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Abstract

Intra-body communication (IBC), using the human body as the channel to transmit data, has lower power
consumption, less radiation, and easier linking than common wireless communication technologies such as
Bluetooth, ZigBee, and ANT+. As a result, IBC is greatly suitable for body area network (BAN) applications, such as
the medical and health care field. Furthermore, IBC can be implemented in wearable devices, including smart
watches, sports bracelets, somatic game devices, and multimedia devices. However, due to the limited battery
capacity of sensor nodes in a BAN, especially implanted sensor nodes, it is not convenient to charge or change the
batteries. Thus, the energy effectiveness of the media access control (MAC) layer strongly affects the life span of the
nodes and of the entire system. Certainly, analyzing MAC layer performance in a galvanic coupling IBC is of great
importance for the overall system. To obtain the attenuation properties of IBC, in vivo experiments with seven volunteers
were performed. Meanwhile, an equalizer was used to compensate the frequency distortion in consideration of
frequency-selective fading characteristics of intra-body channels. In addition, a comparison of the bit error rates
(BER) of different modulation methods was carried out to obtain the best modulation method. Then, the attenuation
characteristics of intra-body channels were applied in a multi-node physiological signal monitor and transmission system.
Finally, TDMA and CSMA/CA protocols were introduced to calculate the bit energy consumption of IBC in the practical
scenario. With stable characteristics of the intra-body channels, QPSK with an equalizer had a better performance
than the tests without an equalizer. As a result, the modulation method of FSK could achieve a lower BER in
lower signal-to-noise ratio situations and an FSK method with TDMA for the IBC had the lowest energy consumption
under different practical scenarios.
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1 Introduction
Nowadays, with the development of economy and tech-
nology, there is a boom in wearable devices, such as
smart watches, smart wristbands, sports bracelets, som-
atic game devices, and multimedia devices. Generally,
these wearable devices were connected through Blue-
tooth or ZigBee. To increase the integration and com-
munication security, body area network (BAN) was
proposed as a new generation of wireless sensor net-
works which works in the vivo and vitro of the human

body. It could be applied in many domains, including
health care, medical, military, and consumer electronics
[1]. Honeine, P. et al. [2] indicated using BAN in health
care and medical domains to monitor the vital physio-
logical signals. They analyzed the long-term information
of physiological sensors which were worn or implanted
in the body to provide a health care for some common
diseases, such as diabetes, hypertension, and heart at-
tack. In a health care BAN, transmission method should
be low power consumption, low radiation, and high
transmission efficiency and security. However, with high
power consumption and network insecurity, traditional
communication technologies (Bluetooth or ZigBee) were
not suitable for the BAN. In this regard, intra-body com-
munication (IBC) was identified by IEEE Standards
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Organization as a physical layer standard for BAN [3].
In intra-body communication (IBC), human body was
selected as transmission medium for electrical signal
propagation [4]. There are two signal coupling types in
IBC, which are capacitive coupling and galvanic coup-
ling, respectively [4–8]. In capacitive coupling IBC, the
signal channel is mainly composed of four parts—human
body, signal electrode, ground electrode, and the exter-
nal ground. The ground electrode couples the signal to-
wards the external ground via the electrostatic field.
Meanwhile, the surrounding environment has a great in-
fluence on the quality of communication, whereas gal-
vanic coupling injects the electric current signal into the
body through a pair of electrodes attached to the skin,
and another pair of electrodes is used to differentially
detect the coupling potential on the skin. The transmis-
sion path of galvanic coupling IBC is completely
dependent on the human body. Therefore, it does not
interact with the external environment which contrib-
utes to higher security.
In galvanic coupling IBC, the human body is utilized

as the data channel to carry information [4]. The signal
transmission is implemented by coupling current signals
into the body and picking up the surface potential differ-
entially by two pairs of transceiver electrodes which are
attached to the human body. Certainly, human body
channel characteristics play a significant role in the data
transmission of IBC. The signal attenuations and BER
under different carrier frequencies and modulation
methods are obtained. Obviously, there are frequency
distortions and inter-symbol interference (ISI) existed in
human body channels. Thus, the channel model, modu-
lation method, and equalizer should be investigated to
reduce the BER and increase the band efficiency of an
IBC system.

2 Related works
Recently, several papers have reported on IBC investiga-
tion. The concept of IBC was initially proposed by
Zimmerman in 1995, following the first circuit model
for the communication channel of the body [4]. M.
Amparo Callejon et al. [9] proposed a simple model
based on a distributed parameter structure which flex-
ibly adapts to both galvanic and capacitive coupling. Fur-
thermore, they verified the effectiveness of the model
through an experiment with two methods. Then, the hu-
man body channel model was equivalent to a four-
terminal circuit to be designed and analyzed by in vivo
experiment [10]. M. S. Wegmueller et al. [11] compared
the different electrodes and designed a testing system
with up to 1 mA contact current modulated in the fre-
quency range of 10 kHz to 1 MHz. In [11], they proved
that galvanic coupling of IBC was lower power con-
sumption than other wireless technologies. Željka Lucev

et al. [12] analyzed the capacitive IBC channel transmis-
sion characteristics in the frequency range from 100 kHz
to 100 MHz. In [12], they used different electrode ar-
rangements, test persons, environments, and body posi-
tions and movements. They also used a network
analyzer and a pair of baluns to obtain the reliability
characteristics of a realistic, capacitive IBC channel. N.
Haga et al. [13] proposed a theory of the equivalent cir-
cuit for lossy conductors and addressed the physical
mechanism of the communication channels as well. In
China, Ruoyu Xu et al. [14] established an electric-field
IBC model based on a finite element method (FEM)
model, and studied environmental effects on the
electric-field intra-body communication channel. Wang
Hao et al. [15] designed a high-speed IBC receiver, which
concentrated on high data speed, 2.5 and 5 Mbit/s,
extremely long transmission distances, 170 cm, and applied
on an FPGA-based audio player. In [15], by a simple touch
on the transmitter electrode, the data would be sent
through one hand to the other hand attached by a receiver
electrode. Changjiang Dua, Zedong Nie et al. invented a
voice communication system based on human communica-
tion [16, 17]. It included an audio transmission device and
an audio reception device. The human body was employed
as an audio signal transmission medium, where the audio
signal transmission was near the ear, and an audio recep-
tion device in the ear received and played the audio signal
from the human body. This audio communication system
used IBC technology and had the advantages of low power
consumption, high confidentiality, and less body damage.
Xi Mei Chen et al. [18] studied the IBC channel charac-
teristics through a comparison between theoretical cal-
culations via transfer functions and experimental
measurements in both the frequency domain and the
time domain. In [18], Lysis versus different transmis-
sion distances. Harmonic distortions were analyzed in
both base-band and pass-band transmissions for square
input waves. They also explored the BER performance
of several common modulation schemes in an IBC sys-
tem with a carrier frequency of 500 kHz.
The aforementioned researches of IBC channel charac-

teristics were mainly focused on the design of channel
circuit models, the experimental design, data analysis,
and the electromagnetic characteristics of human tissues.
However, they didn’t consider the pros and cons of vari-
ous modulation methods and the ISI of IBC channel.
The research of energy efficiency and low power con-
sumption for a wireless body area network (WBAN)
started at the end of the 20th century. In 2008, Omeni
et al. [19] firstly studied the problem of energy efficiency
of WBAN from the viewpoint of protocol, and they pro-
posed a new MAC protocol of energy efficiency. In
2012, Prabh [20] achieved time synchronization and
combination with the existing TDMA protocol by its
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own electrocardiogram (ECG) signal, and proposed a BAN
MAC, which was another breakthrough of MAC design for
WBAN. In 2013, S. Hayat [21] proposed an energy-efficient
MAC protocol for WBAN. At the same year, Ramona
Rosini [22] researched channel measurement and MAC
performance evaluation on the surface of the human body
in a WBAN. The majority of MAC protocols were based
on TDMA or CSMA/CA according to previous researches
on MAC protocols. A multi-node physiological signal
monitor and transmission system using the channel charac-
teristics of IBC were assumed as the application scenario,
and two common protocols were chosen to calculate and
compare the bit energy consumption of IBC at the same
application situation.
In this view, this paper focused on the study of the chan-

nel model of IBC systems. The rest of this paper is orga-
nized as follows. With the signal analyzer in a constant
voltage circuit and a differential probe, we did in-vivo ex-
periments with seven volunteers to obtain the amplitude-
frequency characteristics of human body channel. Then, a
band-pass filter was designed based on the experiment
data to serve as the model of a human body channel.
Based on the channel characteristics in Section 3, an
equalizer was designed to compensate for the frequency
distortion of the human body channel. Following this,
BER of different kinds of modulation methods in an IBC
base band modulation simulation model were evaluated
and compared. QPSK constellation diagrams and the per-
formance of the equalizer were investigated in Section 4
as well. An intra-body communication transceiver based
on an FSK method is proposed in Section 5. The transmit-
ter consists of a micro-controller and a modulation circuit,

while the receiver contains an AFE (analog front end)
which involves a conditioning circuit (amplifier, filter, and
comparator), demodulation circuit, and display section.
The bit energy consumption of two MAC proto-
cols—TDMA and CSMA/CA, were calculated and com-
pared in an IBC application scenario in Section 6. Finally,
the conclusions were drawn in Section 7.

3 Channel modeling of the human body
In order to obtain the attenuation properties of the hu-
man body channel, in-vivo experiments employing the
forearms of 7 volunteers were carried out. As shown in
Fig. 1, the experiment system was mainly composed of
three parts—a spectrum analyzer, a constant voltage cir-
cuit, and differential probe. The transmission character-
istics of the IBC system were measured in a frequency
between 10 kHz and 500 kHz. To stabilize voltage amp-
litude of the output scanning signal from the spectrum
analyzer in a certain range, a constant voltage circuit
was designed. Then the signal was injected into the hu-
man body by transmitter electrodes. Through an Agilent
1141 differential probe, the receiver received the signal
and send it to the spectrum analyzer. Battery supply was
applied to the signal follower and differential probe to
suppress 50 Hz power line interference and remove the
effect of the internal ground of the transceiver. During
the measurement, physiotherapy electrodes (4 cm by
4 cm in area) were used for coupling the signal into the
human body. At the beginning, this paper used the fore-
arms of 7 volunteers as experiment subjects and within
the scope of the forearm length, human body character-
istic curves were basically the same. In this regard, the

Fig. 1 Measurement system of intra-body communication, composed of spectrum analyzer, signal follower (transmitter constant voltage circuit)
and differential probe (receiver)
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distance between transceivers was set to 10 cm in this
experiment.
As shown in Fig. 2, the measurement results show

that different volunteers had the same attenuation
characteristics in the frequency range of 10–500 kHz.
Besides, the thicker forearms had lower attenuation,
which indicating that the main path of the IBC signals
was muscle [23]. Additionally, the suitable frequency
band of transmission signals for the human body was
relatively concentrated between 20–50 kHz which
could infer that human body channel characteristics
approximated those of a band-pass filter in the range
of 20–50 kHz.
The mean value of the in-vivo experimental data

and the approximate computation in the simulation
tool of MATLAB/SIMULINK [24-26], which was
based on several key points of in-vivo experimental
data, were utilized to design a band-pass filter.
Amplitude-frequency characteristics of the filter and
experimental data were shown in Fig. 3. The correl-
ation coefficient of experimental data and the fitting
curve approached 0.9989, which indicating that the
human body channel model was well matched with
the in-vivo experiment.
As shown in Fig. 3, there is lower attenuation of amp-

litude in the frequency band from 10 kHz to 100 kHz
which can be assumed as a pass band that is suitable for
data transmission. In order to estimate the capacity of
galvanic coupling body channels, the signal-noise ratios
of different frequency signals in the 10 cm body channel
was measured by a bi-polar sine wave signal whose
transmitting power was 6.2 dBm, results as shown in
Table 1.
Every sub-band that corresponds with its frequency

point is assumed to be a flat fading band, which means
that every sub-channel gain does not change by time.
The expression of Shannon channel capacity based on
water-filling theory is shown as follows:

Ci ¼ Bi log2 1þ SNRið Þ ð1Þ

C ¼
Xi¼1

10
Ci ð2Þ

According to (1) and (2), the estimated channel cap-
acity of galvanic coupling intra-body communication is
412 Kbit/s.

4 IBC base band modulation simulation model
BER and band efficiency are the main factors employed to
measure the system performance. The application of effi-
cient digital modulation can improve the performance of
IBC systems. In this section, we report how we evaluated
and compared different kinds of modulation-demodulation
methods in a base band modulation simulation model of
IBC that is based on the proposed human body channel
model in Section 3 and use of a MATLAB/SIMULINK tool.
Proakis et al. [27] states that in the frequency range up to
1 kHz, biological signal interference is very weak and can
be ignored in the human body. Thus, an IBC channel is
equivalent to an AWGN channel. As shown in Fig. 4, a
base band modulation simulation model was composed of
the signal generator, modulator-demodulator, and human
body channel with AWGN noise and an equalizer module.
According to the frequency spectrum characteristics of

the IBC channel in Fig. 3, there is certainly frequency dis-
tortion and ISI existed in the human body channel. There-
fore, in order to reduce BER of an IBC system, an equalizer
was designed to compensate for the frequency distortion.
Based on the no ISI conditions of the Nyquist first princi-
ples, if the sum of channel amplitude-frequency character-
istic H(f) and equalizer amplitude-frequency characteristic
E(f) was a horizontal line, distortion and BER would be
reduced [28].

H fð Þ � E fð Þ ¼ 1 ð3Þ
So, the amplitude-frequency characteristic of equalizer

E(f ) was as follows:
Fig. 2 Attenuation characteristics of the forearm of seven volunteers

Fig. 3 Comparison of amplitude-frequency characteristic of the
model and in vivo experiment
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E fð Þ ¼ 1
H fð Þ ð4Þ

According to (4), the mean value of the experimental
data was used to obtain the characteristic parameters of
the equalizer. Figure 5 shows the design of the filter E(f ).
The equalizer acted as a signal pre-processing circuit in-
cluding amplifier, filter, and reshaper, in the implementa-
tion of the IBC system.
Random Integer Generator mode of MATLAB/

SIMULINK tool was used to generate binary signal, in
which data rate was 10 kbps, and the binary signal
through the IBC base-band modulation simulation
system and then demodulation output. Considering
the complexity of IBC systems, modulations of FSK,
BPSK, QPSK, and 8PSK were selected. Error Rate Cal-
culation mode of MATLAB/SIMULINK tool was used
to analyze the BER of four kinds of modulation
method under different SNR. BER versus SNR in four
kinds of modulation methods with equalizer (a) and
without equalizer (b) with the range in SNR from 2 to
18 is shown in Fig. 6.
Figure 6a indicated that the BER and band efficiency

was considered at the same time. FSK could attain the
lowest BER for the IBC system, whereas the band effi-
ciency of FSK was lower than PSK. However, when the
SNR was higher than 8 dB, the BER of 8PSK and QPSK
were similar. In terms of band efficiency, QPSK is twice
as high as of BPSK’s. The 8PSK had the highest BER of
these modulation methods as well as higher band effi-
ciency at the same time. Thus, when it comes to requir-
ing higher band utilization, FSK had a lower BER and
could better conform to the requirements of an IBC sys-
tem and FSK was not affected by a change in channel
parameters.
As shown in Fig. 6a, b, the equalizer significantly re-

duced the BER of the human body channel. Further-
more, the constellation diagrams were greatly improved,
as shown in Fig. 7, which means that the equalizer could

effectively reduce the ISI induced by the frequency dis-
tortion of the human body channel.

5 Implementation of an intra-body communication
system
According to Fig. 6, we can conclude that the FSK method
has a lower BER when compared to other modulation-
demodulation methods in intra-body communication, and
therefore, it is much more suitable to be applied in data
transmission by intra-body communication system. Then
use of an intra-body communication transceiver based on a
FSK modulation-demodulation method is proposed in this
section. The transmitter of the transceiver consists of a
micro-controller and modulation circuit, while the receiver
contains an AFE (Analog Front End) which involves a con-
ditioning circuit (amplifier, filter, and comparator) a de-
modulation circuit, and a display section, as shown in
Fig. 8.
In addition, the implementation of the intra-body

communication system is shown in Fig. 9, and parame-
ters of the system are shown in Table 2.
As shown in the Fig. 9, (1) represents the receiver sig-

nal, and (2) represents the transmission signal. As a re-
sult of the existence of transmission distance and the
low data rate, the transmitted signal and the receiver sig-
nal exhibit a phase delay. The experimental results show
that the IBC system can realize transmission signal.
In this section, an intra-body communication system

of point-to-point was implemented. But in the applica-
tion scenario of medical BAN, multi-node application
scenario and the energy effectiveness of system are ne-
cessary to be analyzed. Due to the limited battery cap-
acity of sensor nodes in a BAN, especially for implanted
sensor nodes, it is not convenient to charge or change
the batteries. Therefore, the energy effectiveness of the
media access control (MAC) layer strongly affects the
life span of the nodes and of the entire system. Certainly,
analyzing MAC layer performance in a galvanic coupling
IBC is of great importance for the overall system.

Table 1 Signal-noise ratio of different frequency signal

f (kHz) 10 20 30 40 50 60 70 80 90 100

SNR (dB) 9.2 22.4 22.4 14.8 20.9 14.3 18.6 18.5 13.7 14.5

Sub-band (kHz) 5–14 15–24 25–34 35–44 45–54 55–64 65–74 75–84 85–94 95–104

Fig. 4 IBC base band modulation simulation model
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6 The energy consumption of the MAC layer
The last section implemented the point-to-point intra-
body communication system, and this section focuses on
the choice of two common protocols in a multi-node
galvanic coupling IBC system.
To investigate the energy consumption of MAC layer

based on TDMA and CSMA/CA, using the proposed
band-pass filter characteristics of the human body in
section 3, designed a multi-node physiological signal
monitor and transmission system using a star topology
at the fist. The modulation method took advantage of
the lower BER of FSK. Each node acquired the signal by
STM32 with 12-bit ADC in this system and transmitted
to the master node via the galvanic coupling IBC. In
order to complete the protocol system function for the
medical BAN application, TDMA and CSMA/CA proto-
cols were introduced to calculate the bit energy con-
sumption in the practical scenario.

6.1 TDMA
TDMA protocol divides the timeline into different time
slots [29], so that multiple users in different time slots to
use the same frequency. The mechanism is very suitable
for the limited channel bandwidth of galvanic coupling

IBC. A multi-node transmission system of star topology
structure using IBC and TDMA is assumed as follows:
the master node sends the control frame within the spe-
cial ID to all sub-nodes in the form of polling. One sub-
node with the same ID will reply to the master. Since
the electromagnetic wave transmission time is far less
than the time the node data requires in the human
body, the signal transmission time in the human body
can be ignored. The system transmission bit number is
assumed as the constant c; then the packet number m
can be represented as follows:

m ¼ c= 8� Sdsð Þ ð5Þ
here Sds denotes the data frame length.
In this multi-node IBC system, Stm denotes the polling

data frame length of the master node, and r is the data
throughput of IBC process. The time when the master
node sends the control frame is Ttm:

Ttm ¼ Stm=r ð6Þ
When the sub-node receives the request frame, it re-

sponds to the master node. Let Scs and Sds be the control
segment and the data segment of the response frame,
and the time when the sub-node sends a response frame
to the master node is Tts [30, 31].

Tts ¼ Sds þ Scsð Þ=r ð7Þ
Let us suppose that the average bit error rate of the

IBC system is BER. In case of packet loss, the master
node would re-transmit the packet. So the success prob-
ability of a data packet can be calculated as follows:

p ¼ 1−BERð ÞSp�8 ð8Þ
where Sp is the data packet in bytes of transmission. As-
sume that the node enters into standby mode when not
required to send and receive data, then when combined
with equations (5), (6), (7), and (8), the energy consump-
tion of sub-nodes in successful transmission of one data
packet:

Fig. 6 BER versus SNR of four kinds of modulation method with equalizer (a) and without equalizer (b)

Fig. 5 Amplitude-frequency characteristic of equalizer E(ƒ)
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Et1 ¼
�
N � Pr � Ttm � 1

p2
þ Pt � Tts � 1

p
þ Pid � Tts � N−1ð Þ

�

ð9Þ
Among these terms, Pr, Pt, and Pid are the power

drawn by the receiver, transmitter, and in the idle
state, respectively. The first item of Eq. (9) represents
the energy consumption for reception of the polling
frame of N sub-nodes. The second one is the con-
sumption of transmitting data of the specified node.
The last item is the idle state energy consumption for
the remaining (N-1) nodes.
For the master node, the energy consumption for net-

work transmission of a packet is as follows:

Et ¼ Et1 þ Et2ð Þ �m ð10Þ
Therefore, when all the data is sent successfully, the

total energy consumption is calculated as follows:

Et ¼ Et1 þ Et2ð Þ �m ð11Þ
Applying formulas (5), (6), (7), (8), (9), (10), and (11),

the bit energy consumption Etc of the TDMA system is
available as follows:

Etc ¼ Et=c ð12Þ

6.2 CSMA/CA
CSMA/CA is a network multiple access method in
which carrier sensing is used [29]. The network nodes
attempt to avoid collisions by transmitting their packet
data in entirety only when the channel is sensed to be
“idle.” This collision avoidance mechanism is beneficial
to avoid the data loss of certain vital physiological sig-
nals in a medical BAN when, for instance, an emergency
has occurred. The master node broadcasts a control seg-
ment with the packet size information. Each sub-node
receives the request and sends a corresponding size data
packet to the master through the use of CSMA/CA.
The symbols Sds, Scs, r, c, and p represent the same pa-

rameters as in the case of TDMA. The polling request
frame length of the master node is denoted by Scm. So
the time used to send the polling frame Tcm is defined as
follows:

Tcm ¼ Scm=r ð13Þ

The back-off window size CW1 is defined for the sub-
node with the unit ms. The maximum re-transmission
number is R. Then the average back-off time for listen-
ing one packet is shown as follows:

tc
CW 1

2
� min

N−1
2

;R

� �
ð14Þ

In most of the existing CSMA/CA applications [31],
CW1 is equal to 2.5 ms. The energy consumption of N
sub-nodes in succeed transmit one data packet is as
follows:

Fig. 8 Diagram of intra-body communication

Fig. 7 Constellation diagrams of QPSK without the equalizer (a) and with the equalizer (b)

Gao et al. EURASIP Journal on Wireless Communications and Networking  (2016) 2016:106 Page 7 of 10



Ec1 ¼
�
N � Pr � Tcm � 1

p2
þ Pt � Tcs þ N � Pc � tcð Þ

� 1
p
þ Pid � td � 1

p
� N−1ð Þ

�

ð15Þ
Energy consumption of master nodes successfully

transmitting one data packet is as follows:

Ec2 ¼ Pt � Tcm � 1
p2

þ Pr � Tcs � 1
p
þ Pid � tc � 1

p

� �

ð16Þ
The whole network energy consumption of one cycle

is as follows:

Ec ¼ Ec1 þ Ec2ð Þ �m ð17Þ
From (13), (14), (15), (16), and (17), the bit energy

consumption of CSMA/CA protocol is available:

Ecc ¼ Ec=c ð18Þ

6.3 Results
Based on the description of the application scenarios
and the equations deducing the bit energy consumption,
the parameters of TDMA and CSMA/CA were set as
shown in Table 3. The transmission power Pt, received

power Pr, and listener power Pl of the multi-node sys-
tem were measured by the power analyzer and signal
analyzer (Agilent N6705B and CXA N9000A). Each of
them was assigned a maximum power value. Pid and
Psl were measured in the different low power modes
of STM32 [31]. Using the Fig. 6a simulation results,
the BER of FSK was 10−6 when the SNR was 10 dB.
The response frame of the control segment Scs was
7 bytes, and the length of the packet Sds was 40 bytes.
Due to 12-bit ADC of the detection, there were 2-
byte data for each sample. The sampling rate was set
as 500 Hz. Each node in the system transmitted 60-s
sample data in total at one time through the galvanic
IBC. Thus, the bit number c in Eq. (5) to be transmitted
from the sub-node to the master node was equal to 500 ×
16 × 60. The maximum data rate r under the FSK modula-
tion method for galvanic coupling IBC was, therefore,
50 kbit/s.

Table 3 The parameters of IBC based on TDMA and CSMA/CA

Parameters Value

Pt(mW) 10

Pr(mW) 10

Pc(mW) 10

Pid(mW) 2

Psl(mW) 1

Stm(byte) 15

Scs(byte) 7

Sds(byte) 40

Scm(byte) 15

R (kbps) 50

CW1(ms) 2.5

R 5

T (s) 60

Fig. 9 Implementation of intra-body communication: (1) represents the receiver signal, and (2) represents the transmission signal

Table 2 Parameters of Transceiver

Parameter

Method FSK

Bit rate 2.4 Kbit/s

Carrier frequency 20 kHz, 40 kHz

amplitude 3.3 V

polarity Uni-polarity

Channel length 10 cm
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The calculation results of 1-bit energy consumption of
the IBC multi-node transmission system with numbers of
sub-nodes from 2 to 15 based on TDMA and CSMA/CA
are shown in Fig. 10. Firstly, the bit energy consumption
of the CSMA/CA and TDMA became larger with the
sub-node numbers increasing. When the node numbers
were low, especially smaller than 4, the energy consump-
tion of the two protocols was smaller than 1.3 μJ. When
the sub-node numbers became larger, the power con-
sumption of CSMA/CA increased rapidly. Yet the energy
consumption of TDMA changed only a little along with
the increasing of the sub-node numbers. For example, the
CSMA/CA bit energy consumption was 1.3 μJ at 4
sub-nodes. However, its bit energy consumption was
3.1 μJ when the number of sub-nodes was 10. The
bit energy consumption of TDMA has the same gen-
eral trend but with smaller increases. The TDMA bit
energy consumption was 1.0 μJ at 4 sub-nodes. The
bit energy consumption increased only to 1.5 μJ when
the number of sub-node was 10. Secondly, in a multi-
node transmission system, the bit energy consumption
of TDMA was obviously lower than that of CSMA/CA.
Further, we found that the gap of bit energy consumption
for the two protocols increases gradually along with the
increases in the sub-node numbers. For example, the
CSMA/CA bit energy consumption was 1.85 μJ and the
TDMA bit energy consumption was 1.2 μJ, both at 6
sub-nodes—a difference of 0.65 μJ. But when the
number of sub-nodes was 14, the bit energy con-
sumption of CSMA/CA was 4.9 μJ and the bit energy
consumption of TDMA was 2.1 μJ—a difference of
2.8 μJ. Use of TDMA in IBC has the lowest energy
consumption with the maximum value being nearly
2.3 μJ/bit at 15 sub-nodes.

All in all, the bit energy consumption of TDMA is ob-
viously lower than the bit energy consumption of
CSMA/CA. The reason is that the CSMA/CA access
mechanism with larger energy consumption competi-
tion, channel and node listens, and packet collisions
consumes more network energy. CSMA/CA, however,
has balanced each node in the channel, thus increasing
the flexibility of the system. Nevertheless, considering its
lower power consumption, TDMA may be more suitable
for a BAN that is based on IBC.

7 Conclusions
In this research, to obtain the attenuation properties of
IBC, in vivo experiments with 7 volunteers were carried
out in a frequency band range from 10 kHz to 500 kHz,
and the results have indicated that human body channel at-
tenuation can be equivalent to a band-pass filter character-
istic. In addition, the equalizer which effectively reduced ISI
was designed according to the frequency-selective fading
characteristic of the human body channel. Then an IBC
base band modulation simulation model was established
based on human body channel characteristic, and the BER
of different modulation methods were also evaluated and
compared with each other. The results indicated that when
higher band utilization was not required, FSK had lower
BER and could better conform to the requirements of an
IBC system. Moreover, FSK would not easily be affected by
a change of channel parameters. To investigate the energy
consumption of the MAC layer based on TDMA and
CSMA/CA, a multi-node physiological signal monitor and
transmission system was designed using the proposed
band-pass filter characteristics of the human body to
compare the power consumption of MAC layer based
on TDMA and CSMA/CA. An FSK modulation-
demodulation method was applied in the system. The
outcome showed that TDMA had lower power con-
sumption, but the number of nodes was easier to
change under CSMA/CA because each node had the
same priority. Considering the different priorities of
human physiological signals and the lower power con-
sumption, an FSK method with TDMA is more suit-
able for human communication in health care
systems.
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