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Abstract—Among different wireless solutions, ultra-wideband
(UWB) communication is one promising transmission technology
for wireless body area networks (WBANSs). To optimize receiver
structures and antennas for UWB WBANSs with respect to energy
efficiency and complexity, the distinct features of the body area
network channel have to be considered. Thus, it is necessary to
know the propagation mechanisms in the proximity of the human
body. In this paper, we limit ourselves to transmission at the head,
since the most important human communication organs, such as
the mouth, eyes, and ears, are located there. We especially focus
on the link between both ears and consider direct transmission,
surface waves, reflections, and diffraction as possible propagation
mechanisms. We show theoretically and by measurements, which
were performed in the frequency range between 1.5-8 GHz,
that direct transmission through the head is negligible due to
the strong attenuation. We conclude by process of elimination
that diffraction is the main propagation mechanism around the
human body and verify these conclusions using a finite-difference
time-domain simulation. Based on a second measurement cam-
paign, we derive an approximation of the average power delay
profile for the ear-to-ear link and calculate values for mean excess
delay and delay spread. Finally, we briefly discuss the impact of
the distinct ear-to-ear channel characteristic on the design of a
WBAN communication system.

Index Terms—Body area network (BAN), propagation mecha-
nisms, ultra-wideband (UWB).

1. INTRODUCTION

NUMBER of very promising applications such as health

monitoring or ubiquitous computing [1]-[5] wireless body
area networks (WBANSs) has attracted interest in recent years. In
a WBAN, several small nodes are placed directly on the human
body or close to it, such as in everyday clothing. Since WBAN
nodes get their power from rechargeable batteries or by energy
harvesting, it is essential that they are extremely energy-efficient
[6]. Besides the energy efficiency, the nodes shall be of low com-
plexity to minimize costs.

Ultra-wideband (UWB) communication is one transmission
technology promising low-power consumption [7], interfer-
ence robustness [8], high local capacity [9], and less complex
hardware for WBANSs [10]. In particular, impulse-radio (IR)
[11] transmission seems to be well suited to reduce complexity,
since major parts of narrowband communication systems such
as mixers, RF oscillators, or phase-locked loops (PLLs) can be
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omitted in IR systems [12]. To fulfill the requirements men-
tioned above on energy efficiency and complexity reduction,
the distinct behavior of the propagation channel has to be taken
into account. For WBANS, this means that the propagation
effects on or around the body have to be known. To obtain
insight into the UWB WBAN channel, we perform channel
measurements in the frequency range 1.5-8 GHz. Due to the
proximity of the most important human communication organs,
such as the mouth, eyes, and ears, the head is very attractive for
the placement of the transmitter and receiver. Hence, in the fol-
lowing, we focus on propagation effects for antennas mounted
on opposite sides of the head. In a first measurement campaign,
channel measurements were done in an anechoic chamber
with several test persons and, for reproducibility reasons, with
a standard anthropomorphic model (SAM) head phantom as
well. We show by the process of elimination that diffraction is
the dominant propagation mechanism for transmission between
both ears. The experimental results are verified theoretically
and by means of finite-difference time-domain (FDTD) sim-
ulation with a SAM head phantom. We performed a second
measurement campaign in the anechoic chamber to determine
the average power delay profile (APDP) as well as the mean
excess delay and the delay spread for the ear-to-ear link.

Due to rising interest in WBANS, a number of investigations
on the UWB BAN channel have been published recently. The
impact of the body on UWB transmission was investigated in
[13]. However, in that work, only one antenna was fixed directly
onto the body, and transmission between two body-mounted
antennas was not considered. In [14], channel measurements
were performed from 3 to 6 GHz on the front side of the body
and around the torso. Main channel parameters such as path
loss, delay spread, and mean excess delay were extracted for
different distances between both antennas. Another investiga-
tion of the UWB BAN channel from 3 to 6 GHz was presented
in [15]. There, measurements were performed in an indoor
environment to achieve realistic propagation conditions. It was
shown that frequency correlation properties of the channel
change substantially, and significant variations of signal energy
spread in time-delay domain were observed. The impact of
different antennas on the BAN channel measurements was
presented in [16]. In [17], WBAN channel parameters were
derived by means of FDTD simulations in the frequency range
from 2 to 6 GHz, showing that no direct transmission through
the head takes place. A pathloss model similar to the one in
[14] was presented in [18], where the authors additionally
investigated movements of the arms in more detail.

The remainder of this paper is organized as follows. In Sec-
tion II, the measurement setup is described. The attenuation for
the ear-to-ear channel is presented in Section III without consid-
ering different propagation mechanisms. Keeping this expected
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Fig. 1. Measurement setup with SAM head phantom in the anechoic chamber.

attenuation on the human head in mind, in Section IV, domi-
nant propagation mechanisms are determined by a process of
elimination based on measurements and calculations. A ver-
ification of these results is given in Section V by means of
FDTD simulations. In Section VI, mean excess delay and delay
spread are calculated, and an approximation of the APDP is
derived for the ear-to-ear link. The impact of these results on
UWB WBAN communication systems is discussed briefly in
Section VII. Conclusions are drawn in Section VIII.

II. MEASUREMENT SETUP

For determination of the propagation effects, channel mea-
surements were performed with a vector network analyzer
(VNA) in the frequency range from 1.5 to 8 GHz using Sky-
cross SMT-3TO10M-A antennas. Such antennas are specified
for the frequency range between 3—10 GHz, but it turned out
that they can be used also for lower frequencies, where the
antennas have a certain attenuation. To reduce the influence
of unwanted cable effects on the measurements, the antennas
were mounted on glass-fiber reinforced plastic (GRP) arms
on tripods, as shown in Fig. 1. The tripods were covered by
absorbing material to reduce reflections caused by them. With
such a measurement setup, only the antennas were placed close
to the head, while the cables led away from the head as quickly
as possible.

Measurements were performed with four different test per-
sons and, for reproducibility reasons, also with a SAM head
phantom V4.5 from SPEAG [19]. The phantom was filled with
the head tissue simulation liquid HSL 5800, which consists of
water, mineral oil, emulsifiers, additives, and salt. This lossy di-
electric liquid matches the requirements according to the FCC
[20] in the frequency range from 4.9 to 6.0 GHz. At 5.2 GHz,
relative permittivity is given by e,, = 36.0 and conductivity by
o = 4.66 S/mand, at 5.8 GHz, by e¢,, = 35.3 and o = 5.27 S/m,
respectively. As shown in Fig. 1, the head phantom was placed
on a plastic pillar for the measurements.

III. ATENUATION AT THE HEAD

In Fig. 2, frequency transfer functions are shown for the four
different persons and the head phantom. It can be seen that the
transfer functions for all test persons are similar. The transfer
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Fig. 2. Frequency transfer functions for different persons and head phantom
measured in an anechoic chamber.

function for the head phantom shows also a similar shape. How-
ever, for a wide range of frequencies, the attenuation is about
5-10 dB smaller compared with that for the test persons. Al-
though the liquid inside the head phantom is only specified for
the frequency range 4.9—6 GHz, it seems to fit the attenuation
characteristic of a human head over a wider frequency range.
For comparison reasons, the attenuation calculated with Friis’
formula for an isotropic antenna and a reference measurement
without head are shown in Fig. 2. The difference between atten-
uation of the reference measurement and the one calculated with
Friis’ formula is mainly caused by the gain variations of the an-
tennas. At the lower end of the considered frequency band, we
are in the Fresnel zone of the antenna. Above 3 GHz, the gain
of the antenna is increasing due to a constant size of the antenna
but decreasing wavelength. For the head measurements, an at-
tenuation of about 20-30 dB higher compared with the refer-
ence measurement and attenuation derived from Friis’ formula
can be observed.

IV. PROPAGATION MECHANISMS

A. Direct Transmission Through the Head

We start the propagation mechanism investigations by con-
sidering direct transmission through the head first. Wavelength
and propagation speed of electromagnetic waves depend on the
material parameters of the propagation medium. Thus, the ex-
pected difference in the arrival time of a direct path through the
head and the reference path through the air can be calculated ac-
cording to (1). Based on the permittivity and conductivity values
given for the head phantom, a direct path through the head would
have an expected delay of

d d
——=292ns (1)
Vhead c

At =

compared to the direct path of a reference measurement without
head. In (1), Vhead = 4.88 - 107 m/s denotes the propagation
speed through the head, ¢ = 3 - 10® m/s denotes the speed
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g. 3. Cumulative energy of CIRs for transmission with and without head.

of light, and d = 0.17 m denotes the distance between both
antennas.

In Fig. 3, cumulative energies of channel impulse responses
(CIRs) measured in an anechoic chamber with and without head
are plotted. We assume that the first paths of the CIRs are at
the time instances where the first significant increase of energy
can be observed. It can be seen that the cumulative energy dis-
tributions are relatively similar for the test persons and head
phantom. However, the first paths of those CIRs are delayed by
only about 600 ps compared with the reference measurement.
This delay of the first paths is much smaller than the calculated
delay A; = 2.92 ns in (1). Since the cumulative energy plots for
the head in Fig. 3 show no significant increase of energy at the
expected delay from (1), we conclude that transmission through
the head is negligible.

To verify the result that transmission through the head is neg-
ligible, we calculate the attenuation for transmission through
the head. For this purpose, we consider the head as a lossy
medium. Such a lossy medium can be described by its complex
permittivity

I3
|

o F7;
Er — JEr

WEQE

= &.(1 —jd.) (@)

where ¢!, and ¢!/ determine the dispersion and losses respec-
tively, and its complex permeability

1, =y = Jy = (1= jdy) ©)

where ¢/, and p.. correspond to the relative permittivity ¢, and
the relative permeability 1, of the lossless medium, respectively
[21]. Using (2) and (3), the wavenumber

k=K —jk"=w, /€0E- Mo, 4

becomes complex. ¢y and py denote permittivity and perme-
ability in free space, respectively. Thus, the electrical field
strength of a wave in a lossy medium can be described as a
function of the propagation distance z by

E(z,t) =E - ei@i=k2) — p. otz (i(ot=k'2)) )

where E is the electric field-strength, the angular frequency is
given by w = 27 f, and time is given by ¢. In (5), e~ # depicts
the attenuation term containing

k":i—w-%{M} ©

€

where ${-} denotes the imaginary part of the argument. The
wavelength A, in a lossy dielectric is given by

Ao
Ve RV

where R{-} is the real part of the argument. From (2), we get

A

(N

d.= @®)

WEPE
where \g = 0.06 m, which corresponds to a frequency
fo =~ 52 GHz, ¢ ~ (107°/367)(As/Vm), g =

4710~7(Vs/Am), and j1,, = 1, and, using the relative permit-
tivity and conductivity for the head phantom specified, we get
from (6)

1
K~ —146.4—. )
m

Putting this result in the attenuation term e=*"% in (5), the at-
tenuation for a distance of z = 0.17 m, which corresponds to
the distance between the antennas on the head, becomes

k7 = Q1645017 m o 916 9 dB. (10)
Since relative permittivity and conductivity of the head phantom
are very similar to human head tissues (cf. [22]), this result can
be regarded also as valid for transmission through human heads.
The calculations above show that the direct component of a
transmission through the head is attenuated severely. This atten-
uation is much higher than expected from the transfer function
plots in Fig. 2. Thus, we again conclude that energy transmitted
through the head is negligible and that there have to exist other
propagation mechanisms around the head, which cause the only
slightly delayed transmission paths in Fig. 3.

B. Surface Waves

Since the human head consists of several layers of different
tissues, surface waves are one possible propagation mechanism
around the head. Surface waves travel along the boundary
between two different media [21] and along curvatures. It is
possible to measure surface waves by channel measurements
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Fig. 4. Transfer functions for different distances between antennas and head
surface.

with different distances between antennas and surface. If
surface waves exist, then the electromagnetic field decays
exponentially when the field detector is moving away from
the boundary between two tissues [23]. Hence, we performed
further channel measurements moving the antennas away from
the head. For several distances between the head and antennas,
the transfer functions were measured. In Fig. 4, exemplary
transfer functions on the head are shown for changing distances
between both antennas and the skin. Since the transfer func-
tions are plotted in a logarithmic scale, the attenuation should
increase linearly with increasing distance if there exist surface
waves around the head. The exponential decay of the field
strength caused by surface waves is frequency-dependent and
can be calculated from the field component (cf. [23])

E, ~ e RMuly,

(1)

Equation (11) can be solved by inserting the distance y between
antenna and surface and

12)

with the squared wavenumber k? = —jwpug(o + jwege,) for
the tissue and the squared wavenumber k2 = w?ppeg for air.
From (11), it can be seen that the field strength attenuation is
increasing exponentially, i.e., linearly in logarithmic scale, with
increasing distance for a fixed frequency. Since the wavenum-
bers in (12) are frequency-dependent, the slopes of the field
strength attenuation not only depend on the distance but also on
the frequency. It follows from (12) that the slopes of the field
strength attenuation over the distance become steeper with in-
creasing frequency. This can be observed from Fig. 5, in which
the slopes of the field strength attenuation are shown as calcu-
lated from (11) with frequency-dependent tissue values given
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Fig. 5. Calculated and measured decays of attenuation.

in [22]. For the measurements, the slopes of the field strength
attenuation over the distance are fitted for each frequency by
using a least-square method. These slopes of attenuation ap-
proximated from the measurements are also plotted in Fig. 5
and do not exhibit an increase of the slope over distance with
increasing frequency. For some frequencies, even a decrease of
attenuation with distance can be observed. Only for frequencies
between approximately 1.5 and 1.9 GHz, calculated and mea-
sured decays of attenuation are in the same order of magnitude,
i.e., no relevant surface waves can be detected in the frequency
range between 1.9-8 GHz.

Moreover, surface waves are traveling with a speed slower
than light [23] which does not explain the slightly delayed first
paths for the head measurement in Fig. 3. Thus, we conclude
that surface waves are not the dominant propagation mechanism
around the human body and that there have to exist some other
dominant propagation mechanisms.

C. Reflection and Absorption

To verify if there exist any reflections or absorptions by the
head, we measured the antenna pattern for the antenna mounted
on the head phantom and compare it with the antenna pattern
without head phantom. The antenna patterns were measured in
the anechoic chamber with a VNA. The head with antenna and
the antenna alone were mounted on a rotating table, respec-
tively. The measurement setup is shown schematically in Fig. 6
from a top view. Please note that the antennas are not placed
in the rotating axis since the center of the head is placed at this
point. The excentricity of the reference curves in Figs. 7 and 8
is caused by this head mount. Antenna patterns measured with
and without the head are shown exemplarily for frequencies 4.1
and 6.05 GHz, which lie in the currently ECC-envisioned UWB
bands in Europe [24], shown in Fig. 7. For the antenna pattern
measurement with head phantom, the antenna was mounted on
the left ear, as shown in Fig. 6, i.e., for ¢ & 90°, the head is lo-
cated between both antennas, while there exists a line-of-sight
(LOS) link for ¢ & 270°. It can be observed that the attenua-
tion measured with head-mounted antenna is less than that for
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Fig. 6. Schematic measurement setup for antenna pattern measurements with
a head phantom (top view).

() (b)

Fig. 7. Antenna pattern with an antenna placed directly on the head and the
reference antenna pattern without the head at: (a) f = 4.1 GHz and (b) f =
6.05 GHz.

Fig. 8. Energy pattern with an antenna directly placed on the head and a refer-
ence energy pattern without the head.

the reference measurement if an LOS link exists. This points
to a reflection-like effect caused by the head. If the head acts
as an obstacle between the reference antenna and the antenna
mounted on the head, i.e., no LOS link exists, then the attenu-
ation measured with the head-mounted antenna is much higher
compared to the reference measurement. Similar to the observa-
tions in [13], attenuations of up to 20-30 dB can be observed for
such a case. Since the antenna patterns in Fig. 7 are only exem-
plary snapshots, we also consider the energy pattern to take the
wideband characteristics of UWB into account. The energy pat-
tern descriptor [25] integrates the power density radiated by the

O ! ! ; ! ;

.i......Reference.....................

8
x 10°

Fig. 9. Si;-parameter for an antenna placed directly on the head and for an
antenna without the head as reference.

fin [Hz]

antennas over the whole time or frequency, respectively. Hence,
the energy pattern is defined as

/ Ih(t, ) dt = / H(LOPd (13)

— 00

where h(t) denotes the measured channel impulse response and
H(f) denotes the corresponding frequency transfer function. In
the following, we use the frequency band between 1.5-8 GHz as
the integration limits. Since often noncoherent receivers such as
anenergy detector or atransmitted-reference receiver [26] are en-
visioned for use in UWB BANSs, such an energy pattern is of par-
ticular interest because it shows the whole energy that can be col-
lected from one direction. The normalized energy patternin Fig. 8
shows a characteristic similar to the antenna patterns in Fig. 7. For
angles between approximately 210° and 330°, the energy pattern
of the head measurement exceeds the energy pattern of the refer-
ence measurement, and reflection effects can be supposed. For the
remaining angles, the attenuation measured with ahead-mounted
antenna is much higher than that for the reference measurement.
This means that not much energy is collected if the head is lo-
cated between the reference and head-mounted antenna.

InFig. 9, the forward reflection coefficient S1; is shown for an
antenna directly mounted on the head. For comparison, the coef-
ficient S1; is also depicted for a reference measurement without
the head. Only slight differences between the reference and head
measurement can be observed for frequencies below 3 GHz and
above 6 GHz. Between 3—6 GHz, the shapes of both curves are
also similar, although variations of up to 10 dB can be observed.
Between 2.5—4.6 GHz, the antenna match is even better if the an-
tenna is mounted on the head compared with the reference, i.e.,
more power is radiated by the antenna. From the observation in
Fig. 7 that reflections from the head are present for LOS links and
from the results in Fig. 9, we conclude that reflection and absorb-
tion effects exist on the human head. However, for the envisioned
propagation scenario, from one side of the head to the opposite,
reflection and absorption play only a subsidiary role.



Fig. 10. Schematic assumed for calculation of diffraction around a circular
cylinder according to (15).

D. Diffraction

It was shown in the previous sections that neither direct trans-
mission nor surface waves are the dominant propagation mech-
anism on the human head. Although reflections of the human
head can be observed, this propagation mechanism can be ne-
glected for transmission from one side of the head to the op-
posite. Thus, diffraction remains a possible candidate. If the di-
rect path between the transmitter and receiver is obstructed by
an obstacle, waves can travel into the shadow zone behind the
obstacle. This kind of diffraction is then also called “creeping”
waves [27]. However, diffraction effects are only relevant if the
obstacle dimensions are not greater than approximately 60 times
the wavelength [28]. This is fulfilled in our case where the wave-
lengths remain above about A = 3 cm. Since diffracted waves
travel with the speed of light, the additional path length com-
pared with the reference path length can be calculated from the
time delays in Fig. 3. There, it can be observed that the first
paths for transmission on the head are delayed by about 600 ps
compared with the reference path. Such a delay corresponds to
a way that is about

Az=600-10"125-3-108 m/s =0.18 m (14)
longer than the direct path of z ~ 0.17 m. The increased path
length corresponds with the distance between both ears on the
head surface. This indicates that diffraction is probably the dom-
inant propagation mechanism.

If we consider the head as circular cylinder with diameter z
for simplicity, equations given in [29] can be used to determine
the field in the shadow region caused by one ray and, hence, the
attenuation of a diffracted wave around the cylinder. For both
antennas placed directly on the cylinder surface, as shown in
Fig. 10, the field is approximated depending on the angle ¢ by

H(p)~ —q- e Ika / w2(T>6_j57dT

15
wh(r) (>
—oo
where k denotes the wavenumber, a 1is the distance
between both antennas on the cylinder surface, and

weo (1) = /7(Bi(r) — jAi(r)) is the Fock-type Airy function.
¢ is given by

(16)
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Fig. 11. Attenuation around a cylinder with respect to the angle between both

antennas based on (15) and averaged over the frequency range of 1.5-8 GHz.

where ¢ is the angle between both antennas and ¢ is given by

_ feo&
V2ka

Using frequency-dependent values for conductivity and per-
mittivity of brain tissue from [22], the attenuation averaged over
the frequency range from 1.5 to 8 GHz is plotted for different
angles ¢ in Fig. 11. As expected, the attenuation is increasing
with increasing angle. For ¢ = 180°, which corresponds to the
case that both antennas are mounted on opposite sides of the
cylinder, the attenuation is

a7

1 8 GHz
= — ~ 02— — 2 ~
D_Nf > (|H(<P~0)| |H(<.0—7r)|)~60dB.
f=1.5 GHz

(18)

This calculated attenuation corresponds well with the measured
attenuations in Fig. 2.

Of course, for transmission between both ears not only one
ray exists, and thus constructive and destructive interference
may occur. Nonetheless, we conclude that diffraction is the
dominant propagation mechanism around the head due to the
following reasons: the path delays correspond well with the
increased distances on the head surface, both measurements
and calculation show attenuation of same order of magnitude,
and other propagation mechanisms can be excluded by process
of elimination as described above.

V. SIMULATION RESULTS

The conclusion from the previous sections is that diffraction
is the main propagation mechanism around the head. To verify
the measurement results, we also perform FDTD simulations.
For this purpose, we are using SEMCAD [30], since a model of
the SAM head phantom which we used for the measurements
is available in SEMCAD (see Figs. 1 and 12). As for the mea-
surements, the frequency range for the simulation is chosen as
1.5-8 GHz.
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Fig. 12. SAM head phantom used for simulations.

Fig. 13 Simulated field strength in the time domain for the SAM head
phantom in the frequency range of 1.5-8 GHz from a top view.

In Fig. 13, a photograph of the simulated field strength in
the time domain is shown from the top view. The head is
also plotted to show the boundaries of the field inside and
outside the head. A monopole, which is placed behind the left
ear of the SAM head phantom, is used as a transmit antenna
for the simulation. Position and transmit characteristics of the
antenna are chosen such that the results are comparable with
the measurements.

From the simulation, it can be observed that the field is dif-
fracted around the head, thus supporting the conclusions from
the previous sections. The strongest attenuation outside the head
can be seen at the right cheek of the head, which is the position
on the head with the largest distance from the transmitter on the
head surface. For the position behind the right ear, where the re-
ceive antenna was placed, an attenuation of about 55-65 dB can
be observed. This simulated attenuation corresponds well with
the measured attenuation in Fig. 2 and the calculated attenuation

from (18). Although a portion of the transmitted power radiates
into the head close to the transmit antenna, it can be observed
that waves radiated into the head are severely attenuated. Thus,
it is verified that direct transmission through the head is negli-
gible, as shown in Section IV-A. From the simulation results,
we again conclude that direct transmission through the head is
negligible and that diffraction is the main propagation mecha-
nism for transmission between both ears.

VI. CHANNEL CHARACTERIZATION

A second measurement campaign was performed to inves-
tigate the ear-to-ear channel characteristic. The measurements
were conducted again in the anechoic chamber with the net-
work analyzer in the frequency range between 2 and 8 GHz. The
channel between both ears was measured five times each on 11
different persons, resulting in an overall number of 55 measured
channel transfer functions.

We use the mean excess delay 7,,, which is the first cen-
tral moment of |h(7)|? and the delay spread 7,5, which is the
square root of the second central moment of |h(7)|?, to charac-
terize the power delay profile [31]. The mean excess delay 7,,
is defined as

_ foooT' |h(7')|2d7' (19)

I3 () dr
and the delay spread 7,5 as
o 2
S fO (T — Tm)2 . |h(7-)| dr 20)

Jo~ Ih(r)|” dr

where h(7) is the channel impulse response and 7 is the time.
For evaluation of 7,,, and 7,5, we limit the dynamic range to
50 dB. Averaged over all ear-to-ear measurements, we obtain a
mean excess delay 7,,, = 2.1 ns and delay spread 7,5 = 1.5 ns.
Both values are slightly higher compared with the mean excess
delay and delay spread values for a 30-cm LOS link presented
in [14]. This is reasonable, since the waves diffract around the
head and since the distance between both antennas on the head
surface is also slightly higher than 30 cm.

The APDP, averaged over all ear-to-ear measurements, is
shown in Fig. 14. The power-delay profiles are aligned at the
samples with the highest energy. The APDP does not show
a linear decay in the logarithmic domain over the considered
dynamic range. There exist two ranges with different linear
decays. Up to about 4 ns, the APDP is decaying relatively steep.
This is where only transmission around the head takes places.
For delays above about 4 ns, the linear decay gets flatter. This
flattening is caused by effects such as reflections from the body
or also from the environment. Although the measurements
were done in an anechoic chamber, in particular, the absorbing
material placed on the tripods is only attenuating the waves by
about 15 dB and thus can cause reflections.

Due to this behavior of the APDP in the logarithmic scale, the
APDP shown in Fig. 14 is approximated by two exponentials for
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Fig. 14. APDP over all ear-to-ear measurements and approximation of the
APDP from (21) and (22).

the different ranges. The approximation for the range up to 4 ns
is given by

A:al—ag-t (21)
and for the range above 4 ns by

B=b—by-t (22)
where ¢ denotes the time in seconds. The parameters ay, a2,
b1, and by are determined as a; = —0.6, a; = 7.0 - 1079,
by = —27.1, and b, = 0.7 - 109 using a least-square curve

fitting in the logarithmic domain.

From the APDP and the delay spread, it can be concluded
that the main energy is contained in a extremely short time in-
terval. Only about 4 ns after the maximum peak the energy is
decayed by about 25 dB. This concentration of the energy in a
short time window directly influences the design of a commu-
nication system, as we show in Section VII.

VII. IMPACT OF PROPAGATION MECHANISMS
ON A BAN COMMUNICATION SYSTEM

As shown in [32] and [33], performance of a transmitted-ref-
erence (TR) receiver and energy detector (ED) strongly depend
on the integration time used in such receivers. It was shown in
Section VI that the energy is concentrated in a relatively short
time window for the ear-to-ear link. To see the impact of an
environment that is different from the anechoic chamber, cu-
mulative energies of CIRs measured in an anechoic chamber
and an office environment are plotted in Fig. 15. Dashed lines
depict measurements where both antennas’ main directivities
pointed toward the floor. For the measurements depicted by
solid lines, the antennas were rotated such that their main di-
rectivities pointed horizontally backward. It can be observed,
for the anechoic chamber CIRs, that almost the whole energy
is contained in a window of about only 3.5 ns, i.e., the integra-

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

~ Office environment.

Cumulative Energy of CIRs
o
a

0.4} ." . / Anechoic chamber ... .: ................ .................
I : :

0 3 Foi / ,,,,,,,,,,, .....................................................
i) :

02 P ....................................................
i :

01 ................ ..................................................

0 ; i i
0 0.5 1 1.5 2
tin[s] X 10-8

Fig. 15. Cumulative energy of a CIR in an office environment and an anechoic
chamber; the antenna’s main directivity was changed from horizontal backward
(dashed lines) to vertical to the floor (solid lines).

tion length is very small for an ED or TR receiver. Compared
with the channel measured in the anechoic chamber, energy can
also be captured from multipath reflections in the office envi-
ronment. In Fig. 15, a path at about 6 ns is particularly obvious.
This path is caused by a table in front of which the test person
was sitting. For the backward orientation of the antennas, this
path is not as strong due to the aforementioned directivity of
the antennas. Nevertheless, first paths around the head caused
by diffraction can also be observed in the office environment.
Using the 3.5-ns window size determined from the anechoic
chamber measurements, it is possible to collect approximately
50% and 75% of the whole energy in the office environment,
respectively, as shown in Fig. 15. This means that the receiver
is made insensitive to environment changes by choosing a very
short integration time, i.e., by only collecting energy of paths
diffracting around the head.

Of course, an adaptive receiver, which adapts its integration
length according to the environment, could achieve better per-
formance. However, due to complexity issues, an ED or TR
receiver with a fixed integration length is favorable for use in
BANS.

It was shown that direct transmission through the head is neg-
ligible and that diffraction is the main propagation mechanism
around the head. This has also a strong impact on the design of
antennas used in wireless BANs. Antennas should be designed
such that almost the whole energy is radiated along the head sur-
face to take advantage of diffraction and neither into the head
nor away from the head. With such an antenna, the energy that
can be collected from reflections will be reduced. However, this
will not influence performance of an ED or TR receiver with
a fixed short integration length that only collects energy from
paths around the head, as described above. Using antennas that
do not radiate away from the head does not only reduce the en-
ergy that can be collected from reflections but also reduces inter-
ference caused by other wireless systems in close vicinity that
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might prohibit UWB communication [8]. Since the surface of
the human body looks like a plane for small areas only and usu-
ally exhibits curvatures, dipoles or monopoles mounted perpen-
dicular to the body surface are also suited for use in BANs. For
such arrangements, energy is radiated along possible curvatures
on the body but not directly into the body due to the antenna
characteristic.

If energy shall be collected from reflections using an ED or
TR receiver with adaptive integration length, antennas isotrop-
ically radiating into a half-space away from the head can be
used.

VIII. CONCLUSION

In this paper, we identified the dominant propagation mech-
anism for the ear-to-ear link at the human head. It was shown
that direct transmission can be neglected for transmission from
one side of the head to the opposite due to reflections and
the strong attenuation of the head. Furthermore, neither sur-
face waves nor reflections and absorptions are dominant for the
ear-to-ear link, and we conclude that diffraction is the dominant
propagation mechanism around the head. Based on a second
measurement campaign, we calculated mean excess delay and
delay spread and presented the APDP for the ear-to-ear link.
From these investigations, we observed that the most energy
in the CIR is contained in a relatively short time window.
The performance of noncoherent receivers with a fixed short
integration time are not influenced by the environment and
therefore are well suited for use in WBANSs. Since most en-
ergy transmitted into the head is either reflected or absorbed,
we concluded that antennas should be designed such that they
take advantage of creeping waves, i.e., they do not transmit
into the head and therefore help to increase the acceptance of
such systems.
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