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ABSTRACT

In intra-body communication system, we analyzed the two types of intra-body
communication channel: electrostatic type and waveguide type, and we investigated
the feasibility of body channel characteristic for binaural hearing aids communication
system. These studies will first measured the intra-body channel characteristics of
different communication types, and conducted the analysis of different user states.
From the result, we can get the information of the intra-body communication channel
limitations, and design an optimal signal pulse that matches with Intra-body channel
to lower the power consumption. The measurement result will make it better for the
transmitter and receiver design of binaural hearing aids communication system, and

transmitting power shape optimization.
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Chapter 1

Introduction

Today, there are many electronic devices used in our daily life, such as cellular
phones, portable computers, MP3 players, medical sensors etc. They usually have or
are evolving to have communication capability with each other through wire or
wireless means.

Intra-body communication (IBC) is a signal communication technology in the
area of personal area networks (PANs) [1]. A Personal area network is a network used
for communication among different electronic devices around a human body, usually
using wireless communication, such as Infrared and Bluetooth. Because infrared and
Bluetooth send signals through the air, they are prone to be affected by air channels,
which cause severe signal attenuation and distortion. These shortcomings usually are
overcome by increasing transmitting signal power. However, large signal power is not
desirable, especially with small portable devised, such as hearing aids. People expect
hearing aids, which are battery-powered, to last at least one week between regular
battery changes. Therefore, to find a low-power alternative to Bluetooth and infrared

for communication purpose become a crucial issue in developing binaural hearing



aids. Intra-body communication that uses human body to transmit signals is such a
promising alternative. The human body, in particular, the skin surface, is used as the
conductor. Because signals do not leak out of the skin, signal attenuation is relatively
smaller than that seen in other wireless radio techniques.

In modern binaural Hearing aids, they are smaller, more flexible and better
enabled to deal with background noise. In order to deal with background noise, they
have advanced algorithms that need to exchange information with each other.
Therefore, the battery durability becomes a very important issue in binaural hearing
aids. There are some advantages for using Intra-body communication. One is low
power consumption compared to wireless radio techniques. For example, in Bluetooth,
the power consumption can be as large as 350mW [2]. In some IBC reports, the power
consumption can be as low as 30mW. [8], some even down to 0.2mW [4]. With the
human skin as the conductor, there is no need to use wires connecting hearing aids,
and therefore the weight of equipment is reduced and users can feel more comfortable.
And when users wear Complete-In-Canal (CIC) hearing-aids, the ear modules contact
with skin with good attachment. Therefore, we can more easily make the electrodes

that are in contact with skin when worn on.

1.1 Introduction intra-body communication system

The block diagram of an example Intra-body communication system is shown in
Fig 1.1. It has a digital signal processor (DSP), amplifier drivers, and electrodes in
both transmitter and receiver. Signal will be processed by transmitter and sending

through the electrode and human body. Human body becomes a conductor to send



signal to receiver. Because the signal transmission medium is no longer a general wire,
but will change the state of motion of the human body. That is why channel analysis

becomes so important.

TRANSMITTER RECEIVER
Signal
Signal
» DSP Human Body DSP >
electrode electrode

Fig.1.1 Block diagram of Intra-body system.

1.2 Motivation and Contributions

The current study of intra-body communication is divided into two categories,
one is the electrostatic coupling (ESC) type and the other is waveguide type. That will
be explained in Chapter 2. No matter which type method to use, these studies will first
analyze the body channel characteristics, and then design a device to verify the result.
However, there is a lack of comprehensive analysis for intra-body channels. In this
study, we investigated the common characteristic limitations of both types of body
channels, and conducted the analysis of different user states which has not been
examined. The information will make it better for the devise design, and it also can
design an optimal signal pulse that matches with Intra-body channel to lower the
power consumption. We also measured the channel characteristics of head for hearing
aids, and we want to utilize the results toward the communication of hearing aids for
the future. Optimization of pulse shape is also investigated for the attempt to further

reduce power consumption. An itemized list of contributions is provided in Chapter 5.



Chapter 2

Analysis of intra-body channels

2.1 Introduction of types of intra-body

communication channels

According to the different ways of data transmission, Intra-body communication
system has three types shown in Fig.2.1:the simple circuit, electrostatic coupling, and
waveguide [3]. In the simple circuit type, input and output grounds must be connected
with a wire. In the electrostatic coupling type, it transmits signal by creating an
electric field between the input/output devices through the human body and the
surrounding environment. This type was used in [1]. In the waveguide type, input and
output device each has a differential pair of electrodes, and the electromagnetic wave
is sent through the body channel, i.e., the human body is treated as a waveguide.

In recent years, many studies usually focus on two types: electrostatic coupling
and waveguide. These methods have better performance, especially in power
consumption, than RF wireless technologies. They have high bit rates and big
bandwidth, and the power can be even down to 0.2-mW [4]. In some earlier ECG
studies, the carrier frequency and bandwidth is limited to less than 100 kHz due to the

body transmission characteristics [5]. Now the bandwidth is able to reach 100MHz [4].
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However, a completely detailed analysis of channel characterization and comparison

still has not been completed.

/ Ele f;rode/ / Ele (itrode/
: N
( Q—E - Input ......

[

)
Current Current )
Electromagnetic wave

S foum] | &

Simple circuit type Electrostatic coupling type ~ Wavegwide type

Fig.2.1 Three type of data transmission through the IBC channel. [3]

2.2 Electrostatic coupling type / waveguide

For method of electrostatic coupling type, that originated from the research of
T.G. Zimmerman in 1996 [1]. Most important feature of this method is used only
single electrode, and return path is provided by the “earth ground” which is electric
field from surrounding environment. Resulting in a maximum channel capacity of 417
kilobits and bandwidth of 400kHz at the time [1]. Recently, a low-power and high
speed human body communication digital transceiver based on wideband signaling
was developed [4]. The transmission characteristics of intra-body channel have been
investigated by sinusoidal waves with 1Vp-p and from 100Hz to 1GHz [4]. But there

is a serious problem in the measurement of electrostatic coupling type: “ground free



system”. That means the transmitter and receiver have to connect with different power
sources because instruments of power sources were the same in measurement. So they
used a battery-power transmitter and a oscilloscope made the transmitter and receiver
have different ground to solve this problem. The bandwidth has about 100MHz and

-6dB attenuation in Fig 2.2 .
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Fig 2.2 Characteristics result of human body channel in [4] (a) in the time

domain (b) in the frequency domain.

Because electrostatic coupling type transmission quality depend on the
surrounding environment. Consequently, some researcher began to study for
waveguide type of intra-body communication. In the study, they investigated the
channel characteristics of waveguide type and human body impedance for different
kinds of electrodes [3]. Two pairs of electrodes were attached with paste to the wrist
and they used function generator generated 1Vp-p sine wave from 0.5 to 5S0MHz. Fig
2.3 is shown the result demonstrated voltage linearity for body channel with different
voltage of input signal. Fig 2.4 is the measurement result of different material
electrode that impedance fluctuation was limited to within 10% and no drastic

fluctuations [3].
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Fig 2.3 Intra-body channel frequency response result for waveguide type [3]
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Fig 2.4 Comparison of human body impedance for different kinds of electrodes.



Chapter 3

Measurement and feasibility study

of intra-body channels

3.1 Measurement

In this section, we will describe the experimental setup of the measurement
platform. We want to get the information to analysis channel status from intra-body
channel frequency responses. And identify the factors that cause signal attenuation
and induce noise. Search a feasible channel in the worst conditions to reduce the
impact to the communication quality. Fig 3.1 shows a simplified communication
channel model. X(t) is the input signal, H(t) represents the body channel response, and
N is noise experienced during transmission. Then output signal Y(t) can be expressed
as:

Y(t)=X{t)*H@{)+N (1)
Because the noise is independent on channel state, we can reduce its impact on

channel estimation by accumulating longer data. The channel frequency response H(f)
8



can be obtained by transforming signals to the frequency domain through the

following equation:

(2)
H(f)= —Y( D
X(f) Noise
N(t)
X(t) H(t) Y(t)
Input signal Body channel Output signal

Fig 3.1 Simple communication channel model of IBC

3.1.1 Experimental setups

We chose the waveguide type shown in Fig 3.2(a) to investigate, mostly due to
technical difficulties associated with the electrostatic coupling type. In the first part of
measurement, two pairs of electrodes are attached to the arm. The input port (portl)
connected to the wrist and output port (port2) connected to the upper arm. In the
second part of the measurement, we focus on the channel around human head. To be
specific, we are interested in the channel between two pairs of electrodes placed
inside both ears. Fig 3.3(b) is shown the actual measurement of silver electrodes
placed inside ears with earplug.

The method we used to obtain the frequency response of IBC channel is called
the sweep stimulus method. The input sweep signal is obtained from a network

analyzer (R&Se»ZVL13). Input signals were generated sweep 1Vp-p (peak-to-peak) sine



wave of the frequencies form 5S0KHz to 25MHz by Network analyzer port 1. Output
signals were measured from port2. In Fig 3.2(b), input signals were generated by
function generator (Agilent 33250A F/A).Consisted of 1Vp-p (peak-to peak) sine
wave from 100Hz to 25MHz. Output signals were detected by digital oscilloscope
(Agilent MSO54832D). Then signal attenuation of the IBC channel was measured

form I/O gain.

/k Network analyzer
“ o) @ 0000 0| |

\\}7

electrode ™

(a)

Signal generator

\.,,\Elfctrode Q O ooooo Dij

Digital oscilloscope
& O oooool ]

Coaxial cable

\\}7

(b)

Fig 3.2 Experimental setup for the body channel measurement (a)

sweep-frequency by network analyzer (b) time-domain experimental configuration
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Fig 3.3 Actual Experimental setup for body channel measurement. (a) Electrodes

placed on arm. (b) Electrodes placed inside ears.

3.2 Remarks on the measurement procedure

A careful setup is required to measure ‘the body channel characteristics because
many factors must be considered, for example, the ground plane [7]. In order to
reduce the alternating current that produces the 60Hz interference, the instruments
must be connected to the same AC power source. Because Tx & Rx (I/O) are in
different ground plane. Fig 3.4 shows the 60Hz AC interference, left side is the output
has been disturbed DC offset caused by the alternating current, and the right side

shows the correct signal we sent.

15
1
1 3L O 1 0 A O O I A A WA T
0.5 H : H H . H H H
— SRR =1 90 L O 0 O O A O o
2 2
& o—Pl- e ! ) ] : ) ! ]
& & 0.7 -k R A 1A
= =
S ) ] ]
> > 057,, - U N O I S ) ,I,,, - [N IR I S N - RN I E ) . P
05
D.E_- o :-- o :---- Ty o |-- 1 o :--- o E------ I
B ] 1 f ] i H i H
04 di -t o | A [ i |8
i i i i i i i i i i
15 i i 1BBE -1884 -1882 -188 -1878 -1876 -1874 -1872
Ao .0.02 001 0 0.01 0.02 003 i
X
Time(s) Time(s)

11



Fig 3.4 Interference of 60Hz AC source (Input is IMHz sine wave)

Input impedance of instrument is often overlooked in measurements like this.
The input impedance of the network analyzer is 50Q but that of the oscilloscope is
approaching infinity (Usually 10MQ). So in the measurement as in Fig 3.2(b), the
output side should be added a 50Q2 load such that the result is correct. In addition, the
current should be limited to 700uA at 1MHz, which meets by International

Commission on Non-lonizing Radiation Protection (ICNIRP)[6].

12



3.3 Measurement results and analysis

In order to compare the attenuation of IBC channels under different states, We
designed different variables to the measurement for the part of arm and head. In the
experimental part of arm, we change the Input/Output length and the electrode pair
distance.

Fig. 3.5(a) shows intra-body channel response change by increasing I/O distance
on arm. We can find the attenuation increase when distance increase from 15c¢m to
120cm, the transmission’s gain though the human body is more than -30dB at I/O
distance 40cm (red line) from 100kHz to 20MHz. In the worst case: 120cm /O
distance still has -32dB gain. Signal attenuation increase with distance is to be
expected.

Fig. 3.5(b) shows signal attenuation become lower (about 3dB) by increasing
electrode pair distance from lcm to 4cm. Because increasing the differential pair can
reduce the signal reflection from the same port. Obviously, body channel response
becomes worse at high frequency, and signal is difficult to pass the intra-body channel
at low frequency lower than 100 kHz. The results show that human body channel as a

band-pass filter.

13
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Fig 3.5 Frequency response of IBC channel on arm: (a)Change Tx/Rx distance:

15/ 30/ 40/ 120cm. (b) Change Electrode pair distance: 1/2/4 cm
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Fig. 3.6(a) is the intra-body channel response on head (we set the electrodes on

earplugs) that compare the material of Ag-AgCl electrode and silver electrode. The

performance was improved about 5dB because silver has better conductivity the

Ag-AgCl. And earplug type has down 10 to 5 db loss compared to arm based

measurement.
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Intra-body channel response

gain (db)

] B Green: Siliver earplug — tough face
501 Light blue: Siliver earplug — Sweat
] R I —— — AR—
60 : : |

0 0.5 1 1.5 2 2.5

Fig 3.6 Frequency response of IBC channel on Head: (a) Change electrode

Material: Ag-CL/silver (b) Change user using state

Fig 3.6 (b) shows the plot of IBC channel response by changing user using
situations; for example, human contact with the conductive path or users in sweating
condition. We found that the channel response curve almost remain the same if users
touch the conductive path; the attenuation only decreases 1~2dB, compared to the
typical silver earplug measurement. If the user is in the sweating condition, the loss is
also down a further 2~3dB, compared to the typical silver earplug type measurement.
The signal loss increases because sweat can increase the conductivity of the skin
surface. In addition, if the person has higher body-fat rate, the body channel becomes

WOrse.
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Fig. 3.7 is the simulation in which we transmit a 7-bits pseudo random binary
sequence though the intra-body channel. We set the input signal amplitude to 1Vp-p
with I/O apart of 30cm on the arm. The green curve is the received signal, and it is a
narrow small pulse that comprises positive and negative maximum around 76mVp-p
because human body is a band-pass channel. For our design detection circuit Schmitt
trigger can reconstruct the signal even if it is lower than 50mVp-p. It shows that we
can reduce transmission signal amplitude to make power consumption lower. Now

power consumption is 64uW for our detection circuit model.

R signal
\

x°

Fig 3.7 Signal simulation for transmit 2Mbits PRBS signal through body

channel.
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Chapter 4

Pulse shape optimization

4.1 Backgrounds

In binaural hearing aids, power consumption of signal exchange of both sides is
an important issue. When the transmitter sends signals through Intra-body channel,
there will be a great loss (15~20dB) on the signal. One way to maintain healthy
signal-to-noise ratio at the receiver side is:to-increase the transmitter power. However,
this contradicts our mission of designing an ultra low-power hearing aid. Another way
to mitigate the problem of excessive signal attenuation is to design an appropriate
signal pulse shape that matches with Intra-body channel so that the signal attenuation
may be minimized.

We have come up with two general approaches to the pulse shaping problem.
The first is to assume that the transfer function (or the S;; parameter) of the body
channel is at least partly known. In this case, the received signal may be represented
by the transmitting signal through the channel effect. It is therefore possible to design
the optimal transmitting pulse shape by considering its effects on the received signal.

The second approach does not require the knowledge of the transfer function;

rather we assume that the transmitter has the knowledge of the channel impedance.

18



And the transmitter would try to “pump” as much power as possible into the channel.
Even though by pumping into as much power as possible does not have any guarantee
on the quality of the received signal on the other side, it is intuitive that at least it
won’t hurt to increase the into power transferred into the body channel.

The above two approaches in fact have a serious drawback; namely, they fail to
take into consideration the fact that the body channel itself may vary dramatically for
different situations and change fast when affected by the external environment. When
the body channel changes huge and fast, it will be extremely difficult to optimally
design the transmitting pulse shape adaptively for every situation and each instance.
Therefore, our primary goal is to establish a robust optimal design procedure which
fully considers the possible variations of channel conditions and design a robust pulse
shape which can manage to perform under hugely varying conditions. However, our
goal has not been materialized at this moment. We have made plans for future works
and the robust optimal pulse shaping is one of the directions that we will continue to
pursue.

In the following, we will discuss about the two afore-mentioned approaches

separately.

4.2 Maximization of signal peaks

To reduce the power consumption, we try to find an input signal shape that can
make the signal at the receiver side go to the maximum. The intra-body channel
model is shown in Fig. 4.1. V,(t) is the transmitting signal in time domain, and
V, (1) is the receiving signal in time domain. S,; is the intra-body channel response.

Output signal V,(t) can be write as:

Vo () =S, (D *V; (1) + N (1) (4.1)
19



where S, (t) represents the channel impulse response obtained by inverse Fourier
transforming the S, parameter to the time domain (more details of it are discussed in
Section 4.4). N(t) is the noise, but in our attempt, we will not further consider the
effects of noise. Intuitively we try to get the maximum output voltage V,(t) through
optimizing the pulse shape of the transmitting signal V;(t). However, there must be
some constraints on the transmitting signal, otherwise the unconstrained design will
lead to a unbounded transmitting signal. Here, we consider two possibilities of

choosing constraints:

Tx Intra-body channel Rx
+ 521 +
e
O)Vi(t) — | Vo(t) £
- 512 -
H(t)

Fig 4.1 Intra-body channel model

1. If we constrain the power (L2 norm) of the input pulse, then the shape should
match the time-reversed impulse response of the channel. That is like a matched filter
problem. The matched filter is the optimal linear filter for maximizing the signal to
noise ratio in the presence of additive stochastic noise. Though we most often express
filters as the impulse response of convolution systems, it is easiest to think of the
matched filter in the context of the inner product such that we maximize the peak of
V,(t), and the shape V(1) is the time-reversed impulse response of IBC channel as
shown in Fig. 4.2.

2. If we constrain the pulse shape to be a monopole rectangular shape, and

further restrict the maximum value of the input pulse (L _inf norm), and we want to

20



mitigate the possibility of diminishing the output peak if the channel changes, then the
pulse should be a rectangular wave whose width is about the width of the main

positive peak of the channel impulse response.

(a) (b)
Fig. 4.2 (a) Impulse response of IBC head channel. (b) The input pulse shape

matched to IBC'head.channel V,(t)
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—

40ns .
time

Fig 4.3 the rectangular wave pulse shapes width matched the width of the main

positive peak of the channel impulse response.
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4.3 Maximization of transfer power

In this section, we try to optimize the input pulse shape by maximizing the

power transferred into the IBC. From the Fig. 4.4, transmit power can be written as:

P=3 Re {I\é(tz)lz} (4.2)

k

in which Vi(k) is the input voltage signal in the frequency domain, Zj, is the input
impedance of the IBC, and k is the frequency index. We replace |Vi(k)|? with Xy and

Zi, is a complex vector. The equation 4.2 can be rewrite as:

yriy

k 3 + Jo, (4.3)
a'k
=)y —£ X
Zk: = [ESHY A
TX
’—P

Input signal i H(®)
Vi @ p g Zin

Body channel

Fig 4.4 The IBC channel model of transmitter
Then we proceed to maximize the transfer power P subject to constraints

imposed on the input signal. The first constraint is to limit the total power, that is,

Z X, . Besides the total power constraint, we need another constraint in the

frequency domain. Note that if there is no limiting constraint in the frequency domain,
the transmitting power will concentrate on a single frequency where the channel

condition is the most favorable. In order to allocate the power over a broader
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frequency range, a limiting power mask should be put into place. A naive choice of
mask would be a regular flat limitation on all frequencies, that is, we limit the input
ak
2 +bk2
power Xx < C for each k. The coefficient & just like a system gain, so we

simplified it to gk. The overall problem formulation becomes:
maximize z gy Xy
k
otal

subject to Z X <P
k

C, <C

Even with the limiting power mask, we can recognize that the maximization of
transfer power will lead to the concentration of transmitting power on the favorable
frequency band. In the case of head IBC, the favorable frequency band is the low-pass
band. Therefore, the optimal transfer power strategy would be to concentrate power at
the low frequency band.

Next, after solving the power allocation issue, we need to give the power
allocation plan a proper phase term in order to generate a proper time-domain pulse
shape which also conforms to the power allocation plan. And from the result of

maximizing P , we will get the input power shape by equation (4.4):

V,(K) = /X gy 8% (4.4)

where ¢ is the phase term we assign to the input signal power plan. Here we choose
to give the plan a minimum-phase function [11] such that the pulse shape in time
domain can be kept as short as possible. A shorter pulse means greater tolerance of
inter-symbol interference when the transmission speed increases.

In the following, we give a numerical example of such a minimum-phase pulse
which also occupies the lowest 15% of the frequency band defined by half of the

sampling rate. As can be seen, the pulse shape might be too arbitrary and
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hard-to-generate with today’s mixed-signal circuit. In the future, we hope to learn
more insights from this optimization procedure and come up with more practical

suggestions.
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Fig. 4.5. A designed minimum-phase pulse shape which occupies the lowest 15%

frequency band.

4.4 S-Parameters

S-parameters are the basic measured quantities of a network analyzer. They
describe how to modifie a signal that is transmitted or reflected in forward or reverse

direction [9]. For a 2-port measurement the signal flow is as fig. 4.4.
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Fig4.6 2-port Network

In the 2-port network, I/O signal can be expressed with the following matrix:

{Vi_ } {sn anvL} “s)
Vo, S, S, Vo_
The equation shows that S-parameters are expressed as S<oy<in> ,where <out> and
<in> is the output and input port of Network analyzer. Output port signal is defined
Vo, and the input port is Vi.
® S, is the input reflection coefficient, defined as the ratio of the wave
quantities Vi- / Vi, measured at PORT 1 (forward measurement with
matched output and Vo. =0).
® S, is the forward transmission coefficient, defined as the ratio of the wave
quantities Vo, / Vi, (forward measurement with matched output and Vo. =
0).
® S, is the reverse transmission coefficient, defined as the ratio of the wave
quantities Vi./ Vo..
® Sy is the output reflection coefficient, defined as the ratio of the wave

quantities Vo, to Vo. [10].
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Chapter 5
Summary and future work

We analyze the different characteristics of two kinds of intra-body channels:
the electrostatic coupling type and waveguide type. We describe the experimental
setup of the measurement platform to get the information to analyze channels.
Furthermore, we identify the factors that cause signal attenuation and induce noise.
We establish the feasibility of utilizing the intra-body channel, especially the
waveguide type, even with the worst condition in our measurement set-up, to
successfully transmit digital data up to 2_Mbps without severe impact from channel
effect and noise onto the signal quality.

And then we do an optimization design of the input pulse shape from the
averaged measurement of IBC channel information. In the future, we will develop
robust optimization design to find the feasible pulse shape to take into account of
variability of IBC channels for our ultra low-power hearing aid design.

In summary, we did in this study:

® Analysis the intra-body communication channels including electrostatic

coupling type and waveguide type.

® Measure the intra-body channel response with different factors, especially

the head channel with varying user status.

® Feasibility study of intra-body channel for transmitting up to 2 Mbps for

ultra low-power hearing aid design.
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® Use two formulations to optimize the input pulse shape: (1.maximization of
Signal Peaks. 2. maximization of transfer power) for low power design from

IBC channel information.
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