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Wearable electrocardiogram (ECG) is attracting much attention in daily healthcare applications, and human body communication (HBC)
technology provides an evident advantage in making the sensing electrodes of ECG also working for transmission through the human
body. In view of actual usage in daily life, however, non-contact electrodes to the human body are desirable. In this Letter, the authors
discussed the ECG circuit structure in the HBC-based wearable ECG for removing the common mode noise when employing non-contact
capacitive coupling electrodes. Through the comparison of experimental results, they have shown that the authors’ proposed circuit
structure with the third electrode directly connected to signal ground can provide an effect on common mode noise reduction similar to

the usual drive-right-leg circuit, and a sufficiently good acquisition performance of ECG signals.

1. Introduction: In the coming aging society, it is desirable to
automatically collect various vital data such as blood pressure, body
temperature, electrocardiogram (ECG), electroencephalogram
(EEG) and so on, in daily life. The vital sensors need to have a
communication function to automatically send the acquired vital
data to a coordinator on the human body for forming a wireless
body area network (BAN), and the coordinator then forwards the
collected vital data to a hospital or medical centre for healthcare
administration [1-3]. In place of usual Bluetooth technology for
on-body transmission, we have previously developed a wearable
ECG which employs human body communication (HBC)
technology as the communication tool [4]. An evident advantage of
HBC technology is that the sensing electrodes of ECG also work for
transmission through the human body. The realisation of the
common use of sensing and transmitting electrodes is based on a
time sharing scheme, and can largely simplify the wearable ECG
structure.

However, these electrodes are usually directly contacted with the
human body for both sensing and transmission. Such a direct
contact may cause an allergic reaction of skin, and the long-term
contact may also yield a degradation of sensing/transmitting
quality of electrodes. From the point of view of everyday use, non-
contact electrodes are ideal. This means a capacitive coupling
between the metal electrodes and the human body. A prototype
system was introduced in [5] to measure impedance over capacitive
electrodes, which contributed to draw a conclusion about the applic-
ability of such capacitive electrodes for ECG detection. For realis-
ing the non-contact capacitive coupling detection, placing small
flexible electrodes into cotton pockets of a worn tight NIKE Pro
combat T-shirt was proposed in [6], and inserting a thin cloth
between the sensing electrodes and the skin of a subject’s dorsal
surface was proposed in [7]. Both the two studies focus on the
use of capacitive electrodes, and the detected ECG signals were
confirmed useful for non-diagnostic purposes.

The capacitive coupling is easier to be affected by common mode
noise produced by environmental electromagnetic field, because of
the increased impedance between the electrodes and the human
body. In the direct contact electrode cases, a drive-right-leg
(DRL) circuit is usually used to reduce the contact resistance and
then the common mode noise through a negative feedback loop,
where the resistance is reduced by the open-loop gain of operational
amplifier [8]. Its effect under the non-contact electrode condition,
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however, is unclear. If we remove the DRL circuit, the circuit
ground of differential amplifier will be connected to the human
body through the third electrode which forms a capacitive coupling
between the circuit ground and the human body. Such a structure
can simplify the ECG detector structure, but a degradation on the
suppression effect of common mode noise is worried about.

In this Letter, we aim to employ the non-contact capacitive coup-
ling electrodes in our HBC-based wearable ECG. First, we clarify
the effect of DRL circuit in the non-contact electrode case.
Second we make an effort to reduce the impedances between the
non-contact electrodes and the human body, and show the feasibil-
ity of just using the third electrode of ground in reducing the
common mode noise. Finally, with the proposed structure of non-
contact electrodes and ECG detector circuit, without the usual
DRL, in the HBC-based wearable ECG, we experimentally
compare the ECG acquisition performances with a commercially
available ECG, and show the effectiveness of the proposed structure
for getting a sufficiently good acquisition performance even in the
non-contact capacitive coupling case.

2. Structure and analysis of ECG detector: Our developed
wearable ECG consists of an ECG  detector, an
analogue-to-digital (AD) converter, and an HBC transceiver. The
ECG detector has a differential input and is connected to two
sensing electrodes and one ground electrode. The acquired ECG
signal is AD-converted and send to the HBC transceiver. The
HBC transceiver employs an impulse radio (IR) modulation
scheme with on—off keying (OOK) and uses the two sensing
electrodes also for data transmission through the human body.
The electrodes for both vital signal sensing and HBC data
transmission are made of two 3 %3 cm metal plates. Table 1
summarises the specifications of the wearable ECG, and Fig. 1
shows the block diagram of the ECG detector circuit. Both the
sensing electrodes and the ground electrode are non-contact with
the human body. It is actually a capacitive coupling between the
electrodes and skin with the cloth or air as the medium. The
low-pass filters (LPFs) are used to remove high frequency
interferences especially from the HBC signals and the high-pass
filters (HPFs) are used to remove direct-current and drift noise
components. As can be seen from Fig. 1, we can choose either
the DRL circuit or the third electrode directly connected to the
signal ground in the ECG detector circuit for comparison.
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Table 1 Specifications of the wearable ECG

LPF cutoff frequency of ECG detector 50 Hz
HPF cutoff frequency of ECG detector 10 Hz
notch filter of ECG detector 50 or 60 Hz
amplifier gain of ECG detector 64 dB
sampling rate of AD converter 500 Hz
quantisation level of AD converter 10 bits
frequency band of HBC 10-60 MHz
data rate of HBC 1.25 Mbps
modulation scheme of HBC IR with OOK
consumption power 4.8 mW

As described in [8], the DRL circuit usually reduces the common
mode voltage by using a negative feedback loop where an addition-
al amplifier is used to amplify and reinject the common mode noise
through the third electrode. The common mode noise is the voltage
between the human body and the earth ground where the human
stands, and the open-loop gain of the additional amplifier contri-
butes to reduce the impedance between the electrode and the
human body. If we omit the DRL circuit, one side of the third elec-
trode will be directly connected to the signal ground, and the other
side will be connected to the human body through a capacitive
coupling. Without losing generality, we can simplify the ECG de-
tector structure into Fig. 2, where V. is the common mode noise
voltage produced by the environmental electromagnetic field, and
Z.=1/j2afC is the capacitive impedance between the signal
ground of ECG detector and the earth ground where the human
body stands. Since we are considering the non-contact electrode
case, Z.1, Z.» and Z.; in Fig. 2 are capacitive impedances. These
impedances are usually imbalanced due to their different attachment
conditions, and as a result the common mode voltage V, will be
transferred into a differential mode interference voltage V.

From Fig. 2, under the assumption of ideal operational amplifier,
the interference voltage V,,; can be expressed as

Ry(Z,1—Z)
Zp+2R)+(Z 1+R1)( otR+R)1+Z,/Z, )
(1)

V =
ot Zc(ch

where Z,./Z; in (1) is actually equal to C5/C, and Cj is the capaci-
tance between the third electrode of ground and the human body.
So, different from usual contact electrode case, Z./Z.; = C5/C is in-
dependent from the frequency f'of common mode noise. If without
the third electrode of ground, Cs approaches zero, so that the inter-
ference voltage V,,, has the largest level. While if we have a good
ground electrode, i.e. C; approaches infinity, the interference
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Fig. 1 Block diagram of ECG detector circuit
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Fig. 2 ECG detector circuit with the third electrode as ground

voltage Vs will be removed. A large capacitance C; (or a small im-
pedance Z_3) is therefore effective in reducing the common mode
noise.

To increase the magnitude of Cs, one method is to enlarge the
area of electrodes, and another method is to employ high permittiv-
ity material as an intermediate medium. In this Letter, we investi-
gated three types of cloth material, the cotton, polyester, and the
linen, as the medium between the electrode and the skin, and
found that the linen cloth exhibited the best acquisition performance
because it had the highest relative permittivity (nearly 10). On the
other hand, the stray impedance C is known in the order of 200
PF [9]. The ratio of Zc/Z.3 or C3/C is therefore almost constant at
any frequency of common mode noise. This feature is specific in
the non-contact electrode case, and contributes to provide the
same reduction effect of common mode noise at all frequencies.

3. Validation: We then examined whether or not the use of the
third electrode of ground can achieve a similar common mode
reduction effect as the usual DRL circuit in the case of
non-contact capacitive coupling electrodes. For the circuit shown
in Fig. 2, we conducted the circuit simulation with SPICE
(Simulation Program with Integrated Circuit Emphasis) and
experiment for a common mode noise at 60 Hz. The operational
amplifiers (Texas Instruments, TLO74ACN) with an input
impedance as high as 1 TQ were employed in the experiment,
because an ideal operational amplifier should have an infinitely
large input impedance. Fig. 3 compares the reduced quantities of
common mode noise at 60 Hz for a fixed input voltage V.. As
can be seen, the SPICE simulation and experiment gave the

30

25

:p1cE Expe.
20 SPICE

Interference voltage [mV]

Without DRL and
ground electrode

With DRL

With third electrode
as ground

Fig. 3 Comparison of noise reduction effect
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Fig. 4 Example of amplified ECG signal waveform

similar results. With respect to the case without DRL and ground
electrode, the common mode noise was decreased to 21% when
using the third electrode of ground, and 15% when using the
DRL. Although the DRL exhibited a better performance of noise
reduction, connecting the third electrode directly to the signal
ground can also reduce the common mode noise to a sufficiently
small level.

4. Performance comparison with commercial ECG: Fig. 4
shows an example of ECG waveform measured by our
HBC-based wearable ECG. Although the cutoff frequency of 10

Hz in the HPF design of Fig. 1 may be somewhat higher, it is
still possible to observe not only the QRS-wave, but also the
P-wave and T-wave. The QRS-wave duration was measured as
0.1 s, and the P-wave duration was measured as 0.07 s. Both of
them fell in the typical range of QRS-wave and P-wave durations,
i.e. 0.06-0.10 s, which supports the soundness of our HBC-based
wearable ECG.

To further verify the reliability of the HBC-based wearable ECG
with the third electrode of ground, but DRL removed, we compared
the acquired heart rate variability in performance with a commer-
cially available radio-frequency (RF) ECG [10]. The heart rate vari-
ability is a physiological phenomenon of variation in the time
interval between heartbeats. It is measured by the variation in the
beat-to-beat interval. In the time domain, the representative para-
meters are RR interval (RRI), RR50 and the standard deviation of
RRI. While in the frequency domain, the representative parameters
are low frequency (LF) heart rate fluctuation, high frequency (HF)
heart rate fluctuation and LF/HF ratio.

The RF-ECG employs a narrow band modulation scheme at 2.4
GHz for transmitting ECG data. We set both our HBC-based
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Table 2 Correlation coefficient of RRI between HBC-ECG and RF-ECG

Subject A B C D Average

0.95 0.88 0.85 0.94 0.91

wearable ECG and the RF-ECG on the chest with an adequate
spacing, and in both cases the receivers were connected to a person-
al computer via USB interface. It should be emphasised that the
electrodes were directly contacted with the human body in the
RF-ECG case, but were non-contacted with or capacitively
coupled to the human body in the HBC-based ECG case. The
ECG acquisition and transmission were conducted for four subjects.
Fig. 5 shows the HBC-ECG-acquired RRI versus RF-ECG-
acquired RRI. Tables 2 and 3 give the correlation coefficients and
SDNNs between them, respectively, for the four subjects. The cor-
relation coefficients are larger than 0.85, and the relative differences
of SNDD are within 5.4%. Moreover, we also compared RR50, the
ratio of the number of adjacent intervals differing by over 50 ms
duration in Table 4. The symbol ‘—’ in the table means too little
number of samples to calculate the relative difference. The results
show that the relative differences between HBC-ECG and
RF-ECG are within 8%. These results demonstrate that the
HBC-based ECG provides the almost equal performance as the
commercially available RF-ECG, even if we employ non-contact
capacitive coupling electrodes and remove the DRL circuit.

Table 3 Comparison of SDNN (ms) between HBC-ECG and RF-ECG

Subject A B C D Average
HBC-ECG 29.9 80.9 27.8 46.8 46.4
RF-ECG 30.4 81.3 28.3 49.5 474
relative diff., % 1.7 0.5 1.8 5.4 2.4

Table 4 Comparison of RR50 [sample] within 5 min between HBC-ECG
and RF-ECG

Subject A B C D Average
HBC-ECG 5 111 4 109 57
RF-ECG 4 103 3 102 53
relative diff., % - 7.8 - 6.9 7.4
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Fig. 6 Comparison of RRI power spectra between HBC-based ECG and
RF-ECG
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Table 5 Comparison of LF/HF between HBC-ECG and RF-ECG

Subject A B C D Average
HBC-ECG 3.05 0.73 3.09 0.17 1.76
RF-ECG 3.43 0.66 2.85 0.20 1.79
relative diff., % 12.6 9.2 7.8 16.6 11.5

In addition, we also obtained the power spectrum of RRI data
with Fourier transform. Fig. 6 shows the RRI power spectra for
both HBC-based ECG and RF-ECG. They exhibit fair agreement
at both LF range (from 0.05 to 0.15 Hz) and HF ranges (from
0.15 to 0.4 Hz). Table 5 compares the LF/HF of the integration
values of power spectra between LF range and HF range. The rela-
tive differences do not exceed 16.6%. So the HBC-based ECG with
non-contact capacitive coupling electrodes can provide a sufficient
reliability in both the time and frequency domains. Moreover, com-
pared to the performances shown in [6, 7], our HBC-based ECG
provides a clearer QRS-wave and a clearer heart rate variability ana-
lysis result, which suggests a possibility for diagnostic purpose. As
for the difference in Fig. 6, it may be due to the different measure-
ment positions for HBC-ECG and RF-ECG on the chest, although
they were set as close as possible. Another possible reason is the
difference between the non-contacting capacitive electrodes in our
HBC-ECG and the direct contacting electrodes in the RF-ECG.
The capacitive electrodes should be more sensitive to the influence
of motion artefact and common mode noise. The motion artefact
may be reduced by a wavelet transform based algorithm as a soft-
ware solution as introduced in [11]. While for the common mode
noise, since it is added to the ECG signal by mode change due to
an imbalance of impedance between sensing electrodes, our pro-
posed imbalance cancellation circuit in [12] is effective as a hard-
ware solution to suppress it.

5. Conclusions: In this Letter, we have introduced the non-contact
capacitive coupling electrodes into our previously developed
HBC-based wearable ECG. The non-contacting of electrodes to
the human skin can provide more conveniences in the daily use
of wearable vital sensors. By connecting the third electrode
directly to the signal ground, we have omitted the DRL circuit
usually used for common mode noise reduction, and derived a
theoretical expression for the noise reduction effect of such a
ground electrode. With the linen cloth to increase the capacitance
between the electrodes and human body and then reduce the
magnitude of impedance, we have demonstrated that the third
electrode of ground can give a similar reduction effect of
common mode noise as the DRL circuit, and contribute to
simplify the wearable ECG structure. With this ECG detector
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structure without DRL circuit, we have compared the heart rate
variability performances acquired by our HBC-based wearable
ECG with a commercially available RF-ECG. The comparison
results for various ECG parameters in the time and frequency
domains have shown good agreement and accuracy. The
agreement and accuracy support the feasibility to employ
capacitive coupling electrodes for both signal sensing and
transmission in the HBC-based ECG, even without the DRL circuit.

In view of that the motion artefact may significantly affect the
ECG detection performance, we have assumed the electrodes
fixed by a belt or being a part of cloth in our wearable ECG. At
the same time, we are applying a Wavelet transformation-based al-
gorithm to reduce the motion artefact. This approach appears prom-
ising, and the result will be reported in the near future.
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