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人體通道量測與雙耳助聽器通訊可行性研究 

 

 

研究生：游旭謙                指導教授：桑梓賢 教授 

 

國立交通大學 

電子工程學系 電子研究所碩士班 

 

摘要 

 
在人體內部通訊系統(IBC)下，我們對靜電偶合和波導兩種傳輸方式做通道分

析，並探討其通道特性在雙耳助聽器通訊系統的可行性。首先先量測不同傳輸方

式下的通道狀況，之後收集使用者在不同的使用狀態下的通道資訊。由結果可分

析出人體通道的傳輸極限並設計最合式的傳送訊號波形降低功率消耗。我們的測

量結果可供在雙耳助聽器通訊傳送和接收端系統設計和傳送訊號的最佳化設

計。 

 

 

關鍵字: 人體通道通訊、波導、雙耳助聽器、功率波形最佳化 
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Measurement of Intra-body channels and feasibility 

study of binaural communication for hearing-aids 

 

Student：Shiu-chian You          Advisor：Tzu-Hsien Sang 

 

Department of Electronics Engineering & Institute of 

Electronics National Chiao Tung University 

 

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 
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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 
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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. 

 
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. 
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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. 

 

 

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 
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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 . 

 

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 50MHz. 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] 

 

 

Fig 2.4 Comparison of human body impedance for different kinds of electrodes. 
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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: 

(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) 

( ) ( ) ( )Y t X t H t N= ∗ +
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can be obtained by transforming signals to the frequency domain through the 

following equation: 

(2) 

 

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 (port1) 

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&S® ZVL13). Input signals were generated sweep 1Vp-p (peak-to-peak) sine 

( )( )
( )

Y fH f
X f

=
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wave of the frequencies form 50KHz 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. 

 

(a) 

  (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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(a) (b) 

                              

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. 

 

 Time(s) 
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 (V
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Time(s) 
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ge
 (V
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Fig 3.4 Interference of 60Hz AC source (Input is 1MHz sine wave) 

 

Input impedance of instrument is often overlooked in measurements like this. 

The input impedance of the network analyzer is 50Ω but that of the oscilloscope is 

approaching infinity (Usually 10MΩ). So in the measurement as in Fig 3.2(b), the 

output side should be added a 50Ω 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-Ionizing Radiation Protection (ICNIRP)[6]. 
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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 15cm 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 I/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 1cm 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. 
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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. 

 

 

 
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 S21 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. 
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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. ( )iV t  is the transmitting signal in time domain, and 

( )oV t is the receiving signal in time domain. S21 is the intra-body channel response. 

Output signal ( )oV t  can be write as: 

(4.1) 21( ) ( ) ( ) ( )o iV t S t V t N t= ∗ +
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where 21( )S t  represents the channel impulse response obtained by inverse Fourier 

transforming the S21 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 ( )oV t  through 

optimizing the pulse shape of the transmitting signal ( )iV 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: 

 

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 

( )oV t , and the shape ( )iV t  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 

Tx  Rx 

Vi(t)

+ 

 

 

‐ 

S21 

S12 

Vo(t) 

+ 

 

 

‐ 

Intra‐body channel 

H(t) 



 
 

21 
 

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 ( )iV t  

 

 
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: 

∑
⎭
⎬
⎫

⎩
⎨
⎧

=
k in

i

kZ
kVP

)(
|)(|Re
2

                      (4.2) 

in which Vi(k) is the input voltage signal in the frequency domain, Zin is the input 

impedance of the IBC, and k is the frequency index. We replace | |  with Xk and  

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

 

      (4.3) 
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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, 

∑ kX . 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 naïve choice of 

mask would be a regular flat limitation on all frequencies, that is, we limit the input 

power Xk  for each k. The coefficient 
2 2

k

k k

a
a b+  just like a system gain, so we 

simplified it to gk . The overall problem formulation becomes: 

CC

PX

Xg

k

totalk

kk

≤

≤∑

∑

                 

  subject to

  maximize

k

k

 

 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): 

kj
kopti eXkV φ

,)( =                         (4.4) 

where φk 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. 

 

 

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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Fig 4.6  2-port Network 

 

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

 

(4.8) 

 

The equation shows that S-parameters are expressed as S<out><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.  

 S11 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). 

 S21 is the forward transmission coefficient, defined as the ratio of the wave 

quantities Vo+ / Vi+ (forward measurement with matched output and Vo- = 

0). 

 S12 is the reverse transmission coefficient, defined as the ratio of the wave 

quantities Vi- / Vo- . 

 S22 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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