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SUMMARY With the rapid progress of electronic and information
technology, an expectation for the realization of body area network (BAN)
by means of ultra wide band (UWB) techniques has risen. Although the
signal from a single UWB device is very low, the energy absorption may in-
crease significantly when many UWB devices are simultaneously adorned
to a human body. An analysis method is therefore required from the point of
view of biological safety evaluation. In this study, two approaches, one is in
the time domain and the other is in the frequency domain, are proposed for
the specific energy absorption (SA) and the specific absorption rate (SAR)
calculation. It is shown that the two approaches have the same accuracy but
the time-domain approach is more straightforward in the numerical analy-
sis. By using the time-domain approach, SA and SAR calculation results
are given for multiple UWB pulse exposure to an anatomical human body
model under the Federal Communications Commission (FCC) UWB limit.
key words: ultra wide band (UWB), specific energy absorption (SA), spe-
cific absorption rate (SAR), frequency-dependent finite difference time do-
main (FDTD) method

1. Introduction

The ultra wideband (UWB) system is a promising candi-
date for the on-body communications, in view of its fea-
tures of multi-path compensation, lower consume power,
high transmission speed, and simple structure [1]. The IEEE
802.15.4a [2] has been developed as a low rate wireless per-
sonal area network (PAN) [3] UWB standard for various
application to share the data, reduce functional redundan-
cies and allow new conveniences and services. Moreover,
wearable and implanted body area networks (BANs) are be-
ing developed for medical and health information monitor-
ing [4]. For example, wearable health monitoring systems
for medical check-up may be composed of EEG (electroen-
cephalogram) sensors for monitoring brain electrical activ-
ity, ECG (electrocardiogram) sensors for monitoring heart
activity, breathing sensors for monitoring respiration and
blood pressure sensors and so on. The data from all of these
sensors will be transmitted by wireless PAN or LAN to re-
mote receivers. Although the signal from one UWB device
is very low, however, it is unclear that the energy absorption
will increase to what extent while many UWB devices are
adorned simultaneously to a human body, which is exactly
the actual situation for a body area network. An analysis
method is therefore required from the point of view of bio-
logical safety evaluation.
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In this paper, two approaches are proposed to calcu-
late the specific energy absorption (SA, defined as the en-
ergy absorbed per unit mass of biological body) for UWB
pulse exposure. Both the two approaches are based on a
frequency-dependent finite difference time domain (FDTD)
method, in which the Debye approximation is used to repre-
sent the frequency-dependent dielectric properties of the hu-
man body and the SA is calculated for a single UWB pulse
excitation. Then the specific absorption rate (SAR, defined
as the power absorbed per unit mass of biological body) is
derived based on UWB modulation schemes. In this study,
two representative schemes, one is the impulse radio (IR)
scheme and the other is the direct sequence spread spectrum
(DS-SS) scheme, are considered, and the SA and SAR is an-
alyzed with an emphasis on multiple UWB device exposure.

2. Analysis Method and Human Modeling

The time-domain Maxwell curl equations 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 through the complex permittivity of human body tis-
sue. Assuming that the complex relative permittivity of a
human tissue can be approximated by the Debye equation
[5]

εr(ω) = ε∞ + χ(ω) +
σ0

jωε0
(3)

where ε0 is the permittivity of free space, ε∞ is the rela-
tive permittivity at infinite frequency, χ(ω) is the frequency-
domain susceptibility, and σ0 is the static electric conduc-
tivity, we can relate the first and second terms in Eq. (3) 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)

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 transfer
Eqs. (4) and (5) into the time domain. This can be realized
by Fourier transform. We thus have
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D(t) = ε0ε∞E(t) + ε0χ(t) ∗ E(t) (6)

J0(t) = σ0E(t) (7)

where the symbol * denotes the convolution. We can use
Eq. (6) and (7) to derive a frequency-dependent FDTD al-
gorithm, as described in [5], [6] in detail, for calculating the
electric field inside and around the human body.

For the human body model used for the SA and SAR
analysis, we employ a Japanese adult male model [7]. As
shown in Fig. 1, the model has been developed based on
magnetic resonance imaging data. It has a height of 173
cm, a weight of 65 kg, and a spatial resolution of 2 mm.
It consists of 51 tissue types. For incorporating the tissue
properties into the frequency-dependent FDTD method, we
assume one-relaxation Debye approximation, i.e.,

χ(ω) =
εs − ε∞
1 + jωτ

(8)

Fig. 1 Anatomically based human body model (Male, 173 cm, 65 kg).

Fig. 2 Fitted complex relative permittivity values for muscle, skin and
bone as a function of frequency.

in Eq. (3), and determine the parameters εs, ε∞ and τ for all
of the 51 tissue types. Assuming Gabriel’s measurement-
based data [8] as the true values, we determine these pa-
rameters by using the least square error fitting in the UWB
frequency band from 3.1 to 10.6 GHz. Figure 2 shows
the fitted complex relative permittivity values for muscle,
skin and bone as a function of frequency. The imagi-
nary parts are negative in mathematics. The straight lines
are measurement-based data, and the broken lines are one-
relaxation Debye approximation. They have fair agreement
at this frequency band between 3.1 to 10.6 GHz. Figure 3
shows the fitting errors averaged over the entire frequency
band for all of the tissues in the human body model. The
average difference is found to be within ±10% between
the one-relaxation Debye approximation and measurement-
based data in the considered frequency band. Moreover,
the maximum difference at any frequency between 3.1 to
10.6 GHz is within ±20% for all of the 51 tissues. Although
a second-order [9] or high-order Debye relaxation approxi-
mation [8] offers the advantage of better fit to the measure-
ment data, the one-relaxation Debye approximation has a
reasonable accuracy.

3. SA and SAR Calculation Method

According to the definition of Federal Communications
Commission (FCC) [10], the UWB signal is defined as such
a signal that has a ratio of the bandwidth to the center fre-
quency larger than 0.2, or a bandwidth larger than 500 MHz.
As a UWB antenna, we choose an elliptic disk dipole with a
major axis of 25 mm diameter and a minor axis of 21 mm di-
ameter, which yields a voltage standing wave ratio (VSWR)
nearly 2.0 between 3.1 and 10.6 GHz. As a UWB pulse to be
transmitted, we choose a 5th-derivative Gaussian pulse with
a pulse width of nearly 500 ps. Figure 4 shows the employed
5th-derivative Gaussian pulse waveform and the equivalent
isotropically radiated power (EIRP). The EIRP is derived as
follows. In general,

EIRP = PaGa (9)

where Pa is the power supplied to the UWB antenna and
Ga is the absolute gain of antenna. The determination of Pa

depends on the UWB modulation scheme. For the UWB-IR
or DS-SS scheme, we can first calculate the antenna power
density

PS D( f ) = Re[V( f )V∗( f )/Zin( f )]/T (10)

where V( f ) is the Fourier transform of the UWB pulse volt-
age with unit of V/Hz, Zin( f ) is the antenna input impedance
and T is the pulse duration. Then we have the EIRP as

EIRP[dBm/MHz]

= 10 log10
[
2PS D( f )

]
+ 10 log10 Ga + 90 (11)

It can be found from Fig. 4 that the maximum power of
the employed 5th-derivative Gaussian pulse is limited to
−41.3 dBm/MHz between 3.1 and 10.6 GHz, i.e., it meets
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Fig. 3 Fitting errors averaged over the entire frequency band of 3.1 to 10.6 GHz for all of the tissues
in the human body model.

(a)

(b)

Fig. 4 (a) 5-th derivative Gaussian pulse waveform; (b) FCC indoor
emission spectrum mask and the equivalent isotropically radiated power.

with the FCC indoor emission spectrum mask. Under the
FCC UWB limit, we perform the SA and SAR calculation
for the anatomical human body model. At first, we inves-
tigate the validation of two approaches for the SA calcula-
tion. The first approach is to calculate the current density in
the time domain in the frequency-dependent FDTD method,
i.e.,

J(t) = σ0E(t) + ε0
d
dt

[χ(t) ∗ E(t)] (12)

Then we obtain the SA from

S A =
∫ T

0
J(t)E(t)/ρ · dt (13)

where ρ is the mass density. This calculation is straightfor-
ward in the frequency-dependent FDTD method, and it does
not need additional calculation burden.

The second approach is the frequency domain expres-
sion of the first approach. According to Parserval theorem,

S A =
∫ ∞
−∞
σ(ω) | E(ω) |2 /ρ · d f (14)

where σ(ω) = −ωε0Im[εr(ω)] is the lossy component of
the dielectric properties and E(ω) is the Fourier transfer
of E(t). We get E(ω) directly in the frequency-dependent
FDTD method as a running summation at each time step
based on the discrete Fourier transfer. This approach re-
quires additional calculation burden.
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Fig. 5 Calculated SA profile taken from the front to the back of the mus-
cle cube. The two approaches give the completely same SA values.

We compare the SA calculation results by using the two
approaches. Although the two approaches are mathemat-
ically equivalent, the corresponding numerical algorithms
are different. Comparison of the calculation results between
the two approaches can confirm the validation of the time-
domain algorithm which will be employed in the follow-up
SA and SAR calculations.

A UWB antenna is placed in the front of a cube, par-
allel to the body surface. The UWB antenna is an elliptic
disc dipole antenna with a major axis radius a and a mi-
nor axis radius b, that are determined as a = 12.5 mm and b
= 10.5 mm in order to obtain a voltage standing wave ratio
(VSWR) of below 2.0. The cube has a length of 200 mm
and the dielectric properties of muscle. Fig. 5 shows the cal-
culated SA profile taken from the front to the back of the
muscle cube. As can be seen, both the first and the sec-
ond approaches give the same SA values. In view of the
calculation efficiency, the first approach in the time domain
is more appropriate to the SA calculation in the frequency-
dependent FDTD method.

4. SA and SAR Results and Discussion

We then use the first approach to calculate the SA for the
UWB antenna placed on the body area such as the chest, ear,
eye and waist. Figure 6 shows the antenna radiation pattern
in the horizontal plane at a central UWB frequency of 5 GHz
in the situation that the UWB antenna is placed on the chest.
It can be seen that the power radiates towards the front or
the outside of the body. Similar radiation pattern can be also
observed in other situations. In the single exposure case,
the UWB antenna is placed in one of the four locations, and
in the multiple exposure case, two or four UWB antennas
are simultaneously placed in two of or all of the four loca-
tions. The antenna input pulse is set to have the EIRP just
under the FCC limit for UWB signal, i.e., −41.3 dBm/MHz.
Figuer 7 shows the SA distributions on the body surface for
both single and multiple UWB pulse exposure. The 0 dB
corresponds to 10 pJ/kg. As can be seen, the SA concen-

Fig. 6 Antenna radiation pattern in the horizontal plane at 5 GHz.

Fig. 7 SA distributions under the FCC UWB limit for various antenna
locations. The 0 dB corresponds to 10 pJ/kg.

trates on very small area on the body surface near the UWB
antenna location, and the attenuation is more than 30 dB at
a location 10 cm far from the UWB antenna. Especially, in
the multiple-exposure situation the enhancement effect from
neighbor UWB antenna is not obvious. This may be at-
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Table 1 Ten-gram averaged SA and SAR under FCC UWB limit.

Antenna Peak SA 10g SA 10 g SAR
Location [pJ/kg] [pJ/kg] [mW/kg]
Chest 7.00 0.473 0.946
Ear 2.17 0.037 0.074
Eye 13.26 0.268 0.536
Waist 7.39 0.232 0.464
Multiple exposure
Chest+Waist 7.40 0.474 0.948
Chest+Ear+Eye+Waist 13.27 0.476 0.952

tributed to the rapid attenuation of the UWB signal on the
body surface.

For the IR and DS-SS modulation of UWB signals, the
SAR can be simply obtained from the ratio of SA to the
pulse duration T. That is, SAR = SA/T. Of course UWB
pulse should be repeated for communication usages. For
SA, it is generally evaluated on single pulse. For SAR, how-
ever, the values for single pulse and for pulse series are the
same because the SAR is the ratio between SA and T for
the above-mentioned modulation schemes. That is to say,
the quantities for SA and T will increase simultaneously N
times for a series of N pulses. It is therefore reasonable to
use single pulse to investigate the SA and SAR.

Table 1 gives the peak SA, the ten-gram-averaged SA
and the ten-gram-averaged SAR in all of the six situations
as shown in Fig. 7. As can be seen from Table 1, compared
to single exposure, almost no obvious increase in the SA
and SAR are observed in the multiple exposure cases. This
suggests that as long as the separation between two UWB
devices is larger than 30 cm, the additional effect of signals
from other devices is insignificant due to the rapid surface
attenuation of UWB signals. In order to verify this con-
clusion furtherly, we observed the E-field at the chest under
multiple exposure and the result is shown in Fig. 8. Since the
separation distance between other devices and the device at
the chest is about 30 cm, the transmission time is at least
1 ns. It means that if the effect of signals from other devices
is not negligible, there should be some significant compo-
nents around 1 ns in the observed E-field. This does not
depend on whether the devices are excited simultaneously
or un-simultaneously. From Fig. 8, no significant compo-
nent is observed around 1 ns. The conclusion is therefore
drawn that the E-field attenuates very quickly and the effect
of other signal becomes negligible.

The ten-gram-averaged SA is in the order of pJ/kg
and is much smaller than the ICNIRP safety guideline of
2 mJ/kg. The ten-gram-averaged SAR is in the order of
mW/kg and is smaller than 1/2000 of the ICNIRP safety
guideline of 2 W/kg [11]. The energy absorbed by the whole
body is found to be 0.01 pJ which is about a quarter of the
energy radiated from the antenna.

The SA and SAR varies with the distance between
the antenna and the human body. Table 2 shows the 10 g-
averaged SA and SAR corresponding to distances of 2 mm,
1 cm and 2 cm when one UWB antenna is adorned on the
chest. It can be seen from the table that the 10 g-averaged

Fig. 8 Distance separation and E-field at the chest (at 1cm above chest
surface) under multiple exposure.

Table 2 Ten-gram averaged SA and SAR with different antenna distance
from body.

Antenna Location 10 g SA 10 g SAR
(distance from chest) [pJ/kg] [mW/kg]
2 mm 0.473 0.946
1 cm 0.034 0.068
2 cm 0.013 0.026

SA and SAR values will decrease by 12 dB and 17 dB re-
spectively when the distances become 1 cm and 2 cm com-
pared with the initial distance of 2 mm. In practice, the an-
tenna will be adorned as closely as possible to the body sur-
face. Therefore, the 2 mm case we calculated may represent
the worst case. The further the distance becomes, the larger
the safety margain there will be.

5. Conclusion

The UWB system is a promising candidate for the on-body
communications in view of its features of small power and
multi-path compensation. However, it is unclear that the
energy absorption will increase to what extent when many
UWB devices are adorned to a human body. An analysis
method is therefore necessary from the point of view of bi-
ological safety evaluation. In this paper, using the FDTD
method, we have proposed two approaches to calculate the
SA and SAR for UWB pulse exposure. We have shown that
the two approaches have the same accuracy but the time-
domain approach is more straightforward to the SA and
SAR analysis for IR and DS-SS modulation scheme. We
have also demonstrated the SA and SAR levels under the
FCC UWB limit for various antenna locations on an anatom-
ical human body model. The results have shown that the
SA and SAR levels are much smaller than the IEEE safety
limits and the multiple exposure does almost not obviously
increase the SA and SAR as long as two UWB devices have
a separation as large as 30 cm.
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