
Blood pressure estimation system using human body communication-based
electrocardiograph and photoplethysmography

Yusuke Sawatari, Jianqing Wang ✉, Daisuke Anzai

Nagoya Institute of Technology, Nagoya 466-8555, Japan
✉ E-mail: wang@nitech.ac.jp

Published in Healthcare Technology Letters; Received on 5th November 2019; Revised on 1st April 2020; Accepted on 16th April 2020

In order to realise low-load cuffless and continuous blood pressure measurement in daily life, the authors developed a blood pressure
estimation system combining human body communication-based wearable electrocardiograph and reflectance photoplethysmography.
The principle is based on a relationship between the pulse arrive time and the systolic blood pressure. The pulse arrive time is the time
period between the R-wave in electrocardiograph and peak of pulse wave. The greatest feature is the use of a human body
communication-based electrocardiograph which can provide automatic synchronisation in time between the measured electrocardiograph
and pulse wave signals to obtain the pulse arrive time so that no additional synchronisation circuit is required. Using this system, the
authors measured the pulse arrive time from the electrocardiograph and pulse wave signals in real time, estimated the systolic blood
pressure and compared the result with that measured by a cuff sphygmomanometer. The authors found that the root mean square error of
the estimated blood pressure and the actual value measured using the cuff sphygmomanometer was 4.5 mmHg or less, and the correlation
coefficient was >0.6 with a P value much <0.05. These results show the validity of the developed system for cuffless and continuous
blood pressure estimation.
1. Introduction: With the progress of the aging society, low-load
and real-time vital signal monitoring technology with the help of
body area networks has attracted much attention for medical and
health care applications [1–3]. Some typical examples are to
monitor various vital signals such as blood pressure (BP),
electrocardiogram (ECG) and pulse rate during daily life or
driving using wearable sensors with a wireless communication
function. Hypertension is one of major problems especially for
the elderly, and it is necessary to grasp the BP without stressing
them. For BP measurement, the oscillometric method using
pressurisation with a cuff is conventionally used [4–6]. The cuff
pressure is high pass filtered to extract small oscillations at the
cardiac frequency, and the envelope of these oscillations is
calculated as the area obtained by integrating each pulse. As the
cuff pressure drops between systolic BP and mean arterial
pressure, these oscillations in the cuff pressure increase in
amplitude. The amplitude of oscillations then decreases when the
cuff pressure falls below mean arterial pressure. The
corresponding oscillation envelop function is interpreted by
computer-aided analysis to extract BP. However, there is a load
on the subject and a difficulty to constantly measure the BP’s
fluctuation. A BP measurement method which does not require
cuff pressure is more practical during daily life or driving. One of
alternative BP measurement methods is based on pulse arrive
time (PAT) [7–10], which is the time for a pulse of blood to
travel from the heart to the organ where measurement is
undertaken. This method requires at least two vital signals, one as
a time reference and the other to obtain the time delay, in order
to calculate the PAT, from vital sensors placed on the human
body. The two signals are commonly ECG and pulse wave (PW).
The PW is a change in blood vessel volume which occurs as the
heart pumps blood. Photoplethysmography (PPG) is most
popularly used to measure PW [10–12]. PPG usually has two
modes – transmission and reflectance. In transmission mode, the
light transmitted through the medium is detected by a photo
diode (PD) opposite the light emitting diode (LED) source, while
in reflectance mode, the PD detects light that is back-scattered or
reflected from the blood vessels. So reflectance PPG is based on
the principle that light reflection changes as the blood vessel
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volume changes. Compared to transmission PPG, reflectance PPG
is more suitable for daily and wearable use because of its great
freedom of sensor placement. With the measured PAT from ECG
and PW, BP can be estimated based on its correlation to PAT.

In view of the necessary to form a body area network for medical
and health care applications, the on-body vital sensors should have
a wireless function. Since the human body is a lossy dielectric body,
the on-body path loss becomes larger at higher frequencies.
Compared to the popularly used 2.4 GHz band for short-range com-
munications, human body communication (HBC) technology exhi-
bits more advantages in not only its low propagation loss compared
to 2.4 GHz band but also its high security because of low radiation
towards outside of the human body [1, 13, 14]. We have previously
developed a wearable ECG module based on wide band HBC tech-
nology [15, 16]. For a person wearing the HBC-based ECG module
with two electrodes attached on the chest, when his/her fingertip
touches a HBC receiver, the detected ECG signal will be transmit-
ted to the receiver from the chest to the fingertip through the human
body itself. At the same time, the reflectance PPG can measure the
PW at the fingertip, which comes from the travel of a pulse of blood
from the chest to the fingertip. If we employ an HBC-based wear-
able ECG module and a reflectance PPG module, the ECG and PW
can be measured at the same time at the hand. This means that the
HBC-based wearable ECG and reflectance PPG have good com-
patibility with simultaneous measurement of ECG and PW, and
thus are especially suitable for estimating BP from PAT.

In this study, we aim to develop a system for cuffless BP estima-
tion from HBC-based ECG and reflectance PPG. Although the
concept of estimating BP from PAT is not new, the use of
HBC-based ECG to obtain PAT is a new attempt. This study is
organised as follows. Section 2 describes the principle of BP
estimation from PAT. Section 3 describes the configurations of
HBC-based wearable ECG module and reflectance PPG module,
respectively. Section 4 gives the experimental verification results
and Section 5 concludes this study.

2. Principle: Fig. 1 shows a schematic representation of BP
measurement from the HBC-based ECG and reflectance PPG. A
pair of ECG signal and PW signal is acquired simultaneously by
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Fig. 1 Schematic representation of BP measurement using HBC-based
ECG and reflectance PPG

Fig. 2 Block diagram of the HBC-based wearable ECG module
using the left or right hand to touch an HBC receiver electrode and a
PPG sensor module. For the ECG and PW signals obtained through
the hand in Fig. 1, the ECG signal is actually a time delay of that
measured at the chest, which is transmitted to the hand along
the human body by HBC technology. On the other hand, the
PW signal is due to the blood flow reached from the heart to the
hand when the heart pumps blood. The pumping timing
corresponds to the R-wave in the ECG signal. So the two signals
are automatically synchronised in time, and no additional
synchronisation circuit is required. This attributes to the use of
HBC-based ECG and is the greatest feature of the proposed
system. Referring to Fig. 1, the PAT is defined as the time period
between the R-wave in the ECG signal and the peak in the PW
signal. Strictly speaking, it is somewhat shorter than the strict
definition of PAT because the ECG signal measured by the HBC
technology has a slight time delay than that measured at the
chest. However, this influence can be absorbed in the coefficients
of the estimation formulas by prior calibration as shown below.
According to Moens–Korteweg formula, the PAT TP can be

linked to the modulus of elasticity E of the blood vessel wall by [17]
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where Dx is the distance between the ECG acquisition position and
the PW acquisition position, h is the thickness of blood vessel wall,
r is the blood density and r is the inner radius of blood vessel. On
the other hand, the systolic BP is related to the modulus of elasticity
E of blood vessel wall by [18]

E = E0 exp (a0Ps) (2)

where E0 and a0 should be determined from experimental results
and Ps is the systolic BP. It should be noted that this formula
applies to systolic BP, so the method presented below is not directly
applicable to diastolic BP. From (1) and (2), we can derive a rela-
tionship between the systolic BP Ps and the PAT Tp as follows:

Ps = a1 ln Tp + a0 (3)

where a1 and a0 are two coefficients related to E, h, r, r and Dx.
Moreover, it is suggested that there is a linear relationship

between the BP and heart rate. Since we can obtain the heart rate
from the acquired ECG signal in real time, also taking this factor
into account is expected to improve the estimation accuracy. We
thus add a new term related to the heart rate in (3), i.e.

Ps = a1 ln TP + a2Th + a0 (4)

where Th is the cardiac cycle in unit of second.
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Therefore, if the coefficients a1, a2 and a0 are derived by
prior calibration, the systolic BP can be estimated from PAT
using (3) or (4).
3. System configuration
3.1. HBC-based wearable ECG module: Fig. 2 shows the block
diagram of the proposed HBC-based wearable ECG module.
First, the ECG signal is acquired by a pair of electrodes and a
detection circuit, and then is converted to a digital signal by an
analogue-to-digital (AD) converter. Next, each digital bit is
encoded by a known pseudo noise sequence consisting of eight
chips, which is actually an eight-fold direct spreading code. The
encoded data are formed to a packet with a definite length by
adding start and stop bits before and after them, respectively. The
modulation employs impulse radio (IR) scheme where a pulse
with a width of 100 ns is used to replace usual carrier signal. The
pulse is sent when the chip is ‘1’, and nothing is sent when the
chip is ‘0’, which is actually an encoded on–off keying (OOK)
modulation. The chip rate is 10 Mc/s, which corresponds to a bit
rate of 1.25 Mb/s. At the output of the transmitting part, the
modulated signals are spectrally shaped between 10 and 60 MHz
by a band pass filter (BPF). The signal to be transmitted (Tx
signal) is then added to the human body by the same electrodes
for ECG detection, and is transmitted to the receiving part
through the human body. After BPF and amplification, the
received signals are demodulated by an energy detector and
decoded to extract the original bits. By employing the wide band
signal of 10–60 MHz, the usual 2.4 GHz band is avoided and
high anti-electromagnetic interference performance can be
expected. In fact, for our developed HBC-based wearable ECG
module, the electric field strength was measured not to exceed
25.4 V/m at a distance of 3 m, smaller than usual electromagnetic
environment [19]. This suggests that the electromagnetic radiation
and information leakage to the outside of the human body are
very weak because of the use of human body as a transmission
route.

Table 1 summarises the specifications of the HBC-based wear-
able ECG module. Both the transmitting and receiving parts are
implemented in a field-programmable gate array, respectively.
The sizes of the wearable part are about 3 cm×3 cm. It is stored
in a plastic case. The consumption power is <5 mW, and the
weight is <10 g. The ECG module starts operating when the
power is turned on, and no warm-up time is required. After
charging, it can work for at least half a day, or 4 h. A typical
ECG measurement location, i.e. the Tx location, is on the chest
and is particularly recommended for extended use due to the
stability of the electrodes when in contact with human skin. The
communication distance from the Tx location on the chest to
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Table 1 Specifications of HBC-based wearable ECG module

ECG detector

HPF cutoff frequency 15.9 Hz
LPF cutoff frequency 88.4 Hz
amplification 60 dB
AD converter —

sampling frequency 500 Hz
quantisation level 10 bits
Tx —

frequency band 10–60 MHz
pulse width 100 ns
chip rate 10 Mc/s
chip number per bit 8
bit rate 1.25 Mb/s
modulation IR OOK
Rx —

amplification 60 dB automatic gain control
demodulation energy detection
output interface USB
the finger (Rx location) therefore does not change greatly so that the
consumption power almost does not depend on the ECG measure-
ment location. We made continuous measurements for up to four
hours, and no significant increase in temperature was observed.

3.2. Reflectance PPG module: Reflectance PPG is based on optical
detection of blood volume changes in the micro-vascular bed of the
tissue. A reflectance PPG sensor consists of an infrared LED as the
light source and a PD as the light detector. They are placed in
proximity to each other on the skin surface where there is a
detectable concentration of blood vessels. The sensor monitors
changes in the light intensity via reflection from the tissue. The
changes in light intensity are associated with small variations in
blood perfusion of the tissue and provide information on the
pulse rate. Fig. 3 shows a block diagram of the reflectance PPG
module. The PW is detected by pressing the finger on the sensing
part. The detected PW is passed through a BPF of 0.5–3 Hz and
amplified to an appropriate level by an amplifier with an
automatic gain control function. The peaks of the PW waveform
are usually not very sharp. Typically, a PW waveform has two
peaks. One is produced by the draining of blood when the heart
contracts and the other is a reflected wave in which the PW
propagates to the fingertip and reflects back. The former peak is
usually larger than the latter. In order to effectively extract the
former peak of the PW waveform, the reflective PPG sensor has a
differentiator circuit in which the normal PW waveform is
differentiated and then amplified. This is called acceleration PW
which makes the inflection points of the PW clearer so that the
former peak can be effectively emphasised. After that, the PW is
quantised by 11 bits in the range of 0–5 V by an AD converter
with a sampling frequency of 218 Hz, and sent to a personal
computer (PC) via the USB cable. On PC, the peak of the
Fig. 3 Block diagram of the reflectance PPG module
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acceleration PW is identified using a usual peak search algorithm.
Since reflectance PPG is based on the principle that light
reflection changes as the blood vessel volume changes, the
finger’s multilayer configuration is included in the prior
calibration process even if there are differences in the multilayer
configuration for different subjects. It is therefore possible to
uniquely determine the relationship between BP and PAT.

4. Verification experiment: Using the developed HBC-based
wearable ECG module and the reflectance PPG module, we
experimentally verified the validity of systolic BP estimation from
the simultaneously measured ECG and PW waveforms. The
simultaneous measurement of ECG and PW was realised by
touching the HBC-based ECG receiving electrode with a hand
and the reflectance PPG sensor with one of its fingers at the same
time. Then the PAT TP was obtained, and the systolic BP was
estimated using (3) or (4). The estimated systolic BP values were
compared with that measured using a cuff sphygmomanometer to
verify the method’s validity.

Fig. 4 shows a view of simultaneous measurement of ECG and
PW waveforms. The HBC-based wearable ECG is attached on
the subject’s chest with the electrodes touching the chest surface.
During measurement, the subject’s left or right hand touches the
receiving electrodes of the HBC-based wearable ECG, and one
finger simultaneously touches the PPG sensor. There is no clear
difference between using left hand and right hand in terms of
performance. Fig. 5 shows the flow chart of systolic BP estimation.
Before measurement, we need to conduct a prior calibration in order
to determine the coefficients in (3) and (4). After the calibration, we
start the measurement. First, we acquire the ECG and PW wave-
forms for about one second. Then, we extract the R-wave in ECG
waveform and the peak in PW waveform, and calculate the time
between the two peaks. This time is the PAT. Using the obtained
PAT, we estimate the systolic BP from (3) or (4). This process is
conducted in a PC. The measured ECG and PW waveforms, as
well as the calculated PAT and estimated systolic BP are displayed
on the PC’s screen. Fig. 6 shows an example of screen with the
simultaneously measured ECG and PW waveforms as well as
the estimated BP. As can be seen, the ECG and PW waveforms
are well measured, and the PAT can be easily detected from the
R-wave in ECG and the peak of the PW waveform. In addition,
in view of the high data rate in our HBC-based wearable ECG
and the simultaneous acquisition of the ECG and PW waveforms,
we do not require additional circuit to synchronise the two wave-
forms in order to obtain the PAT.

4.1. Prior calibration: The verification experiment was conducted
for five subjects. The five subjects were men aged 21–24 years
old, except for one with mild hypertension in 50 s. For prior
calibration, we measured the ECG and PW for >30 times (more
than one second each time), and calculated the PAT and systolic
Fig. 4 View of simultaneous measurement of ECG and PW
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Fig. 6 Example of screen showing measured ECG and PW waveforms

Table 2 Coefficients determined in (3) and (4) for BP estimation

Subject A B C D E

a1 −21.31 −17.49 −30.66 −13.16 −22.49
a0 123.30 122.35 111.76 98.87 111.36
a1 −21.54 −16.92 −32.68 −13.51 −18.50
a2 13.75 −6.99 8.76 1.60 −17.53
a0 112.36 128.80 104.13 97.39 127.38

Fig. 8 Comparison between the systolic BP estimated from PAT and that
measured by a cuff sphygmomanometer. The numbers on the horizontal
axis indicate the measurement number

Table 3 RMSE [mmHg] for estimated and measured BPs

Eq. A B C D E

(3) 2.68 4.52 4.15 2.91 2.12
(4) 2.57 4.43 4.03 2.87 1.97

Fig. 5 Flow chart of BP estimation

Fig. 7 Relationship between the systolic BP and the PAT for five subjects
BP for each subject. On the other hand, we obtained the systolic BP
from the average before and after each ECG and PW measurement
using a cuff sphygmomanometer. Fig. 7 shows the relationship
between ln TP and systolic BP Ps based on multiple
measurements for the five subjects (A–E). Since there is an
approximate linear relationship between ln Tp and systolic BP Ps,
we made a regression analysis to determine the coefficients in the
equations. Table 2 shows the determined coefficients a1, a2 and
a0 in (3) and (4) for BP estimation for the five subjects.
Although the coefficients are different for each subject, the
differences do not exceed 2.4 times for a1 and 1.3 times for a0 at
maximum. For the term associated with a2 in (4), it has a smaller
contribution to the BP estimation result compared to the terms
associated with a1 and a0.
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4.2. Verification results: The BP estimation was made using either
(3) or (4). That is to say, we first obtained instantaneous PAT value,
and then used them to estimate BP from either (3) or (4). The
reference values of BP were an average measured by a cuff
sphygmomanometer before and after the ECG and PW
measurement. Fig. 8 compares the systolic BPs estimated from
PAT and measured by cuff sphygmomanometer for one subject.
The test was conducted 30 times in total within three days. The
time duration of each test was 30 seconds. In Fig. 8, the numbers
on the horizontal axis indicate the test number, and the vertical
axis indicates the systolic BP value averaged within 30 s. It can
be seen that the total variations of BP values estimated from
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Table 4 Correlation coefficients and P values

Eq. A B C D E

(3) 0.55 0.70 0.55 0.65 0.57
— 1.6× 10−3 1.9× 10−5 1.7× 10−3 8.8× 10−5 9.7× 10−4

(4) 0.65 0.71 0.60 0.66 0.60
— 1.1× 10−4 9.9× 10−6 5.0× 10−4 6.4× 10−5 7.1× 10−4

upper row: correlation coefficient; lower row: P-value.
either (3) or (4) follow the trend measured by the cuff
sphygmomanometer. In both cases of using (3) and (4), the root
mean square error (RMSE) was calculated between the estimated
and the measured BP values, and the calculated RMSE results are
shown in Table 3. The RMSE was found to not exceed
4.52 mmHg, and the systolic BP was estimated in a reasonable
accuracy because there is no significant difference in the
estimated BP and the cuff-sphygmomanometer-measured BP.

Moreover, the correlation coefficients were also calculated for
estimated and measured BP values along with a P value based
on a t-test. P-value is a reference probability to determine
whether or not a null hypothesis (no correlation between them)
can be rejected, and that the P-value of 0.05 is usually used as a
significance level for a statistical test. First, it is assumed that
there is no correlation between the estimated and measured BP
values. Then, if P , 0.05, the null hypothesis will be rejected,
and a significant correlation should exist between them. Table 4
shows the correlation coefficients and P values for the estimated
BPs and that measured by the cuff sphygmomanometer. The
correlation coefficients were found to be >0.55 using (3) and
0.6 using (4) for all subjects. Also, the P-value was always
much <0.05, which means that the correlations are sufficiently
significant from a statistical point of view. In addition, it was also
confirmed that the correlation coefficient can be improved if the
BP is estimated using (4) in consideration of heart rate as compared
with (3).

5. Conclusion: In this study, we have developed a systolic BP
estimation system which combines an HBC-based wearable ECG
module and a reflectance PPG module to realise a low-load
cuffless BP measurement in daily life. The developed HBC-based
wearable ECG automatically synchronises with PW because it
uses the human body itself as a transmission route. This is the
greatest feature of this system and no additional synchronisation
circuit is required. Furthermore, by adopting a wide band
IR modulation method between 10 and 60 MHz, the
anti-electromagnetic interference performance has also been
improved. Using the developed system, we simultaneously
measured the ECG and PW waveforms, estimated the systolic BP
form derived PAT, and compared the result with that measured
by a cuff sphygmomanometer. We have found that the RMSE of
the estimated BP and the actual measured one was 4.5 mmHg or
less, and the correlation coefficient was >0.6 with a statistical
P-value much <0.05. These results show the validity of the
developed system for cuffless and continuous BP estimation.

This method is expected to be contactless. However, the
capacitive-coupling impedance between the ECG electrodes and
the human body can have a significant impact on signal detection
quality [20], and both noise cancellation and body movement
removal techniques are required [21, 22]. The integrated circuit
design of HBC-based ECG and reflectance PPG modules using
these techniques is our future subject.
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