
Received March 30, 2020, accepted April 22, 2020, date of publication April 29, 2020, date of current version May 18, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2991206

Design of Galvanic Coupling Intra-Body
Communication Transceiver Using Direct
Sequence Spread Spectrum Technology
W. K. CHEN 1,2, Z. L. WEI 1,2, Y. M. GAO 1,2, Ž. LUČEV VASIĆ 3, (Member, IEEE),
M. CIFREK 3, (Member, IEEE), M. I. VAI 2,4,5, (Senior Member, IEEE),
M. DU 1,6, AND S. H. PUN 5
1College of Physics and Information Engineering, Fuzhou University, Fuzhou 350116, China
2Key Laboratory of Medical Instrumentation and Pharmaceutical Technology of Fujian Province, Fuzhou 350116, China
3Faculty of Electrical Engineering and Computing, University of Zagreb, 10000 Zagreb, Croatia
4Department of Electrical and Computer Engineering, Faculty of Science and Technology, University of Macau, Macao 999078, China
5State Key Laboratory of Analog and Mixed-Signal VLSI, University of Macau, Macau 999078, China
6Key Laboratory of Eco-Industrial Green Technology of Fujian Province, Wuyi University, Nanping 354300, China

Corresponding author: Y. M. Gao (fzugym@gmail.com)

This work was supported in part by the National Natural Science Foundation of China under Grant U1505251, in part by the Project of
Chinese Ministry of Science and Technology under Grant 2016YFE0122700, and in part by the Project of S&T Department of Fujian
Province under Grant 2018I0011.

ABSTRACT Intra-body communication (IBC) uses the human body as the transmission medium for electri-
cal signals, and it features the following advantages: low power consumption, strong anti-interference ability,
high data security, and broad application scenarios. However, some technical issues still need to be addresses,
such as the choice of the best modulation and demodulation scheme in different application scenarios,
influence of human activity on IBC performance, variable signal-to-noise ratio (SNR), and influence of
transmission distance change on different modulation and demodulation methods. This paper adopts direct
sequence spread spectrum (DSSS) communication and phase modulation to realize DSSS-differential phase
shift keying (DPSK) and DPSK modulation transmission of baseband data. Moreover, the Costas loop
method is employed to achieve reliable symbol recovery. Under the same conditions, in vivo experiments
were conducted to compare the performance of DSSS-DPSK and DPSK galvanic coupling IBC transceivers.
Notably, these transceivers are affected by the changes in SNR, transmission distance, and human activities.
Results show that the bit error rate (BER) of the DPSK scheme is 40 times larger than the DSSS-DPSK
scheme in a 30 cm channel length and different SNR experiments. When the BER performance changes
from extremely poor (1.40× 10−1) to excellent (1.51× 10−6), the SNR of DSSS-DPSK scheme only needs
to be improved by 16 dB. In contrast, when the BER performance changes from extremely poor (1.54×10−1)
to good (1.65 × 10−5), the SNR of DPSK scheme needs to be improved by 25 dB. With a SNR of −5 dB,
the BER ratios of the DPSK scheme is 7 times larger than the DSSS-DPSK scheme. Also, DSSS-DPSK
scheme is more sensitive to changes in motion status than DPSK.

INDEX TERMS Intra-body communication, galvanic coupling, IBC transceiver, bit error rate, direct
sequence spread spectrum (DSSS).

I. INTRODUCTION
Intra-body communication (IBC) technology uses the human
body as an electrical signal transmission medium for estab-
lishing communication [1], [2]. IBC has the following
characteristics: extremely low power consumption, no antenna
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design and frequency band limitation, low radiation, and
transmission range limited to the human body. IBC is an
effective method to realize information transmission between
various wearable or implantable medical sensors on the
human body surface, as well as around and inside the
body [3], and to establish Medical Body Area Networks
(MBANs) [4], [5]. In IBC, a pair of transmitting electrodes
is used to inject a safe alternating current into the body
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surface. The coupling electrical signals are transmitted within
the human body [6], [7]. The receiving electrodes collect
differential signals in other parts of the human body. The gal-
vanic coupling technique has better adaptability and stability
than other types of IBC because the information transmission
process occurs completely on the human body and is not easy
affected by external influences [8]. This coupling type has
a body surface in vivo communication ability, making it an
important branch of IBC [9]–[11].

Research on galvanic coupling IBC mainly focuses on
the establishment of human models and channel charac-
teristics experiments [10]–[13]. There are few reports on
the comparison of performances among galvanic coupling
IBC transceivers. In a previous study [13] a quasi-static field
electromagnetic model of galvanic coupling IBC including
capacitive effects was established. In addition, the trans-
mission characteristics of coupling current in human body
were studied. A galvanic coupling IBC transceiver with
continuous-phase frequency shift keying (2CPFSK) signal
modulation and non-coherent demodulation was designed
on the FPGA platform. Many galvanic coupling IBC
transceivers are similar to that in [13]. In a previous
study [14], a simple IBC transceiver was designed using two
programmable system-on-chips (PSoC). In [15], a frequency
selective digital transmission (FSDT) method was employed
to design a set of transmitting and receiving devices for multi-
channel electric acupuncture. In [16], modulated data current
was introduced into the human body through an electrode
that monitors implanted artificial heart. In [17], a binary
frequency shift keying (BFSK) receiver and an on-off key-
ing (OOK) transmitter were used to form an IBC system
for fall prevention monitoring. In a previous research [18]
the energy consumption and data rate of several IBC
transceiver systems was compared. The above-mentioned
reports [13]–[18] did not compare the performance of
galvanic coupling IBC transceivers employing different
modulation methods under the same conditions (i.e., test
environment, test equipment, experimental settings, and sim-
ilar peripheral circuits). In [19], two galvanic coupling IBC
transceivers employing BPSK and QPSK were compared
under the same conditions, but the authors did not draw rele-
vant conclusions for different modulation and demodulation
methods under different SNR conditions and channel lengths.

Research on the effects of changes in SNR, transmission
distance, and human activity under the same conditions while
using different modulation methods for IBC are limited [20],
which restricts the development of IBC technology and its
application. Therefore, a comprehensive reference for the
selection of modulation and demodulation method in differ-
ent application scenarios of IBC technology is needed.

The galvanic coupling IBC transceiver designed in this
paper is based on direct sequence spread spectrum (DSSS)
technology. Because of its reliable transmission at a low
SNR and strong security performance, it is widely used in
military, mobile communications, satellite communications
and other fields. IBC transceiver pays great attention to

the reliability and confidentiality in practical applications.
Good anti-noise performance can resist the effects of human
activities, low-frequency bioelectricity, and channel length
changes, as well as improve the IBC system’s reliability.
Strong confidentiality can improve the security of IBC [21].
Since DSSS can meet the above requirements, we adopt
the DSSS-DPSK scheme to design the IBC transceiver to
improve the performance of the IBC transceiver.

This design uses field programmable gate array
(FPGA, XC6SLX16) as a platform, which adopts DSSS
communication and phase modulation to realize the
DSSS-differential phase shift keying (DPSK) and DPSK
modulation transmission of baseband data, respectively.
To improve anti-noise performance, accurately extract bit
synchronization signals, and to achieve reliable symbol
recovery, a Costas loop is used. Two kinds of transceivers are
equipped with the same peripheral circuit used to realize the
current holding of signal transmission and receiving signal
pre-processing. Finally, in vivo experiments are conducted
under the same conditions to compare the performance of
DSSS-DPSK and DPSK galvanic coupling IBC transceiver
systems. This study includes an analysis of the influence of
changes in SNR, transmission distance, and human activity,
making the conclusions credible and effective.

II. METHODS
A. MODULATION METHOD SELECTION
Digital signal transmission methods are divided into base-
band transmission and bandpass transmission. Digital base-
band signals are generally suitable for transmission in
short-range wired channels with low-pass characteristics.
According to previous reports on the characteristics of gal-
vanic coupling IBC channels, human body channels do not
belong to low-pass characteristic channels [22], [23]. There-
fore, baseband transmission signals are not suitable for gal-
vanic coupling IBC. For digital signals to be transmitted
effectively via human body channels, the baseband signals
need to be converted into bandpass signals.

Three basic digital modulation methods are amplitude shift
keying (ASK), frequency shift keying (FSK), and phase-shift
keying (PSK). In case the 2ASK system is used, the best
decision threshold would be half of the input amplitude of
the received signal. Given that the channel characteristics
of the human body are greatly affected by human positions
and movements, decision threshold should be able to adapt
dynamically. This is achieved either by restricting human
activity or to using highly complicated hardware design.
Therefore, being highly sensitive to changes in channel char-
acteristics, ASKmethod is not suitable for human body chan-
nel transmission. The analysis of the anti-noise performance
of 2FSK and 2DPSK coherent demodulation directly applies
the conclusions in reference [24]: for the same SNR, the bit
error rate (BER) of DPSK is always lower than the SNR
of the equivalent FSK. For this reason, in this paper an
optimized DPSK modulation was chosen for realization of
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FIGURE 1. Schematic of DSSS-DPSK modulation method.

intra-body communication, namely direct sequence spread
spectrum (DSSS) DPSK.

The basic principle of DSSS-DPSK modulation method is
shown in Fig. 1. The DSSS-DPSK modulated signal is first
subjected to a spread spectrum operation. Subsequently, the
spread-spectrum data are subjected to DPSK modulation to
obtain a DSSS-DPSK modulated signal. The average power
of the DSSS-DPSK signal is equal to the unspread DPSK
signal power. The power spectrum shapes of the two devices
are basically the same, so the power spectral density of the
DSSS signal is 1/N of the unspread signal [21]. Here, N is
the ratio of the spread spectrum signal bandwidth to the
unspread spectrum signal bandwidth, which is called the
spreading coefficient or spreading gain. When N is large, the
power spectral density of the DSSS signal can even be lower
than the power spectral density of the internal noise of the
receiver. In addition, the spectrum of the direct spread spec-
trum signal has no clearly distinguishable peak component;
thus, fraudulent capture of this signal is difficult [21], which
provides better security.Anti-noise performance is analyzed
as follows. Reference [21] suggests that DSSS-DPSK signal
has the same anti-noise performance as DPSK signal when
the interference is additive noise. The DSSS-DPSK system
has stronger anti-narrowband interference ability, anti-multi-
access interference ability, and anti-multipath interference
ability than the DPSK system. The above conclusions show
that DSSS-DPSK has better anti-noise performance than
DPSK modulation but at the cost of occupying a larger chan-
nel bandwidth. Good anti-noise performance can resist the
effects of human activities, low-frequency bioelectricity, and
channel length changes, as well as improve the IBC system’s
reliability.

B. TRANSMISSION RATE SELECTION
A large spreading sequence N leads to improved anti-noise
performance and enhanced security performance [21]. How-
ever, for the constant carrier rate, a large N results in low
baseband data rate. Using high-frequency IBC signals part
of the signal radiates into the air, which increases the risk
of data security [25]. Therefore, considering the anti-noise
performance and desired data rate, the selected carrier fre-
quency in this paper is 2 MHz, spreading coefficient is
N = 31, and baseband signal rate is 50 kbps. In practical
applications, the above parameters can be modified accord-
ing to requirements. For comparison with DSSS-DPSK sig-
nal transmission, the carrier frequency of 2 MHz is also
employed in DPSK, and the baseband signal rate is 1 Mbps.

C. FPGA DESIGN OF THE TRANSMITTER
The transmitter is composed of a source module, a direct
digital synthesis (DDS) module, a spread spectrum module,
and a DPSK modulation module, as in Fig. 2. To maintain
versatility, the source module is designed to directly generate
a set of 8-bit ‘‘0’’ and ‘‘1’’ data as the source. The DDS
module uses the characteristics of the sine wave phase linear-
ity to realize the design; it includes frequency divider, phase
address accumulation module, and phase-to-waveform mod-
ule. Various design methods of the pseudo-random sequence
generator, which is similar to DDS, are available. One
approach is to use a pseudo-random sequence value previ-
ously written in ROM, and the other is to use multiple cyclic
structures and linear shift registers for determination of the
module of the pseudo-random sequence generator. In order
to increase versatility of the designed spread spectrum mod-
ule and flexibly set the initial value and parameters of the
pseudo-random sequence polynomial, in this work a linear
shift register method is adopted. To overcome the BPSK
phase ambiguity problem, this design adds a differential cod-
ing module before BPSK modulation to implement DPSK
modulation. To improve useful power efficiency and prevent
inter-symbol interference, the sideband signal spectrum of the
transmitted signal is filtered. The original baseband signal
is shaped and filtered before modulation. The shaped and
filtered signal andDDSmodule are input into themultiplier to
realize DPSK modulation. The DSSS-DPSK signal is sent to
the DAC (digital-to-analog converter) and then to the buffer.
Finally, the signal is sent to the human body for transmission
via transmitter signal and ground electrodes.

D. FPGA DESIGN OF THE RECEIVER
The overall design of the DSSS-DPSK signal receiver is
shown in Fig. 3. The main parts of the receiver are an analog
front end (AFE), a DPSK demodulation module, a despread-
ing module, and a synchronization module. The analog front
end mainly preprocesses the signal that enters the receiver.

In reverse from modulation procedure in Fig. 1, for
demodulation of the received DSSS-DPSK signal firstly a
DPSK demodulation should be performed, followed by sig-
nal despreading to recover the original signal. The coher-
ent demodulation method with optimized BER performance
based on the Costas loop method was selected, Fig. 4(a) [26].
Adding a despreading step to the Costas loop results in
a DSSS-DPSK demodulator used in this paper, as shown
in Fig. 4(b). To realize despreading operation, in our design
the low pass filter (LPF) is replaced by two integrate and
dump filters (I&DF). I&DF is a decimation low-pass filter-
ing structure without a multiplier, suitable for application in
digital software receivers. Costas loop based DSSS-DPSK
demodulation completes the demodulation operation while
achieving carrier synchronization. Aside from carrier syn-
chronization, pseudo-code sequence synchronization is also
required in this study.

In a spread-spectrum communication system, the receiver
needs to generate a local pseudo-random code that is the
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FIGURE 2. Block diagram of DSSS-DPSK transmitter.

FIGURE 3. Block diagram of the receiver.

FIGURE 4. Block diagram of (a) Costas loop method and (b) DSSS-DPSK
demodulation based on Costas loop.

same and strictly synchronized with the transmitter for
despreading. Two steps are needed to capture the local
pseudo-random code with the received pseudo-random code

at the receiver. The first step is acquisition, that is, to achieve
rough synchronization between the two codes, with a phase
error lower than one symbol. The second step is tracking,
which minimizes phase errors and keeps track. The com-
mon acquisition methods are serial search, parallel search,
and matched filter acquisition. This design adopts the serial
search method, which is stable and consumes less FPGA
resources. The principle block diagram of the serial search
method is shown in Fig. 5 [20]. The core of this method is to
send the output of the IF filter to the detector for integration
processing. This method aims to judge whether the integra-
tion result is greater than the energy detection threshold,
to determine whether useful signals can be captured or not.

In this paper, a phase-locked tracking loop is used to fur-
ther reduce and maintain the phase difference between the
local pseudo-code sequence and the transmitted pseudo-code
sequence. The block diagram of the delay-locked tracking
loop is shown in Fig. 6. The aim of this method is to use
the value of the loop filter output as the control voltage
to control the voltage-controlled oscillator frequency. If the
pseudo-code phase of the received signal increases, then the
voltage-controlled oscillator (VCO) frequency will increase.
Otherwise, the frequency of the VCO will decrease.

E. ANALOG FRONT END DESIGN
The receiver analog front end (AFE) is an important part
of the communication transceiver. The quality of the ana-
log front end directly affects the receiver performance.
The AFE is composed of a filtering module and an amplifier
module. In the communication system that uses the human
body as a channel, a multi-order filter with high rectangular
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FIGURE 5. Block diagram of serial search method.

FIGURE 6. Delay phase-locked tracking loop schematic.

coefficient is necessary to improve the performance of the
receiving system. This improvement is needed to suppress the
high-frequency electromagnetic interference in the surround-
ing environment and the low-frequency bioelectric interfer-
ences, such as ECG and EMG signals, that are inherent in
the human body channel. At present, the power consumption
of filters used in IBC is relatively high. In [27], the two
chips designed by Wanghao et al. have power consumption
higher than 5 mW. Low power consumption is suggested
for portable, implantable, and other application scenarios for
the future development of IBC. In this work takes advantage
of passive bandpass filter (BPF) to reduce system power
consumption, Fig.7.

Given the differences in body impedance characteristics
and the need of different transmission distances, a vari-
able gain amplifier (VGA) is designed. A galvanic coupling
method is tested on multiple volunteers by coupling a sinu-
soidal signal with 2 MHz frequency to the human body. The
channel lengthwas varied from 10 cm to 120 cm, and themea-
sured signal attenuation was between 28 dB and 44dB. There-
fore, a VGA with the maximum gain of 45 dB was designed,
Fig. 8. The first stage amplification of the signal was per-
formed using a VCA821 small-signal wideband amplifier.
The second stage makes use of a wide-band, high-speed cur-
rent feedback amplifier THS3201, suitable for ADC driving
circuit with high resolution and high sampling rate due to
its low distortion, high conversion rate, and strong driving
ability.

F. EXPERIMENTAL PROTOCOL
The human body experimental hardware platform utilizes
the XC6SLX16 device from XILINX, and the debugging

environment is ISE Design Suite 14.7. Appropriate measure-
ment setup should be provided in the experiment to separate
the device grounding of the transmitter from the receiver
and to avoid the coupling effect between the device ground-
ing and the instrument. Using batteries to power the device
can obtain the same results as use of a single balun at the
TX site. This way can effectively isolate the internal ground
of the earth-grounded equipment [28]. Battery-powered
devices should be used in IBC channel test. Avoid using
devices with big ground, otherwise it will lead to an optimistic
estimation of channel loss [29]. To avoid the common ground
of the transmitter and receiver, three ways of mutually inde-
pendent peripheral circuit power supply are set up: mobile
power supply (portable battery), isolation transformer power
supply, and uninterrupted power supply. Among them,mobile
power supply uses battery power supply, which is absolutely
independent. Using isolation transformer power supply to
power the device can effectively isolate the coupling between
the device and the earth ground [30]. In the experiments,
the uninterrupted power supply uses the storage battery to
boost the voltage to provide power for the equipment, and
the energy source is the battery. Tektronix THS3024 is used
for waveform recording (battery-powered). When we did the
human channel measurements, the power of unrelated equip-
ment was pulled out in order to decrease the common ground
interference. The power supply ways used in the experiments,
which all has a small ground plane, to emulate amore realistic
IBC scenario and avoid an optimistic estimation of channel
loss [29]. In summary, the power supply method used in
the experiment can simulate the real human communication
scene.

The transmitter is connected to the volunteer’s right
wrist through a pair of physiological electrodes (Shang-
hai Cross Health Biotechnology Co., Ltd. Type: LT-1, size:
4 cm × 4 cm). The received signal is connected to the
receiver through a pair of physiological electrodes and
an AFE. As the distance between the transmitter and receiver
electrodes increases, the two receiving electrodes move to the
left arm side. In the test, the performance of the equipment
under different modulation modes is tested under the motion
and stationary state conditions with the channel lengths of 10,
30, 90, and 120 cm. The skin of all test subjects was cleaned
with an alcoholic cotton pad at the positions of the electrodes
prior to the measurements. The stationary state and motion
state are described as follows: the stationary state requires
volunteers to stand in front of the test bench, keep their
arms extended, palms down, and stay horizontal (Fig. 9). The
motion state refers to that the volunteer stands in front of the
test bench, unfolds from the arm, keeps the palm downward
and horizontal (initial state), and changes to the state that the
arm stretches straight to the front of the body and the palm
upward. The arm is bent toward the body until the upper and
lower arms form a 90◦ angle. The arm is then allowed tomove
to the initial state according to the original path. Volunteers
maintain a constant speed throughout the motion state, and
one cycle lasts 12 s.
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FIGURE 7. BPF circuit diagram.

FIGURE 8. VGA circuit diagram.

FIGURE 9. Experimental setup.

G. BER TEST PLATFORM
In order to test the BER performance, a data acquisition
card (PCIe-6361, National Instruments) is used to collect the
baseband data at the transmitter and the demodulated data
at the receiver, Fig. 10. An XOR operation is conducted in
LABVIEW, and the XOR result is collated. If the result of
the XOR is not 0, then this value is regarded as an error code.
Meanwhile, if the result of the XOR is 0, then this value is
regarded as an accurate reception. The BER is calculated by

the equation (1):

BER =
Number of bit serror
Total transmitted bits

(1)

To increase data reliability, the amount of collected BER
datameets the following requirements. Theminimum amount
of data to be tested needs to be greater than 1 × 107. If the
BER is lower than 1× 10−5, then the product of the test data
amount and the BER is greater than 50.

III. RESULTS AND DISCUSSIONS
A. BPF TEST AND PERFORMANCE PARAMETERS
The S21 and S11 parameters of a passive BPF are shown
in Fig. 11 and are as follows: passband of −3 dB is from
1.6 MHz to 2.4 MHz. The attenuation at 500 kHz and 5 MHz
is greater than 50 dB. The return loss S11 of the BPF is
lower than −15 dB in the passband. The following will
list some parameters of DSSS-DPSK galvanic coupling IBC
transceiver and compared with the past researches.

Table 1 summarizes the comparison of some parameters
of the past galvanic coupling IBC transceiver system with
this work. In contrast, our system has the lowest coupling
amplitude, which canminimize the impact of electromagnetic
absorption on the human body as well as reduces the power of
the transmitter to a certain extent [25]. Lower coupling ampli-
tude and good BER performance, which is very important for
low power design in practical applications.
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FIGURE 10. BER test platform.

TABLE 1. Comparison of some parameters of galvanic coupling IBC
transceiver.

The following will analyze the influence of SNR, signal
transmission distance, and motion status on the DSSS-DPSK
and DPSK schemes. The same experimental equipment and
procedures are prepared. The same environment (indoor,
20 ◦C ± 3 ◦C) and the same volunteer (i.e., male,
24 years old, 173 cm tall, 55 kg) are utilized to com-
pare the BER of DPSK and DSSS-DPSK galvanic coupling
IBC transceivers. In order to compare the BER of DPSK
and DSSS-DPSK schemes, the BER of the two ought to
be the same level and the coupling current of the trans-
mitter should be reduced as much as possible. The effec-
tive value of the input current of DSSS-DPSK scheme is
0.392 mA and the one of DPSK scheme is 0.565 mA through
a 15 day preliminary experiment, and the final result of
this section is obtained. The current input in both experi-
ments is lower than the safe current required in previous
references [34], [35].

B. EFFECT OF SNR
Fig. 12 shows the performance of BER that varies with
SNR in a channel with a length of 30 cm, with a state of
motion and stationary. According to the figure, the BER
shows a downward trend as SNR improves. Fig. 13 shows
the average BER performance in a channel with a length
of 30 cm in both motion and stationary states. Under the
SNR of −20 dB, the average error rate of DSSS-DPSK
and DPSK schemes in the motion and stationary
state is compared. BERDPSK(−20 dB) = 1.58 × 10−1.
BERDSSS−DPSK(−20 dB) = 2.38 × 10−3. After calculation,
BERDPSK(−20 dB)÷ BERDSSS−DPSK(−20 dB) = 66.47 > 40.
In other SNR, the ratio of BER is also greater than 40.
Therefore, under the same signal-to-noise condition, the
DSSS-DPSK scheme has a BER that is much lower than that
of the DPSK scheme. DSSS-DPSK schemes require lower
SNR than DPSK schemes.

Fig. 13 shows the average BER performance for motion
and stationary states in a certain range of SNR. According
to the figure, when the BER performance changes from
extremely poor (1.40 × 10−1) to excellent (1.51 × 10−6),
the SNR of DSSS-DPSK scheme only needs to be improved
by 16 dB. In contrast, when the BER performance changes
from extremely poor (1.54 × 10−1) to good (1.65 × 10−5),
the SNR of DPSK scheme needs to be improved by 25 dB.
Under extremely bad conditions of the SNR of DSSS-DPSK
and DPSK galvanic coupling IBC transceivers, the BER
reduction of DSSS-DPSK scheme is shown to be much faster
than that of DPSK when the SNR is improved. Fig. 12 shows
that DPSK and DSSS-DPSK schemes are in a motion or
stationary state, and the BER changes show similar rules.
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FIGURE 11. S21, S11 parameters of the BPF.

FIGURE 12. BER performances for different SNRs when the channel
length is 30 cm.

The BER of DSSS-DPSK scheme is shown a sharp reduction
when the SNR is improved.

C. EFFECT OF DISTANCE
Fig. 14 shows the performance of the BER as a function of
channel length (10, 30, 90, and 120 cm) at SNR = −5 dB
in both motion and stationary states. Fig. 15 shows the expo-
nential fit performance of the average BER of motion and
stationary states with the channel length at SNR = −5 dB.
Figs. 14 and 15 show that the BER of the DSSS-DPSK
and DPSK galvanic coupling IBC transceiver increases with
channel length. By comparing the fitting functions of the two
fitting curves in Fig. 15, the DSSS-DPSK scheme is shown
to have a better BER performance than the DPSK scheme at
the same channel length. In the investigated communication
distance of the human body, the ratio of error rate of DPSK

FIGURE 13. Performance of the average BER of motion and stationary
state with the change in SNR.

FIGURE 14. SNR performance at different distances when SNR = −5 dB.

to DSSS-DPSK scheme is greater than 7. The DSSS-DPSK
galvanic coupling IBC transceiver’s BER changes more than
the DPSK’s BER when the channel length is increased. How-
ever, the difference between the two devices within a limited
human body channel length is not apparent. Fig. 13 reveals
that DPSK and DSSS-DPSK are in a motion or stationary
state, and the BER changes show similar rules.

D. EFFECT OF MOTION STATE
The statistical method is used to analyze the significant dif-
ference of data and determine whether a significant difference
is found between motion and stationary state. DPSK and
DSSS-DPSK schemes test results of significant differences
in motion and stationary state are P1 = 1.01 × 10−2, P2 =
9.43×10−3, P1 <5×10−2, and P2 <1×10−2(Significance
level α = 0.05). The results show that the DPSK scheme
has a statistically different BER performance in motion and
stationary states. P3 = 8.68 × 10−4 and P4 = 1.60 ×
10−5(Significance level α = 0.05), and both values are lower
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TABLE 2. Significance test of the difference between BER in motion and stationary state.

FIGURE 15. Average BER for motion and stationary states as a function of
channel length.

than 1× 10−3. The DSSS-DPSK scheme exhibits significant
statistical differences. Therefore, the DPSK andDSSS-DPSK
schemes have significant statistical differences in motion and
stationary state under different channel lengths, that is, BER
changes when themotion state of the DSSS-DPSK andDPSK
schemes varies. And the difference between DSSS-DPSK
scheme motion and stationary state BER is greater than
DPSK. As shown in Fig. 14, under the same SNR condition,
the DSSS-DPSK scheme BER performance is better than
the DPSK scheme. Therefore, it cannot be interpreted as
the DSSS-DPSK scheme makes the transceiver ineffective
to resistant against motion, but DSSS-DPSK scheme is more
sensitive to changes in motion status than DPSK.

IV. CONCLUSION
This work uses the FPGA (XC6SLX16) as the platform and
peripheral circuits to design the DSSS-DPSK and DPSK gal-
vanic coupling IBC transceivers. Through the experiments,
the variation in the BER among different SNR, different
channel lengths and different motion states is compared.
Results show that in both states of motion and station-
ary, the BER of DPSK and DSSS-DPSK schemes shows
a downward trend when the SNR or channel length con-
tinues to decrease progressively. The BER of the DPSK
scheme is 40 times larger than the DSSS-DPSK scheme in
a channel with a length of 30 cm and different SNR experi-
ments. When the BER performance changes from extremely
poor (1.40× 10−1) to excellent (1.51 × 10−6), the SNR of
DSSS-DPSK scheme only needs to be improved by 16 dB. In

contrast, when the BER performance changes from extremely
poor (1.54×10−1) to good (1.65×10−5), the SNR of DPSK
scheme needs to be improved by 25 dB. These findings show
that the DSSS-DPSK scheme has a sharp reduction in BER
when the SNR is improved. In the experiments of SNR =
−5 dB with different channel lengths, the BER ratios of the
DPSK scheme is 7 times larger than theDSSS-DPSK scheme.
The BER changes when the motion state of the DSSS-
DPSK and DPSK schemes varies. The BER performance of
DSSS-DPSK scheme has a larger difference between motion
and stationary state thanDPSK; that is, DSSS-DPSK galvanic
coupling IBC transceiver is more sensitive to changes in
motion status than DPSK.
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