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Abstract

The effect of the anatomical variation of the head on the
ear-to-ear communication at 2.45 GHz has been inves-
tigated. Several anatomical characteristics of the head,
such as the dimensions and the position of the ears, have
been recorded for a group of 25 test persons. Active
Packet Error Rate (PER) measurements have been made
by the use of digital Hearing Instruments (HI) as small
wireless platforms in both indoor and outdoor environ-
ments. Two fundamentally different antenna configura-
tions are compared. It is found that there is an effect of
the distances over-the-top, around-the-front and around-
the-back on the PER, due to constructive and destructive
interference between surface waves that propagate along
the different paths. The effect is different for the two dif-
ferent antenna types.

Keywords: Ear-to-ear, Ear size, Head size, Packet Error
Rate (PER), WBAN.

1 Introduction

The on-body path gain (|S21|) at 2.45GHz has recently re-
ceived much attention in the literature, e.g. [1–10]. Specifi-
cally, the ear-to-ear path gain between small digital Hearing
Instruments (HI) worn behind the ears has been investigated
in [6–10]. The HIs offer a challenging environment for the
antennas. Since the HIs are worn in close proximity to the
body, the resonance frequency of the antenna can shift due to
variation of the dieelectric properties of the body. Variation
of the distance between the antenna and the body may cause
this effect as well [4–6]. Thus, there may be person-specific
variations in the ear-to-ear on-body path gain due to vary-

ing degrees of impedance mismatch and antenna efficiency.
Additionally, it has been suggested that the propagation of
electromagnetic waves around the head occurs along differ-
ent paths, which can interfere constructively or destructively.
Thus the, ear-to-ear path gain can vary by up to 10dB de-
pending on the specific head dimensions [7,8]. The previous
work is based on simulations and phantom head measure-
ments. In order to improve the design of antennas for HI
applications, it is necessary to know which anatomical pa-
rameters that impact the ear-to-ear communication. There-
fore there is a need for a thorough investigation of the ear-to-
ear transmission channel that is based on measurements on a
group of actual persons, such that person-specific variations
may be captured and their causes identified. The purpose
of this work is to study the influence of the anatomy of the
head, such as the size and the shape, on the ear-to-ear trans-
mission channel. The investigations are based on a group of
25 persons in both an indoor and an outdoor environment.
Two different antenna types are compared, one that extends
in front of the ear, and one that is confined behind the pinna
of the ear. The measurements are made by the use of digital
HIs as small wireless platforms and the results are presented
in terms of Packet Error Rate (PER). An attempt to discover
a correlation between the anatomical parameters of the head
and the PER is made.

2 Experimental setup

Two fundamentally different antenna configurations are used
in the investigation. Configuration C-1 comprises a λ0/4
monopole antenna that extends over the top of the ear, similar
to Configuration C-1 in [9], where λ0 ≈ 122.4mm is the free
space wavelength at 2.45GHz. Configuration C-2 consists of
a meandered λ0/4 monopole antenna which is fed at one side
of the HI ground plane and has an identical parasitic antenna
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Figure 1: Definition of the anatomical measurements seen in-front (a) and above (b) the head and the ear measure-
ments (c).

Table 2: The measured anatomical parameters of the 25 test persons. The distances are measured in millimeters (mm).
Statistics are presented at the bottom of the table.

Person Ear Head Shoulders Neck

wear hear dbat whead hhead `back `front `over `perimeter wshoulder hneck

P-1 68 33 14 235 135 200 270 300 590 450 120
P-2 56 33 13 230 130 225 275 310 590 430 100
P-3 60 35 12 215 130 220 270 305 566 400 140
P-4 66 30 15 240 130 205 270 300 580 360 130
P-5 62 33 20 235 150 220 275 320 570 430 120
P-6 65 40 22 230 130 200 255 290 565 450 110
P-7 70 35 15 200 160 230 275 300 570 490 140
P-8 65 35 15 210 145 230 260 280 550 440 110
P-9 58 30 12 210 132 275 245 320 575 370 120
P-10 67 37 14 235 140 240 270 310 580 420 110
P-11 70 38 20 215 150 220 290 280 585 430 150
P-12 65 35 13 225 145 240 280 330 600 470 90
P-13 65 35 15 210 145 220 270 290 550 470 110
P-14 60 35 10 240 150 235 270 320 585 430 90
P-15 66 30 12 215 140 200 270 290 540 390 120
P-16 66 37 10 225 135 190 255 275 560 420 140
P-17 72 38 12 205 140 205 280 300 570 460 130
P-18 70 40 15 235 150 210 290 320 585 390 90
P-19 60 35 10 220 155 230 260 300 550 430 120
P-20 60 40 12 235 135 178 255 290 565 370 130
P-21 64 38 13 208 140 210 265 305 575 440 130
P-22 50 33 22 215 145 230 260 320 580 430 130
P-23 70 39 8 205 140 205 300 250 600 440 110
P-24 65 36 16 200 140 195 270 300 550 370 110
P-25 55 32 12 220 145 210 260 310 570 445 100

Min 50 30 8 200 130 178 245 540 250 360 90
1. quartile 60 33 12 210 135 205 260 565 290 420 110
Median 65 35 13 220 140 220 270 570 300 430 120
3. quartile 67 38 15 235 145 230 275 585 310 450 130
Max 72 40 22 240 160 275 300 600 330 590 150
Mean 64 35 14 221 141 217 270 572 301 433 118
Std. dev. 5 3 4 13 8 20 12 16 18 47 17
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Table 1: Definition of the identified anatomical parame-
ters. The parameters are indicated in Figure 1.

Parameter Definition

wear Width of the ear
hear Height of the ear
dbat Distance between the pinna and the head
whead Width of the head
hhead Height of the head
`back Distance around-the-back of the head
`front Distance around-the-front of the head
`over Distance over-the-top of the head
`perimeter Perimeter around the head
wshoulder Width of the shoulders
hneck Height of the neck

element on the opposite side, similar to Configuration C-2
in [10]. The two antenna configurations are expected to have
different on-body radiation patterns. Therefore the results
may depend on different anatomical parameters as the elec-
tromagnetic waves that travel along the surface of the head
may take different paths in the two configurations. A host of
anatomical parameters of the head that may vary from person
to person have been identified. The anatomical parameters
are indicated in Figure 1 and described in Table 1, and they
are listed for each of the 25 persons in Table 2. The ear-to-ear
PER measurements are made in both an indoor and an out-
door environment. In the indoor environment the person was
sitting at a table, and in the outdoor environment the person
was walking along a predefined route.

3 Results and Discussion

The PER relationship between the two configurations for
each of the 25 persons is presented in the barplot in Fig-
ure 2, for the outdoor enviroment. Thus, the measurement
should be unaffected by reflections and interfering radio sig-
nals in the ISM-band. The relationship between C-1 and C-2
are calculated by (C2−C1)/C1. Where a smiliar relation-
ship between the two configurations will be found when the
result goes to zero. It is clear that the PER is highly depen-
dent on the person and also the antenna configuration. The
sample correlation coefficient between each of the measured
anatomical parameters and the PER has been listed for the
two antenna configurations and both environments in Table 3.
It is observed that there is no clear linear correlation between
any of the anatomical parameters and the PER. The high-
est correlation is found for the distance along the perimeter
of the head, `perimeter, and for the width of the head, whead,
however these two parameters are most likely dependent on
each other. Some correlation is also observed with the height
of the neck, hneck, but only for C-2 where the antenna is lo-

(a)

Figure 2: The PER relationship between C-1 and C-2 cal-
culated by (C2−C1)/C1.

cated behind the pinna of the ear. A combination of sev-
eral anatomical parameters may be the key to understanding
the person-specific PER as it was suggested in [7, 8]. In the
previous work the simulations and the phantom head mea-
surements indicated that the ear-to-ear transmission may be
dominated by two or more paths around the head. Minima
in path gain occur when the dominant path lengths differ by
odd multiples of λ0/2, while maxima occur when the domi-
nant path lengths differ by even multiples of λ0/2. The col-
ored plots in Figure 3 show the PER as a function of the
distance over-the-top, `over, on the first axis, and the distance
around-the-back, `back, on the second axis. Both distances
are normalized to λ0. The black crosses indicate the combi-
nation of the two distances for each of the 25 persons, where
the PER has been measured. The PER has been interpolated
in between the measured values in order to form the plots.
The color scale ranges from blue, low PER to red, high PER.
From Figure 3a and 3b it is seen that there is no unambiguous
connection between the PER and the distances around-the-
back and over-the-top for C-1. However, an interesting trend
can be observed for C-2 in Figure 3c and 3d. It appears that
the PER is low when the distances around-the-back and over-
the-top differ by approximately λ0/2. This is exactly oppo-
site of the predictions in [7, 8] and it requires further inves-
tigation. A possible explanation may be that since the phase
centre of the antennas is not known, the distances around-
the-back and over-the-top may systematically be measured
from the wrong position on the head. If for example the dis-
tance over-the-top is underestimated by λ0/8 ≈ 15mm on
both sides of the head, and the distance around-the-back is
overestimated by the same amount the picture is changed
completely to fit [7, 8]. Thus, if the position of the phase
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Table 3: The correlation factor of the anatomical data

Subject Ear Head Shoulders Neck

wear hear dbat whead hhead `back `front `over `perimeter wshoulders hneck

C-1 indoor –0.01 0.08 –0.01 0.31 0.14 0.04 0.13 –0.14 0.32 0.05 –0.15
C-1 outdoor –0.06 0.21 0.01 0.42 –0.22 -0.10 –0.07 –0.28 0.10 –0.16 0.09
C-2 indoor –0.34 –0.26 –0.04 0.27 –0.12 0.25 0.20 –0.28 0.55 –0.27 –0.38
C-2 outdoor –0.01 0.03 0.17 0.38 –0.11 0.21 0.12 –0.10 0.42 0.16 –0.52

(a) (b)

(c) (d)

Figure 3: The PER as a function of the distance over-the-top and the distance around-the-back. The plots show
configuration C-1 indoor (a) and outdoor (b) as well as configuration C-2 indoor (c) and outdoor (d).

center of the antenna had been estimated at a position around√
2 ·15mm≈ 20mm away from the one that was systemati-

cally used the results would have been completely different.
For now it can be concluded that for configuration C-2 the
PER is low when the distances around-the-back and over-

the-top differ by some amount. The PER as a function of
the distance over-the-top and the distance around-the-front is
plotted in Figure 4. Is is seen that for C-1 in Figure 4a and 4b
there is again no clear dependence of the PER on the two pa-
rameters. However there is an identifiable cluster of people
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(a) (b)
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Figure 4: The PER as a function of the distance over-the-top and the distance around-the-front. The plots show
configuration C-1 indoor (a) and outdoor (b) as well as configuration C-2 indoor (c) and outdoor (d).

on the right hand side of the plots with similar anatomical
parameters that experience a high PER. For antenna config-
uration C-2, the PER is largely independent on the distance
around-the-front as seen in Figure 4c and 4d. It is there-
fore concluded that for C-2 the electromagnetic waves pri-
marily travel around-the-back and over-the-top of the head.
In contrast the wave propagation may be more complicated
for configuration C-1, and the dependence of the anatomical
parameters can not be understood completely based on the
presented results.

4 Conclusion

The ear-to-ear PER measurement results were presented for
two different antenna configurations in both indoor and out-
door environments. Eleven anatomical parameters of the
head were identified and determined for a group of 25 per-
sons. The initial results showed no strong correlation be-
tween any of the individual anatomical parameters and the
measured PER. Further studies revealed that for the antenna
configuration that is confined behind the pinna of the ear,
there is a tendency that the PER is low when the distances
around-the-back and over-the-top differ by the same length.
This indicates that constructive interference occurs between
waves that travel around-the back and over-the-top of the
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head. However, the dependence of the PER on the anatomi-
cal parameters seems more complicated for the antenna con-
figuration where the antenna extends in front of the ear. This
antenna configuration can also transmit around-the-front of
the head, thus the interference pattern on the opposite side of
the head becomes more complex.
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