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SUMMARY With the rapid progress of electronic and information
technology, an expectation for the realization of body area network (BAN)
has risen. However, on-body transmission characteristics are greatly de-
pendent on the frequency, and a high-speed transmission is difficult due
to the remarkable signal attenuation at higher frequencies. In this study,
we proposed a pulse transmission system with the frequencies at dozens of
mega-hertzes. The system was based on an impulse radio (IR) scheme with
bi-phase modulation. By using the frequency-dependent finite difference
time domain (FD2TD) method, we investigated the on-body transmission
characteristics and derived a path loss expression. Based on the transmis-
sion characteristics, we also investigated the influences of white Gaussian
noises and other narrow-band interferences on the communication link bud-
get and bit error rate (BER) performance. The results have shown the fea-
sibility of the proposed on-body IR communication system.
key words: on-body transmission, transmission characteristics, Debye ap-
proximation, FD2TD method, impulse radio, bit error rate performance,
interference

1. Introduction

Toward the realization of ubiquitous society, information
will be accessible at our fingertips, whenever and wher-
ever needed. To provide this rapid access to information,
some communication devices have to be incorporated into
our attire and bodies. As electronic devices become smaller,
lower in power requirements, and less expensive, wireless
networking these devices on the human body has become
available. Such an body area network (BAN) can share in-
formation effectively, reduce functional redundancies, and
allow new conveniences and services [1]–[3]. For instance,
an on-body system can allow the data transfer for personal
identification and settlement of accounts just by touching
the receiver for a user wearing a communication device. It
can also allow users to exchange electronic business cards
by shaking hands. In these cases, the human body acts as
a transmission channel [4], which is superior to wireless
transmission from the point of view of information secu-
rity and electromagnetic compatibility. However, the elec-
tric signals attenuate remarkably at high frequencies on the
human body. This has limited the on-body systems to lower
frequencies (≤ 10 MHz) [5], [6]. In the low-frequency sys-
tems, a low-frequency carrier is generally used so modula-
tion is done at the carrier frequency band.

In this study, we aim at the investigation of the feasi-
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bility of a high-frequency pulse transmission on the human
body because a base-band pulse transmission may yield a
higher data rate, a lower power requirement and a simpler
structure of transmitter and receiver. We first investigated
the transmission characteristics of a high-frequency pulse on
the human body area, and then we proposed a system based
on an impulse-radio (IR) scheme for the on-body area com-
munication. During the analysis of the on-body transmis-
sion characteristics, we employed the frequency-dependent
finite difference time domain (FD2TD) method [7] in which
the Debye approximation is used to represent the frequency-
dependent dielectric properties of human tissue. With the
FD2TD method in conjunction with a simplified arm model,
we obtained the on-body transmission characteristics in the
frequency domain. Moreover, based on the transmission
characteristics, we derived the bit error rate (BER) and link
budget under Gaussian noises for the proposed system, and
also clarified the influence of other narrow-band interfer-
ences on the on-body pulse transmission.

2. Analysis Method

The time-domain Maxwell’s equations used for the FDTD
method are

∇ × E(t) = −µ∂H(t)
∂t

(1)

∇ × H(t) =
∂D(t)
∂t
+ J0(t) (2)

where the electric flux density D is related to the electric
field E thought the complex permittivity of human body tis-
sue. Under the assumption that the complex relative permit-
tivity of a human tissue can be approximated by the Debye
equation

εr(ω) = ε∞ + χ(ω) +
σ0

jωε0
(3)

where ε0 is the permittivity of free space, ε∞ is the rela-
tive permittivity at frequencies approaching to infinity, χ(ω)
is the frequency-domain susceptibility, and σ0 is the static
electric conductivity, we can relate its first and second terms
to D(ω) and the third term to J0(ω) because only the former
two terms are due to the frequency dispersion of tissue. We
therefore have

D(ω) = ε0
[
ε∞ + χ(ω)

]
E(ω) (4)
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J0(ω) = σ0E(ω). (5)

Since Eqs. (1) and (2) are to be solved iteratively in the
time-domain by using the FDTD method, we need to trans-
fer Eqs. (4) and (5) into the time-domain. This can be real-
ized by Fourier transform. We thus have

D(t) = ε0ε∞E(t) + ε0χ(t) ∗ E(t) (6)

J0(t) = σ0E(t) (7)

where the symbol * denotes the convolution. Substituting
Eqs. (6) and (7) into Eq. (2) we get

En =
ε∞ − σ0∆t/2ε0

ε∞ + χ0 + σ0∆t/2ε0
En−1

+
1

ε∞ + χ0 + σ0∆t/2ε0
Φn−1

+
∆t/ε0

ε∞ + χ0 + σ0∆t/2ε0
∇ × Hn−1/2 (8)

where Φn−1 is given by

Φn−1 = En−1∆χ0 +

n−2∑
m=1

En−1−m∆χm (9)

where ∆χm will be given in the next chapter.
The difference for the Debye approximation from [7]

in this study is the introduction of the static conductivity σ0

which is meaningful at the frequency band of the pulse to
be transmitted for human body tissue. As for the magnetic
field calculation in the FD2TD method, no modification is
needed because the human tissue is nonmagnetic material.

3. Modeling of Human Body and Transmitter/Receiver

Since in most cases the on-body communication is through
fingertips to the outside, we employed a simplified human
arm model. Figure 1 shows the human arm model with a

(a)

(b) (c)

Fig. 1 Analysis model of on-body transmission. (a) Simplified human
arm with transmitter and receiver, (b) enlargement of the transmitter struc-
ture, (c) enlargement of the receiver structure.

transmitter and receiver. The transmitter and receiver struc-
tures were first introduced in [4] at 10 MHz. They were
composed of a signal electrode and a ground electrode, re-
spectively, as shown in Figs. 1(b) and (c). The choice of the
same electrode structure as [4] was based on the finding, as
shown later (in Fig. 5), that its performance almost did not
change over our interested frequency band. We applied the
pulse signal voltage at the feeding point between the signal
electrode and the upper circuit board in the transmitter, and
detected the voltage at the receiving point in the receiver.
In order to get the on-body path loss as a function of dis-
tance, we changed the distance between the transmitter and
the receiver from 8 cm to 32 cm at a spacing of 8 cm.

In the choice of the high-frequency pulse signal to
be transmitted, we paid attention to the frequency band of
dozens of mega-hertzes. This was based on the following
three considerations: (1) to get a higher transmission speed
(> 10 MHz); (2) to maintain an acceptable signal intensity
because the attenuation become remarkable at higher fre-
quencies; and (3) to avoid possible narrow-band interfer-
ences such as FM radios. Based on these considerations,
we therefore determined to use a second derivative of Gaus-
sian pulse (Pulse width: ≤ 40 ns) as the signal s(t) to be
transmitted, i.e.,

s(t) =
[
1 − 2α(t − τ0)2

]
e−α(t−τ0)2

(10)

where α = (4.0/τ0)2, and τ0 denotes a time shift of the pulse.
Figure 2 shows the transmitted pulse signal in the time do-
main and its normalized power spectrum in the frequency
domain. As can be seen, its frequency bandwidth of 10 dB
attenuation is between 15 MHz and 60 MHz. With respect
to the center frequency of 35 MHz, the ratio of the occu-
pation bandwidth to the center frequency is larger than 0.2.
In this sense, the pulse can be considered as a ultra wide-
band (UWB) signal according to the definitation by Federal

Fig. 2 (a) Pulse signal to be transmitted, (b) normalized power spectrum
of the pulse.
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Communications Commission (FCC) [8].
On the other hand, the arm was assumed as a homo-

geneous tissue, neither the skin nor the muscle. The com-
plex relative permittivity of the arm model was determined
by measurement. Figure 3 shows the measurement setup
and measured data for four adults. The basic principle of
the measurement setup is to derive the complex relative per-
mittivity from measured S-parameters [9]. In view of the
frequency band of the pulse to be transmitted, it is hard to
consider that the arm acts as a waveguide. It seems to be
a more reasonable explnantion that the signal is transmitted
along the arm surface through electric field coupling. This
is why we determined to measure the complex relative per-
mittivity by probing the arm surface. However, due to the
limitation of the employed dielectric probe at the interested
frequency band, the measured data include some errors. To
examine to what extent the measurement errors affect, we
investigated the received pulse voltages for various complex
relative permittivities assumed for the arm. They were the
skin, muscle, 2/3-muscle, and so on. All of the complex rel-
ative permittivities were based on FCC recommendations.
As a result, it was found that the received voltages calculated
from the measured complex relative permittivity of arm was
somewhat smaller, within 3 dB, than that calculated for the
skin, muscle, or 2/3-muscle. This suggests that the employ-

Fig. 3 Approximated and measured results of the complex relative per-
mittivity of human arm. (a) Measurement setup, (b) Re{εr(ω)}, and (c)
−ωε0Im{εr(ω)}.

ment of the measured complex relative permittivity has an
acceptable accuracy, and actually it simulates a worst case
transmission.

To approximate the measured complex relative permit-
tivity, we employed the one-relaxation Debye equation

εr(ω) = ε∞ +
εs − ε∞
1 + jωτ

+
σ0

jωε0
(11)

where εs is the static relative permittivity, τ is the relaxation
time and ω is the angular frequency. Based on the measured
data, we obtained the parameters in Eq. (11) as εs = 92.12,
ε∞ = 33.91, τ = 1.5 ns, and σ0 = 0.0053 s/m in the sense
of least square error. As can be seen from Figs. 3(b) and (c),
the approximated complex relative permittivity agree well
with the measurement in the interested frequency band.

From Eq. (11), it is easy to derive

∆χm = (εs − ε∞)e−m∆t/τ
(
1 − e−∆t/τ

)2
(12)

Φn−1 = En−1∆χ0 + e−∆t/τΦn−2. (13)

This is known as the recursive convolution scheme as
described in [7].

4. Transmission Characteristics

Using the FD2TD method with a 5-mm voxel size, we cal-
culated the on-body transmission characteristics (both the
magnitude and phase) from the following equation

H( f ) =
F{r(t)}
F{s(t)} = |H( f )| e jφ( f ) (14)

where s(t) is the transmitted pulse voltage at the feeding
point of the transmitter, r(t) is the received pulse voltage
at the receiveing point of the receiver, and F denotes the
Fourier transform. The group delay D( f ) was derived from

D( f ) = − 1
2π

dφ( f )
d f
. (15)

Figure 4 shows the received pulse voltages at various
distances between the transmitter and receiver in the time
domain, and Fig. 5 shows the magnitude and group delay
characteristics of the on-body transmission in the frequency
domain. It was found that the magnitude of the transfer
function H( f ) was almost smooth over the entire used fre-
quency band although the received voltage decreased as the
distance increased. The signal attenuation was about 17 dB
at a distance of d = 8 cm. On the other hand, the group delay
D( f ) increased roughly in proportion to the distance, espe-
cially between 30 MHz and 40 MHz. It ranged from 0.4 ns
to 1.0 ns at 35 MHz for different distances but approached to
0.4–0.6 ns at frequencies higher than 40 MHz.

Based on the transmission characteristics, we derived
an on-body path loss model for the high-frequency pulse
transmission. The path loss was defined as the ratio of the
transmitted pulse energy to the received pulse energy in unit
of dB. According to an empirical power decay law [10], we
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Fig. 4 Received pulse voltages at different transmitter/receiver distances.

Fig. 5 On-body transmission characteristics in the frequency domain. (a)
Magnitude, (b) group delay.

express the on-body path loss as

PL = PL0 + 10n log10

(
d
d0

)
(16)

where PL0 is the reference path loss at distance d0, and n is
the path loss exponent. By fitting this equation with the re-
sults in Fig. 4 in the sense of least square errors, we obtained
the on-body path loss exponent of n = 1.5. This value is bet-
ter than the free-space transmission because in that case the
path loss exponent is known as 2.0. This finding means that
the human body indeed acts as a transmission channel for
the high-frequency pulse.

5. On-Body System Performance

Based on the on-body transmission characteristics, we pro-
posed a base-band IR system for the on-body communica-
tion. Figure 6 shows the block diagram of the on-body IR

Fig. 6 Block diagram of the on-body impulse radio system.

system. The information data were modulated by bi-phase
modulation and then transmitted via the antenna as a pulse
train. After the on-body channel, the input vr(t) to the de-
modulator at the receiver is r(t) plus the Gaussian noise n(t).
The receiver consisted of a pulse detector and a 1/0 decision
circuit. The received signal was multiplied by a template
signal and then their product was integrated, which was in
reality a correlation detector. The BER of the system under
Gaussian noises can be derived as

BER =
1
2

er f c

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

√√√√√√√
Eb

N0

[∫ Ts

0
r(t)vp(t)dt

]2

∫ Ts

0
r2(t)dt

∫ Ts

0
v2p(t)dt

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (17)

where erfc is the complementary error function defined as

er f c(x) = 1 − 2√
π

∫ x

0
exp(−t2)dt, (18)

Eb is the received energy per bit, N0 is the noise power spec-
tral density, Ts is the pulse repetition period, and vp(t) is the
template signal voltage. In this study we assumed it to be
the transmitted voltage, i.e., vp(t) = s(t). In Eq. (17), if the
pulse repetition period Ts is long enough, the term except
for Eb/N0 in the root is actually equal to the square of the
correlation coefficient ρ. As shown in Fig. 4, the on-body
channel resulted in a slight distortion of waveform, which
would yield a correlation coefficient smaller than 1.0. In
fact, the correlation coefficient was found to be around 0.99
for all the four received pulses in Fig. 4.

The performance of the propoesd on-body system was
investigated by computer simulation, in which the FDTD-
simulated on-body channel characteristics were employed.
In Fig. 6, the bi-phase modulated pulses were the same as
Fig. 2(a) or its reverse. After the on-body channel, the input
signals to the receiver were the FDTD-calculated pulses as
shown in Fig. 4. With the addition of white Gaussian noises
(AWGN), the FDTD-calculated receiving pulses were input
to the correlation detector. The operation of the correlation
detector was performed by numerical calculation, and the
1/0 decision was based on the numerical intergation results
in the correlation detector. The simulation code was written
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in Matlab and validated to give the same BER performance
as Eq. (17).

5.1 Influence of Gaussian Noise

For the proposed on-body system, we first investigated the
BER and link budget under Gaussian noises. We assumed
that the only noise source at the receiver is the white Gaus-
sian noise. This noise is typically thermal, introduced by the
circuitry of the receiver. The thermal noise power spectral
density N0 is given as

N0 = kT NF (19)

where k is the Boltzman constant, T is the spot noise tem-
perature, and NF is the noise figure.

On the other hand, we assumed a peak voltage of 1
V for the transmitted pulse, which was similar to the car-
rier signal level in the literature [4]. In order to get the
energy per bit Eb of the received pulse signal r(t), we trans-
formed r(t) to the frequency domain R( f ) by the fast Fourier
transform (FFT) and then calculated Eb from the integral of
Re{R( f )R∗( f )/Z( f )} in the frequency domain where Z( f ) is
the input impedance at the receiver. We then can define a
system margin Ms by

Ms =
Eb/N0

[Eb/N0]spec
(20)

where [Eb/N0]spec denotes the Eb/N0 level for obtaining an
BER of 10−4. According to Eq. (17), such an Eb/N0 is about
8.5 dB.

Figure 7 shows the dependence of the system margin
on the distance under the condition of a typical noise figure
of NF = 10 dB and a noise temperature of 27◦C at the re-
ceiver. It was found that the system has a margin of nearly
30 dB for the thermal Gaussian noise even at a distance of
30 cm between the transmitter and receiver. It seems to be
sufficiently feasible to secure a communication performance
at the receiver from the thermal noises.

5.2 Influence of Narrow-Band Interference Signals

As shown in Fig. 2(b), most of the energy of the transmit-
ted pulse was between 15 and 60 MHz. However, at this

Fig. 7 Dependence of system margin Ms on the distance between the
transmitter and receiver.

frequency band, amateur radios are a potential interference
source to the on-body pulse transmission. In addition, FM
radios may also interfere the on-body transmission because
they have a carrier frequency close to the used frequency
band. To investigate the influence of the narrow-band in-
terferences, we considered two cases. One was the amateur
radio at 29 MHz, and another was the FM radio at 76 MHz.
The latter was not within the frequency band of 10 dB atten-
uation of the transmitted pulse. However, as can be seen
from Fig. 2, that frequency component in the transmitted
pulse was not zero because the attenuation was only about
20 dB. If the FM interference signal was large enough, it
was still possible to distort the transmitted pulse waveform
and therefore decrease the BER performance.

We assumed the received signal vr(t) with a narrow-
band interference as

vr(t) = Ar(t) + B sin(2π f t + θ) (21)

where A is the received pulse peak voltage, B is the ampli-
tude of narrow-band interference, f is the interference fre-
quency, and θ is the phase difference from the transmitted
pulse. Figure 8 shows the correlation coefficients of the re-
ceived signal with the narrow-band interferences at 29 MHz
and 76 MHz, respectively, as a function of the ratio of sig-
nal energy to interference energy (SIR) for different phase
difference θ. An SIR of 10 dB corresponds to an A/B ≈ 6.
At 29 MHz, it was found that the worst case for the correla-
tion coefficient was for a phase difference of π. When SIR

Fig. 8 Correlation coefficients versus SIR for different phase differences.
(a) 29 MHz, (b) 76 MHz.
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was larger than 10, however, the correlation coefficient was
always larger than 0.9. On the other hand, at 76 MHz, it
was found that an SIR of 10 or larger still gave a correla-
tion coefficients larger than 0.9. Moreover, the correlation
coefficient almost did not depend on the phase difference
at 76 MHz. This can be explained from the fact that more
sine periods were included in the received pulse period at
76 MHz so that the phase effect became insignificant.

As described in Eq. (17), the correlation coefficient is
directly related to the BER. Figure 9 shows the BER as a
function of SIR when Eb/N0 = 10 dB. In each graph in
Fig. 9, we plotted two BER curves. One was obtained from
the phase difference θ where we had the best correlation co-
efficient, and another was for the phase difference θ where
we had the worst correlation coefficient. The actual BER
performance should be between the two curves, depending
on the phase difference between the desired signal and the
interference. From Fig. 9, it was found that at the both fre-
quencies an SIR of 10 dB would give an BER smaller than
10−4.

For a plane-wave incidence at the used frequency band,
we also calculated the interference voltage induced at the
receiver by using the FDTD method. It was found that for
a 1 V/m (120 dBµV/m) plane-wave incidence the induced
interference voltage has an amplitude of 23 mV, i.e., B =
23 mV in Eq. (20). In view of that the actual field intensity
of the amateur radios and FM radios should be smaller than
1 V/m in most cases, an SIR larger than 10 dB (A/B > 6)
should be an achievable quantity.

Fig. 9 BER performance versus SIR. (a) 29 MHz, (b) 76 MHz.

6. Conclusion

On-body area communications are essential in an ubiqui-
tous society. In order to realize a high-speed on-body com-
munication, in this study, we have proposed a pulse trans-
mission system at dozens of mega-hertzes. The system is
based on the IR scheme with bi-phase modulation. By us-
ing the FD2TD method with a simplified human arm model,
we have investigated the on-body transmission characteris-
tics based on the measured human body properties. As a
result, we have found a path loss exponent of n = 1.5 on the
human body area. The smaller path loss exponent has impli-
fied a better on-body transmission compared to the case in
free-space because in that case n = 2. Furthermore, based on
the transmission characteristics, we have derived the BER
performance under Gaussian noises for this system and also
investigated the influence of narrow-band interference sig-
nals such as amateur radios and FM radios. The results have
shown that an SIR of 10 dB can ensure an BER smaller than
10−4.

Through the fundamental investigations, we have
shown the feasibility of the proposed on-body communica-
tion system. The future subject is the circuitry design and
experimental validation of this system.
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