VNA. Full two-port calibration is performed.
Devices consist of two 20x20 mm copper patches on FR4
boards, to obtain signal electrode and ground plane. Two kinds
of devices were tested: patches separated by a 10 mm air-gap
(Electrode 1) and patches printed on two sides of the same
board, thus separated by 1.6 mm (Electrode 2).

Cables and devices were fixed to two wood tripods and mea-
surement were performed while the test subject was touching
the signal electrodes. Two measurement configurations were
carried out: devices in contact with right and left wrists and
devices in contact with the wrist and the upper-arm. Distances
between devices were 120 cm and 30 cm, respectively.

The complete S-matrix is measured for each configuration
of for each pair of electrodes and repeated during the measure-
ment campaign. The S-matrix is transformed to the Z-matrix
and the circuit shown in Fig. 1.(b) is studied.

ITI. POWER GAIN
Power gain is considered to analyze the system [9]. By
taking into account capacitive coupling between transmitter
and receiver and the earth, as shown in Fig. 1.(b), the power
into the load can be written as:
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where Z11 and Z5; are Z-matrix elements, Zc and Zoj, are

return capacitor impedances and Z,, is the impedance of the
output side of the two-port network:
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Fig. 1. (a) Circuit used to model HBC channel and (b) equivalent circuit
using Z-matrix elements.

TABLE 1
LUMPED ELEMENTS VALUES USED TO PERFORM SIMULATIONS
Element | Value
Rg 50 Q
Ca 1 pF
Ry, 50
Cr, 1 pF
L1242
Zout = Z22 - (2)

Z11+ Re + Zca
and Vy, is:
_ VaZo
Z11+ Ra+Zca

Clearly, Z15 is always equal to Z3; because of the reci-
procity of the network. The transducer power gain is then:

Vin

3)

power consumed by load resistance 8Ra

Gp=—2L . =P
maximum available power from generator \Zel
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G has been calculated using measurement data and lumped
elements values in Table I. The values of the capacitances
depend on ground electrode surface and can be extracted from
EM simulations [5].

Power gain curves have been calculated using model in [5]
for distances between devices equal to 30 cm and 120 cm.
Electrodes inter-capacitance C. has been calculated and in-
serted in the model. For Electrode 1 C, = 0.8 pF and for
Electrode 2 C. = 9.4 pF.

The results are shown in Fig. 2. Power gain calculated
using measured S-matrix presents a band-pass shape, as it has
been found in measurements with battery powered devices
[6]. Power gain is maximum at 60 MHz using Electrode 1
and at 40 MHz using Electrode 2. Propagation distance has
the effect of lowering the maximum gain. On the other hand,
the model proposed in [5] does not show such behavior, as
it predicts an almost logarithmic relationship between power
gain and frequency. In [8], a band-pass shape has been found
in measurements involving a VNA and baluns, but again

predicting a high pass response of the channel when battery
powered small devices are involved. Moreover, the insertion
of electrode inter-capacitance at transmitter and receiver side
does not affect considerably the power gain. Then, the lumped-
elements model of [5] seems inappropriate to describe HBC
channel and electrode effects.
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Fig. 2. Power gains obtained using measured S-matrix and lumped-elements
model [5] for (a) Electrode 1 and (b) Electrode 2.

A. Model

In order to extract a practical model for Gp from the
measurement data, the elements of the Z-matrix have been
fitted with rational functions, as in [6]. Rational function is :
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k=1

s=j2nf (5)

where f is the frequency. Numerical values of A and Cj, are
given in Table II. G curves obtained using equations (1)-(3)
and values of Table I are shown in Fig. 3.



TABLE II

PARAMETERS OF RATIONAL FUNCTIONS TO FIT Z-MATRIX ELEMENTS.

Electrode 1
Wrist-Upper Arm Wrist-Wrist
Ak Ck Ak Ck
Z11 —4.47-108 15.06 - 1010 —4.46 - 108 16.39 - 1010
—0.20 - 106 1.69 - 1010 —0.17 - 106 2.05 - 1010
(—0.21+53.91)10%  (—1.89 4+ 50.67)10'° | (—0.34 +53.90)10%  (—1.55 + 50.81)101°
Zo1 | (=0.21 —43.91)10%8 (—1.89 — 5j0.67)10'° | (—0.34 —53.90)10%8  (—1.55 — 50.81)101°
—1.94-108 3.81-1010 —1.42-108 1.91 - 1010
—0.67 - 106 0.88 - 1010 —0.84 - 106 0.99 - 1010
Zoo —5.11- 108 12.86 - 1010 —4.39-108 15.42 - 1010
—0.20 - 106 1.28 - 1010 —0.44 - 106 1.60 - 1010
Electrode 2
Wrist-Upper Arm Wrist-Wrist
Ak Ck Ak Ck
Z11 —2.73-108 4.79-1010 —1.71-108 4.54 - 1010
—0.13 - 106 1.25 - 1010 —0.25 - 108 1.18 - 1010
(—0.30 4+ 52.70)10%  (—0.70 + 50.35)10'° | (—0.60 + j2.63)10%  (—4.20 + 52.42)10°
Zo1 | (=0.30 — j2.70)10%  (—0.70 — 50.35)100 | (—0.60 — j2.63)108  (—4.20 — j2.42)10°
—0.93-108 1.10 - 1010 —0.94 - 107 —0.56 - 109
—5.20- 103 0.64 - 1010 —0.73 - 106 7.48 - 109
Zoo —2.77 - 108 5.12-1010 —1.71-108 4.54 - 1010
—0.23 - 106 0.76 - 1010 —0.25 - 106 1.18 - 1010
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Fig. 3. Model of power gain obtained by vector fitting of Z-matrix elements.

IV. CONCLUSION

Direct path of HBC channel has been measured with VNA
and used to calculate power gain of two pairs of equivalent
battery operated HCB transmitter and receiver. It has been
found that power gains show a maximum, as it has been found
in the literature, at 60 MHz and 40 MHz, depending on the
transmitter/receiver pair used for measurement. Results have

been compared to those obtained using lumped element model
of the direct path, which is insensible to the kind of device
and does not show local maximum.
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