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ABSTRACT Fetal heart rate (FHR) is an essential indicator of fetal well-being. The ultrasonic Doppler FHR
detector is widely used to monitor the fetus’s health due to its advantages of non-invasion, high sensitivity,
and good directivity. However, the existing commercial Doppler FHR detector primarily uses an analog mul-
tiplier for demodulation, which has limited functions and insufficient sensitivity. The analog demodulation
is performed only on a single-sideband signal(in-phase or quadrature) (IQ), which is impossible to derive
the fetal heart movement’s vector velocity. Moreover, repetitive recognition of the mitral valve’s positive
and negative motion easily causes the measured FHR twice the actual one (FHR doubling). Although the
traditional digital demodulation FHR detector can obtain in-phase and quadrature demodulation signals,
it needs a high-level field-programmable gate array chip and therefore cannot meet low-power consumption
requirements in battery-powered situations. Herein we proposed a novel digital demodulation FHR algorithm
using time-domain windowing. Then, we applied the algorithm into a low-power complex programmable
logic device to achieve low-cost acquisition of vector velocity and suppress FHR doubling and finally
designed a hand-held, noninvasive digital Doppler FHR detection system for continuous perinatal detection.
In this work, the comparison curve between the TREND curve generated by the simulator and the measured
curve of our FHR detector was obtained. The comparative experiment between the commercial FM-3A
FHR detector and our proposed FHR detector was performed, and the relative error and standard error of the
obtained FHR data were used to evaluate the two FHR detectors’ detection accuracy. The results showed that
our FHR detector showed excellent detection accuracy at an accuracy rate of 98%, which was much higher
than the average accuracy of the FM-3A FHR detector and indicated our proposed digital FHR detector
showed excellent detection performance. It means that the proposed digital windowed FHR demodulation
algorithm is practical, the multi-FHRmonitoring system is feasible, and our proposed FHR detector has high
detection accuracy, effectively suppresses FHR doubling, and meets the requirements of Chinese national
standards. It provides an alternative scheme towards the low-cost hand-held digital demodulation FHR
detection application.

INDEX TERMS Windowed algorithm in time-domain, digital demodulation, low-power wireless FHR
detection, multiple FHR monitoring.
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I. INTRODUCTION
According to statistics from the center for disease control
and prevention, a total of 23,595 fetal deaths at 20 weeks of
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gestation or more were reported in America in 2013, and
the fetal mortality rate was 5.96 fetal deaths at 20 weeks
of pregnancy or more per 1,000 live births [1]. It was esti-
mated that over one million fetal deaths take place in Amer-
ica per year [1]. Premature delivery, hypoxia, intrauterine
growth retardation, or other complications cause fetal distress
and neonatal death and lead to risks to pregnant women’s
health. Therefore, it is of great significance to dynamically
monitor the fetus and gravida’s health status during the
pregnancy. It is often used to reflect the autonomic ner-
vous system’s development, physiological activity, and fetal
health status [3]. For example, FHR is regulated by the auto-
nomic nervous system, specifically byway of the sympathetic
and the parasympathetic nervous system, and it is closely
related to the pregnancy cycle. The normal FHR is about
110-160 beats per minute (BPM) [4], and the average FHR
before 20weeks of pregnancy is about 162 BPM. The average
FHR at 21-30 weeks of pregnancy is approximately 147 BPM
and the average FHR at 31-40 weeks of pregnancy is around
139 BPM. When the pregnancy is 12 weeks, the FHR can
be as high as 170 BPM, and when the pregnancy exceeds
40 weeks, the FHR can be lower than 110 BPM. Therefore,
when the FHR measurement time is more than 10 minutes,
and the pregnant woman’s FHR is higher than 170 BPM or
lower than 110 BPM, it is usually considered an obvious FHR
abnormality, often caused by fetal hypoxia, ischemia, and
other factors. Once fetal severe hypoxia or ischemia occurs, it
is effortless to cause congenital disabilities, even fetal death.
Therefore, it is crucial to obtain the FHR of pregnant women
accurately. To improve the quality of fetal delivery, reduce
fetal mortality, inhibit the birth of congenital disabilities and
mentally retarded fetuses. Investigating and designing an
electronic FHR detection system used in hospitals, commu-
nity health centers, and various healthcare settings to provide
high-accurate FHR detection is meaningful. An ambulatory
FHR detection system that can be used for accurate long-
term monitoring of FHR and can be applied to prevent fetal
hypoxia and identify symptomatic signs for pregnant women
with abnormal FHR conditions is urgently needed.

As the electronic FHR monitoring system can effectively
prevent fetal hypoxia, allow optimal timing of delivery,
gain maximum fetal maturity, and avoid intrauterine fetal
death [5], more and more attention has been paid to the
development of electronic FHRmonitor in last few decades to
optimize and improve the fetal and maternal outcomes during
pregnancy, labor, and delivery [6]. For instance, the electronic
FHR monitoring technology by adopting an abdominal elec-
trocardiogram method of continuously recording FHR was
first introduced by Edward in 1958 [7], making the FHR
monitoring stride into a new era. Free-man et al. reported
that changes in the fetal heart waveform might correlate with
hypoxia [8]. In the 1950s and 1960s, the technologies of
phonocardiography, abdominal electrocardiogram, and toco-
dynamometers were used by the research teams of Caldeyro-
Barcia, Hammacher, and Hon to investigate visual tracings of
FHR changes, including bradycardia, variability, tachycardia,

and the relationship of these tracings to fetal distress. In 1968,
the first commercial fetal monitor was invented by Hewlett
Packard [9]. Subsequently, electronic FHR monitoring has
been gradually applied to FHR detection to check the baby’s
health [10]. In the following decades, computer-assisted
analysis of cardiotocograph recordings has been introduced
[11], [12]. New methods of computerized FHR analysis and
electrocardiogram have been developed [10]. Other tech-
nologies, including fetal magnetocardiography [13], fetal
photoplethysmography [14], fetal cardiotocography, and
phonocardiography, are also promising fetal monitoring tech-
niques. Although FHR can be obtained by various tech-
nologies [15] [16], the method based on the ultrasonic
Doppler effect for detecting the FHR is a noninvasive
practical approach. Therefore, the electronic FHR detec-
tion system using the ultrasonic Doppler effect has been
widely and intensively researched worldwide and achieved
widespread application. For instance, Doppler ultrasonogra-
phy was used to determine the typical ranges of computerized
FHR parameters by Simone Breukelman et al. in 2005 [17].
Ahmet Mert et al. denoted that reliability and accuracy
are two performances of Doppler-based FHR monitor that
need to be improved in 2015 [18]. The technology of
Doppler ultrasonography for continuous FHR monitoring
and intermittent FHR measurements was described by
Paul Hamelmann et al. in 2019 [16]. Additionally, Doppler
ultrasound (DUS) devices have been widely used for several
decades to estimate FHR. In Doppler ultrasound devices,
the primary disadvantage of DUS is the high sensitivity to
fetal movement as the detection of FHR mainly relies on
the correct positioning of the ultrasound probe, time inter-
vals of the cardiac events are often estimated from the DUS
signal by using several methods such as digital filtering,
short term Fourier transform, or wavelet analysis. The auto-
correlation (AC)-based approaches are often adopted as a
computationally inexpensive approach and are often used to
identify the dominant frequency. However, AC-based meth-
ods are affected by the inherent smoothing or averaging
of the autocorrelation. Therefore, Valderrama et al. intro-
duced a reproducible and generalizable AC-based method
for FHR estimation from one dimensional Doppler ultra-
sound (1D-DUS) signals taken with an inexpensive hand-
held FHR detector [19]. Al-Angari et al. proposed the use
of empirical mode decomposition (EMD) of the 1D-DUS
signals and the kurtosis of the instantaneous mode function
as a measure of FHR. They proved the EMD-kurtosis method
derived higher accuracy than AC-based methods. However,
the EMD-kurtosis method parameters were optimized using
all of the datasets, resulting in likely overfitting on the limited
data [20]. Alnuaimi et al. adopted a swarm decomposition
method to estimate fetal cardiac intervals. They obtained
an excellent identification of the fetal cardiac timing events
by adopting the cepstrum analysis method to analyze the
fetal Doppler signal. In their experiments, the component
linked to valve movements was separated by applying the
cepstrum analysis method, and the peaks that correspond
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to specific cardiac events were divided. However, the quan-
titative comparison with the pulsed wave Doppler image-
based valve motion timings was not provided with the offered
data. Although the presented DUS cepstrum analysis method
allows efficient identification of the cardiac events that pre-
serve physical meaning, the technique’s primary drawback is
its time complexity. Thus, it is still not suggested for real-
time applications [21]. Subsequently, Katebi et al. proposed
a probabilistic segmentation method enabled by a hidden
semi-Markov model, which was regarded as an unsuper-
vised approach along with the use of spectral and temporal
features as an input to a clustering algorithm, significantly
improved DUS segmentation and heart rate variability assess-
ment. They presented one of the most accurate approaches
for the beat-to-beat monitoring of fetuses using 1D-DUS
signals [22]. The above methods are based on limited data
sets. Both the fetal ECG and DUS data are simultaneously
recorded and digital signals are processed using offline pro-
cessing methods. Several optimized FHR detection algo-
rithms are also used to detect fetal heart valve movements
from 1D-DUS recordings. However, they require simultane-
ous fetal ECG as a reference. Most importantly, the optimized
FHR algorithms have not yet been applied to chip-based
designs, and hand-held 1D-DUS devices based on digital
demodulation have never been reported.

Although tremendous achievements were made in the past
several decades, several technical limitations such as the inac-
curate beat-to-beat estimation of the FHR in the traditional
analog Doppler FHR detector (Doppler transducer) [23],
high-cost and high power consumption in the traditional
digital Doppler FHR detector (Doppler imaging technique),
need further investigation. Those issues make low-cost and
high-accuracy FHR detection full of challenges. Although the
traditional analog FHR detectors have beenwidely used in the
market and have high-cost performance and low-power con-
sumption, the comprehensive sensitivity is not high. It is hard
to obtain a high-SNR FHR curve due to maternal heart signal
interference, maternal respiratory sounds, maternal motion,
maternal digestive sounds, nonlinear transmission medium,
acoustic noise produced by fetal movements, movements of
the maternal abdominal surface sensor during detection, and
ambient noise [24], [25]. Additionally, the traditional analog
FHR detectors have inferior stability, low detection precision,
and they are hard to distinguish FHR doubling (the measured
FHR is twice the actual FHR). Both the function and the
monitoring of early gestation fetus are limited, and they only
extract the in-phase signal (I signal) or orthogonal signal
(Q signal). That means the traditional analog FHR method
cannot obtain the full fetal heart motion information [1]. The
development of the Doppler FHR monitor based on ana-
log demodulation is incredibly restrained. Therefore, more
advanced FHR monitoring methods need to be developed
to reduce the false-positive rate for compromised babies’
prediction [10].

As electronics and sensors have rapid developed over
the past several years, more cost-effective approaches have

been proposed to replace traditional analog FHR demodula-
tion methods for FHR monitoring. The ultrasonic Doppler
FHR detection technologies are developing towards porta-
bility, miniaturization, and high detection precision. It was
then the traditional digital FHR detectors appeared and have
been developed. However, as the traditional digital FHR
demodulation algorithm generally needs a high-level field-
programmable gate array (FPGA) chip, yet the FPGA chip
cannot meet low-power and low-cost requirements. Besides,
the traditional digital FHR detectors (digital demodulation
FHR detection devices based on Doppler ultrasound) such
as Philips iu22, GE VIVID7, are multi-functional, can detect
the vector velocity of fetal heart movement, distinguish the
direction of fetal heart movement and inhibit the FHR dou-
bling. However, they are expensive, and require skilled spe-
cialists to operate and are only performed for particular cases
of fetal and maternal conditions. Besides, they are often
large, non-handheld, high-power, and cannot be widely used
by ordinary people. So the use is restricted by the place.
Therefore, we proposed a novel windowed digital demodu-
lation algorithm that is different from the traditional digital
FHR demodulation algorithm and has many advantages. For
example, the hardware logic resource required for our pro-
posed algorithm is about 4% that of the traditional digital
FHR demodulation algorithm, which makes it possible to
realize digital FHR demodulation on a low-cost and low-
power complex programmable logic device (CPLD). It also
provides the possibility of developing a low-cost, noninvasive
wireless digital FHR monitoring system. Most importantly,
the fetal heart’s vector kinematics parameters are expected to
be obtained, and the heat dissipation and power consumption
of the chip are hopeful of reducing effectively. The FHR
doubling is expected to be overcome effectively.

This paper presents a novel demodulation method based
on time-domain windowing as digital FHR demodulation
algorithm for miniaturization, convenience, and accuracy of
FHR measurement, a hand-held wireless ultrasonic Doppler
detector using the demodulation algorithm is designed, and
comparative experiments between the FM-3A FHR detector
and our proposed FHR detector were carried out. In this study,
our presented wireless FHR detection system focuses on the
low-cost, low power consumption, and overall performance
of the digital FHR detection system to increase the battery
life and achieve a low-cost and accurate acquisition of vector
velocity of fetal heart movement. Additionally, a miniatur-
ized digital multi-FHR monitoring system for multiple FHR
detection was designed and implemented to reduce FHR
monitoring costs in this work.

II. FHR DETECTION PRINCIPLE OF AND
DEMODULATION METHODS
A. FHR DETECTION PRINCIPLE
When relative motion between sound source and object
occurs, the reflected ultrasound’s frequency changes lead
to Doppler frequency shift, which can be applied in
detecting FHR. When the ultrasonic probe transmits the
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excitation signal and couples into the maternal abdomen
through the coupling agent, the excitation ultrasound encoun-
ters the beating fetal heart. Subsequently, the reflected ultra-
sound echo can be received through the ultrasonic probe.
Then the Doppler frequency shift can be derived by comput-
ing the frequency difference between the transmitted ultra-
sound wave and the received ultrasound signal. According
to the Doppler frequency shift principle [18], the fetal heart
velocity v is written as:

v =
fd · c

2f1 cos θ
=

(f2 − f1)c
2f1 cos θ

(1)

where θ, f1, f2, fd , c represent the angle θ between the ultra-
sonic probe and the fetal heart movement direction, the
ultrasonic excitation frequency, the echo receiving frequency,
Doppler frequency shift, and ultrasonic propagation velocity
within a tissue, respectively.

By obtaining the above five parameters, the velocity of
the fetal heart can be calculated by Eq. (1). We can see that
the ultrasonic frequency shift is proportional to the velocity
of fetal heart movement. When the velocity v > 0, i.e.,
f2 > f1, the FHR is diastoleing; when the velocity v = 0,
the FHR is at rest, while when the velocity v < 0, the FHR
is contracting, the above phenomenon denoted that velocity
change can be used to represent the variation of fetal heart
movement. As the velocity periodically changes with time,
the FHR can be derived by analyzing the fetal heart’s velocity.

B. FHR DEMODULATION METHODS
1) TRADITIONAL ANALOG FHR DEMODULATION
In the traditional analog FHR demodulation process, assum-
ing the ultrasonic excitation signal to the ultrasound trans-
ducer fT = A1 sin(f1t + ϕ1), the ultrasonic echo signal can be
denoted as fR = A2 sin(f2t + ϕ2).
where A1,A2 are the amplitudes of two signals, f1, f2 are

the frequencies, ϕ1, ϕ2 are the initial phases, and 1f is the
frequency variation (i.e., 1f = f2 − f1 ).

FIGURE 1. Traditional analog FHR demodulation.

As the same transducer is used both in the excitation
and reception processes, the probe is tightly positioned on
the maternal abdomen, which means that the phase dif-
ference between the ultrasonic excitation signal and ultra-
sonic echo signal can be ignored. After the analog mixing
of the stimulated signal and the received signal is carried
out, low-pass filtering is then performed on the mixed-
signal. As the analog FHR demodulation is a single sideband
demodulation method, I/Q signal can be expressed as fF =
1
2A1A2 cos[(1f )t]. The traditional analog FHR demodulation
is shown in Fig. 1.

2) TRADITIONAL DIGITAL FHR DEMODULATION
The traditional digital FHR demodulation algorithm usually
includes five steps:

FIGURE 2. Traditional digital FHR demodulation.

� Step 1: Depth selection;
� Step 2: Signal windowing;
� Step 3: Digital signal multiplication;
� Step 4: Low-pass filtering;
� Step 5: Signal accumulation;
The traditional digital FHR demodulation is shown

in Fig. 2. The first step is to obtain the ultrasonic echo signal
of the specified depth. To avoid the Gibbs phenomenon in the
frequency-domain, the truncated segments of the ultrasonic
echo signal in the time-domain are windowed in step 2.
Subsequently, the windowed signal is divided into two chan-
nels, and then they are mixed with the two signals; one
signal(I) is the carrier with the same frequency and the
same phase, and the other signal(Q) has a phase difference
of 90 degrees with the former. After that, the mixed-signal,
including multiple frequency signal and envelope signal, are
obtained in step 3, and then, the frequency doubling signal
is filtered out by a low-pass filter in step 4. Finally, data in
buffer are accumulated to derive the I signal and the Q signal
in step 5.

FIGURE 3. FIR filtering and accumulation process.

As shown in Fig. 2, each step of traditional digital FHR
demodulation is carried out separately, which results in some
idle and waste of hardware logic resources. For example,
FIR multistage multipliers are generally utilized as parts of
the low-pass filter to filter out the frequency doubling signal
in step 4. However, the signal envelope is usually obtained
by accumulating all multipliers in the FIR filtering process,
which leads to a waste of hardware logical resources due to
many multiplications. The above FIR filtering and accumu-
lation process can be described in Fig. 3.

In Fig. 3, X is expressed as the input signal after mixing
processing, n represents the FIR filter length, X (1) to X (n)
are denoted as n registers. Besides, Fir_ (1) to Fir_ (n) are
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depicted as the FIR filter parameter, Mult_ 1 to Mult_ n are
n multipliers, and Adder 1 is denoted as an n-order adder.
In the FIR filtering and accumulation process, input data is
sent to X (1) to X (n) by shift, then the data obtained by
multiplying X (n) and Fir_ (n) is sent to the multiplier n,
and then by accumulating Multiplier 1 to Multiplier n is to
realize the function of FIR low-pass filter. Besides, Y(n) is a
register that can store the data obtained by Adder 2, and then
the data is sent back to Adder 2 again to realize the function
of accumulation in step 5. Finally, the signal I or signal Q
can be obtained after the above process. As can be seen
from Fig. 2 and Fig. 3, the implementation of the traditional
digital FHR demodulation algorithm involves many multipli-
ers and accumulators, which consumes many hardware logic
resources. It is generally carried out on FPGA level chips
for conventional digital FHR demodulation to perform real-
time digital processing. As the FPGA chip has a higher cost
and higher power consumption, it isn’t easy to satisfy the
portable FHR detection system’s power consumption in a
battery-powered scenario. Therefore, if the traditional digital
FHR demodulation algorithm can be optimized to reduce
the demand for logical hardware resources, we can apply
it to a low-cost CPLD chip. It is expected to achieve a
low-power consumption and high detection accuracy FHR
detector. It will be beneficial to us and expected to promote a
significantly digital FHR detector application, especially for
the wireless FHR monitor.

3) DIGITAL FHR DEMODULATION USING
TIME-DOMAIN WINDOWING
To overcome the traditional digital FHR detector’s short-
comings, we proposed a time-domain windowed digital FHR
demodulation algorithm. Our proposed demodulation algo-
rithm is based on the conventional digital FHR demodulation
algorithm. The derivation process is as follows.

As shown in Fig. 2, we set X as the received ultrasonic
signal matrix after depth selection, n is denoted as the length
of the matrix, G represents the windowed function matrix
in step 2, g(n) is expressed as the coefficient of the win-
dowed function. The matrix P after signal windowing can be
expressed as:

P = XG (2)

where

Gi,j =
[
g(i) if i = j
0, if i 6= j

]
(n,n)

Then, mixing processing is carried out in step 3, in this part,
assuming matrix C is the in-phase trigonometric function
matrix. And then, the result of mixing processing can be
simplified as:

D = PC

Ci,j =
[
cos {ω[t + (i− 1)1t]} , if i = j
0, if i 6= j

]
(n,n)

(3)

1t = 2π f
fsample

, f is the carrier signal frequency, fsample is the
sampling frequency, both i and j are integers, and i ≤ n, j ≤ n.
As can be seen from Fig. 2, step 4 is the low-pass filtering,

which aims to remove the frequency, which is twice the input
signal’s frequency, and obtain the envelope signal. In this part,
Y is set as the sequence signal after low-pass filtering, F is
denoted as a group of filters with the length of n, and d(1) to
d(m+ l) are the received ultrasonic signal’s intercepted frag-
ments obtained by signal windowing, which can be shown in
Eq. (3), and then they are used to conduct the convolution
operation with FIR low-pass filter coefficient f (1) · · · f (n),
after the low-pass filtering, we can derive Y , which can be
denoted as

Y = DF (4)

where m + l is equal to the length of the received ultrasonic
signal, i.e., m+ l = n, F is the FIR filter coefficient matrix.

As a result, the accumulation process of step 5 can be
represented as

I = YE (5)

where E = [11111 1...1]′(1,m), m is an integer, and m ≤ n.
Therefore, the whole digital FHR demodulation process

can be expressed as

I = XGCFE (6)

Assuming Z = GCFE , then I = XZ according to the
properties of matrix operation.

Meanwhile, matrix S can be set as the orthogonal trigono-
metric function matrix, matrix Q is the output orthogonal
matrix, and assuming Z = GSFE , then Q = XZ .
In the digital FHR demodulation process, as G,C, S,F,E

are known in advance. Therefore, the traditional digital FHR
demodulation can be simplified tomultiply the inputmatrixX
and the demodulation matrix Z , which can be easily realized
by a multiplier and two accumulators. The circuit block dia-
gram of the digital FHR demodulation algorithm using time-
domain windowing is shown in Fig. 4.

Therefore, the time-domain windowed digital FHR
demodulation algorithm flow diagram can be simplified
as Fig. 5. Like the traditional digital FHR demodulation
approach, depth selection of ultrasonic echo signal is also
be performed in our time-domain windowed digital FHR
demodulation. After depth selection, the windowed sequence
of I signal and windowed sequence of Q signal are obtained,
then through data accumulation by Add_I and Add_Q, both
I signal and Q signal is derived. Compared with the tradi-
tional digital FHR demodulation algorithm, our proposed
algorithm dramatically reduces the occupation of digital logic
resources, cuts down the circuit complexity, and decreases
chip power consumption. Therefore, it is possible to apply it
to a low-cost CPLD chip.

Besides, to obtain the vector velocity of the fetal heart
movement, the mean value of angular frequency should be
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FIGURE 4. Circuit block diagram of digital FHR demodulation algorithm
using time-domain windowing.

FIGURE 5. Algorithm flow diagram of time-domain windowed digital FHR
demodulation process.

obtained first [26], and it can be written as

ω̄ =

∫
+∞

−∞
ωP(ω)dω∫

+∞

−∞
P(ω)dω

(7)

where ω is the angular frequency, ω̄ is the mean value of the
angular frequency, P(ω) is the power spectral density.
Moreover, the extraction of the velocity of the fetal heart

movement usually depends on the average angular veloc-
ity[26], which is given by

v =
ω̄

2π f1

c
2

(8)

where v is the velocity of fetal heart movement, f1 is the ultra-
sonic excitation frequency, and c is the speed of ultrasonic
propagation.

As each fetal heart signal in complex coordinates can
be regarded as the composition of two orthogonal signals,
the complex digital signal can be expressed as Eq. (9) [26].

r(i) = x(i)+ jy(i) (9)

where r(i) is the complex digital signal, x(i) is the real part,
and y(i) is the imaginary part.
Combined with Eq. (7) ∼ (9), the vector velocity of fetal

heart movement can be expressed by Eq. (10) [27].

v = −
c

4π f1Tp
arctan

[∑N−1
i=1 y(i)x(i− 1)− x(i)y(i− 1)∑N−1
i=1 x(i)x(i− 1)+ y(i)y(i− 1)

]
(10)

where the ultrasonic excitation frequency f1 is 1 MHz, Tp is
the pulse repetition period.

In our proposed digital FHR demodulationmethod, the cal-
culated velocity contains the velocity of fetal heart movement
and the direction of fetal heart movement. Therefore, the

time-domain windowed digital FHR demodulation can effec-
tively prevent FHR doubling and obtain accurate fetal
heartbeat. Besides, our proposed digital FHR demodula-
tion algorithm has the advantages of traditional digital
FHR demodulation. It can effectively economize the chip’s
hardware logic resources and reduce power consumption.
Therefore, it provides the possibility to realize a low-cost,
low-power consumption, and high detection precision FHR
demodulation detector in the future.

III. DESIGN OF DIGITAL MULTI-FHR
MONITORING SYSTEM
Although the traditional ultrasonic Doppler FHRmonitor has
been widely used due to its low-cost, low-power consump-
tion, and non-invasion, it cannot analyze the vector velocity
of fetal heart movement. The mitral valve’s positive and neg-
ative movement is repeatedly recognized, which extremely
likely leads to the FHR doubling. While the traditional digital
Doppler FHR monitor can accurately obtain the IQ signal,
it generally requires a high-level FPGA chip, which cannot
meet the requirements of low-power consumption and high
cost-performance. It also means that the traditional digital
demodulation cannot be applied to wireless Doppler FHR
monitor in battery-powered situations. Based on this, we pro-
pose a time-domain windowed digital FHR demodulation
algorithm in this paper, which can effectively save hardware
logic resources and reduce the chip’s power consumption.
Therefore, it is expected to solve the problem that the tradi-
tional digital FHR demodulation cannot realize portable FHR
monitoring through the battery power supply.

Additionally, to reduce the cost of monitoring and realize
the real-time synchronous tracking, analysis, and abnormal
FHR warning of multiple pregnant women, we designed a
multi-FHR monitoring system for simultaneous detection of
FHR of up to 32 pregnant women. Themulti-FHRmonitoring
system comprises several wireless FHR detectors and an
FHR monitoring host, and each pregnant woman in the same
community or the same hospital holds one wireless FHR
detector. Each detector is placed on the corresponding fetal
heart position of each pregnant woman. The common fetal
heart monitoring host synchronously collects the wireless
FHR detectors’ fetal heart data, and then it can analyze,
monitor, and issue abnormal FHR warnings.

A. DESIGN OF WIRELESS DOPPLER FHR
DETECTION SYSTEM
As the primary research of this study, the wireless ultra-
sonic Doppler FHR detection system mainly contains four
components: 1) ultrasonic excitation and acquisition circuits,
2) CPLD digital signal processing circuits, 3) MCU and
peripheral circuits, 4) system software. The ultrasonic exci-
tation and acquisition circuits can be divided into ultrasonic
excitation circuits and echo receiving circuits. The former cir-
cuits include driving signal amplification, impedance match-
ing, and excitation signal generation, while the latter circuits
contain ultrasonic echo amplification, hardware filtering, and
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FIGURE 6. Overall structure frame of our proposed wireless FHR detection system.

analog to digital conversion. Firstly, in this work, the burst
pulse signal is generated by the CPLD timing control cir-
cuit, and the ultrasonic excitation signal is generated after
power amplification of driving signal and impedance trans-
formation. Then the generated excitation signal is acted on
the ultrasonic probe. Subsequently, the ultrasonic echo sig-
nal is received by the transducer. After the ultrasonic echo
amplification, band-pass filtering, and analog to digital con-
version, the echo signal is then sent to the CPLD digital
signal processing unit to conduct digital filtering and time-
domain windowed FHR demodulation. After that, we can
obtain the IQ demodulation signals and vector velocity of
the fetal heart movement. Finally, the fetal heart informa-
tion detected by the wireless FHR detector is transmitted
to an upper-computer (UC) through a wireless communi-
cation module for further analysis, processing, storage, and
display. During that process, personal computer (PC), per-
sonal digital assistant (PDA), mobile phone (MB), the multi-
FHR monitoring host can be treated as the UC. To realize
a multi-to-one connection between the wireless FHR detec-
tors and the UC, ZigBee, Bluetooth, and WiFi are often
used to complete the connection function. WiFi can satisfy
the data bandwidth and pairing number requirements, it can
transmit the fetal heart data smoothly, in realtime, for long
distance, and in low latency. Therefore, a WiFi chip named
ESP8266 is used to realize wireless data transmission in our
design. Additionally, to reduce the power consumption as
much as possible, an ultra-low-power microcontroller unit
(MCU), STM32F103RCT6 manufactured by ST Corpora-
tion, is selected as the microprocessor. A 2500 mAH, 3.7 V
polymer lithium battery, and a battery protection circuit are
included in our wireless FHR detection system.

The control circuit consists of MCU and peripheral circuits
composed of OLED display, button, WiFi, power manager,
flash memory, battery, and universal serial bus (USB). The
overall structure frame of the wireless FHR detection system
is shown in Fig. 6.

Moreover, our proposed wireless FHR detection system is
based on the Doppler frequency shift. STM32F103RCT6 is
utilized as a timing control MCU, which controls the CPLD
chip (EPM570T100C5N, Altera Inc., USA) to generate a
burst excitation pulse with a repetition rate of 2 kHz, 40 cycles
of sinusoidal waves, and center frequency of 1 MHz.
After driving signal amplification and impedance matching,

an ultrasonic excitation wave is generated and acted on an
ultrasonic probe. The probe is then placed on the maternal
abdomen, and then the ultrasonic excitation signal is emit-
ted to the fetal heart through the ultrasonic coupling agent.
When the ultrasonic excitation signal meets the moving heart
wall, it produces reflection and scattering, which leads to a
forward or reverse Doppler frequency shift. By filtering and
amplifying the ultrasonic echo signal and passing through a
10-bit high-speed ADC acquisition, the digitized ultrasonic
echo signal is obtained by the CPLD chip. Subsequently,
the CPLD conducts digital filtering and demodulation pro-
cessing on the digitized ultrasonic echo signal. After that,
fetal heart data such as the Doppler frequency shift signal,
vector velocity are obtained by adding a time-domain win-
dow, multiplication, and accumulation. Finally, the FHR is
derived by analyzing fetal heart data.

1) HARDWARE SYSTEM
As the primary part of the hardware system, ultrasonic excita-
tion and acquisition circuit play an essential role in our FHR
detection apparatus. It mainly includes ultrasonic excitation
section generation and ultrasonic echo acquisition section.
The circuit schematic diagram is shown in Fig. 7. Firstly,
DRIVE_A signal and DRIVE_B signal are used to con-
trol two buffers to generate a rectangular pulse signal with
a phase difference of 180◦. Two single-sided signals are
synthesized into a positive and negative alternating excita-
tion signal by a common-mode inductor after driving signal
amplification and impedance matching. Then the resulting
excitation signal is generated and used to stimulate the ultra-
sonic transducer. Subsequently, the ultrasonic echo signal
can be detected and output from the RF_OUT pin. After
that, ultrasonic echo signal amplification, band-pass filtering,
and analog-to-digital conversion are performed separately on
the echo signal. Finally, the processed echo signal is sent
to the CPLD digital signal processing unit. In the above
process, SN74LVC1G125 is employed as the buffer chip,
SGM8652XS is used to amplify two-way single side signals,
and SGM8654XS is utilized to convert into a single-ended
signal and carried out a 980∼1020 kHz band-pass filtering.

In addition, we selected 10 bit ADS825E as the ADC
acquisition chip and set the A/D conversion sampling rate to
20 MSPs. To meet the requirement of a single power supply,
we made the peak-peak value of the echo wave clamped to
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FIGURE 7. Schematic diagram of ultrasonic excitation signal generation and ultrasonic echo acquisition circuits.

FIGURE 8. Schematic diagram of ADC acquisition circuit.

3.3 V and set the baseline to 1.65 V. The schematic diagram
of the ADC acquisition circuit is shown in Fig. 8.

Moreover, the CPLD digital signal processing is based
on the EPM570T100C5N chip in our FHR detection sys-
tem. After the analog-to-digital conversion, to eliminate the
interference caused by power supply noise, a digital high-
pass filter is carried out on the echo data. Also, we use an
optimized infinite impulse response (IIR) filter to realize
high-pass filtering. The expression is

y(n) =
57
64

[x(n)− x(n− 1)+ y(n− 1)] (11)

Besides, the −1dB cut-off frequency of the IIR high-pass
filter is set to 750 kHz. Due to the limited hardware logic
resources of the CPLD chip, it is not easy to carry out division
operations. Therefore, firstly, we adopt the shifting method
and then accumulate data to realize IIR filtering. Since the
above method does not need multiplication and division oper-
ations, the digital filtering process can save many hardware
logic resources for digital demodulation. The flow diagram
of the IIR high-pass filter is shown in Fig. 9.

According to the algorithm flow diagram shown in Fig. 5,
firstly, the ultrasonic echo data is windowed with the in-phase
window function and the orthogonal window function to
obtain the windowed sequence of I signal and the windowed
sequence of Q signal. Then the accumulation operation is
carried out, and then the velocity of fetal heart movement
is derived according to Eq. (10). Finally, the fetal heart’s
velocity curve and the FHR are obtained.

Additionally, the original data such as the fetal heart move-
ment’s instantaneous direction, instantaneous FHR, average
FHR, the detection depth, and fetal heart curve are derived
and sent to MCU through SPI bus line for parsing, flash
storage, OLED display. The MCU is connected with a WiFi
module through a serial port to transmit the fetal heart data
to the UC. The FHR, trend curve of FHR and status infor-
mation can be real-time dynamically displayed by the UC
equipped with corresponding software. Simultaneously, the
OLED screen on the wireless FHR detector displays the
remaining battery power, the connection status, the working
status of the detection system, and other information. Besides,
our proposed wireless FHR detection system can also have
the functions such as charge the lithium battery through
a USB interface, charge and discharge management of the
battery.

2) SOFTWARE SYSTEM
The STM32F103RCT6 is used as the primary control
processor in software design and developed on the Keil
MDK 5.11 platform. It automatically searches for a wire-
less local area network (LAN) hotspot to perform config-
uration after turning on the wireless FHR detector. The
UC’s routing hotspot is used to configure the corresponding
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FIGURE 9. Flow diagram of IIR high-pass filter.

WiFi parameters. When the FHR detector’s WiFi finds the
routing hotspot, the program enters the WiFi configuration
state. After finishing theWiFi configuration, it enters the nor-
malWiFi connection process. According to theMCU internal
flash memory data, the FHR detector’s MCU automatically
connects to the UC’s wireless LAN hotspot.

After theWiFi was connected successfully, the MCU auto-
matically generates the serial number according to the UC’s
IP address. According to the serial number, the user can
select the corresponding FHR detector to perform the start-
up operation. The wireless FHR detector then realizes the
related functions according to the commands sent by the
UC. Finally, the wireless FHR detector transmits fetal heart
data and working status information to the UC. The software
flowchart of the wireless FHR detector is shown in Fig. 10.

In our software design, the serial number aims to identify
the UC and the wireless FHR detector’s identification in the
above process. The UC is used to receive and process the
data of the available wireless FHR detectors. If an individual
wireless FHR detector detects the FHR exceeds the threshold
value, or the working state is abnormal, it will automatically
send a warning by flashing screen and a warning sound to
inform the abnormals.

3) DESIGN OF THE ULTRASONIC TRANSDUCER
As the ultrasonic Doppler fetal heart signal is a non-
stationary signal, maternal respiration, maternal heartbeat,
blood flow, and other factors easily interfere with it. Addi-
tionally, the fetal heart movement in the maternal abdomen
is small. Thus it is difficult to accurately collect weak fetal
heart signals from the pregnant woman exposed to various
noise interference environments [28]. Moreover, it is hard to
accurately estimate the position of the fetal heart. Thus it is
difficult to accurately and stably receive the FHR. To increase
the measurement area and improve the detection sensitivity,
we design a circular transducer composed of nine single
element probes and used as the excitation and detection
transducer. The center frequencies of the nine single element
probes are 1 MHz.

To clearly distinguish fetal heartbeat and improve the
FHR identification rate, we increased the ultrasonic emis-
sion power and improved the detector’s signal-to-noise ratio
(SNR).We added an impedance matching circuit between the
ultrasonic transducer and the driving signal amplification to

FIGURE 10. The software flowchart of the wireless FHR detector.

obtain the maximum emission power. To expand the ultra-
sonic acoustic radiation area and increase fetal heart position
accuracy, we arranged nine ultrasonic piezoelectric ceramic
probes in a ‘‘plum blossom’’ shape, and the probes are con-
nected in parallel. The transducer’s internal structure, the cir-
cuit board of the wireless FHR detector, and the physical
diagram are shown in Fig. 11.

B. REALIZATION OF TIME-DOMAIN WINDOWED DIGITAL
FHR DEMODULATION ALGORITHM
According to the time-domain windowed digital FHR
demodulation process’s block diagram shown in Fig. 4.
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FIGURE 11. Practicality diagram: (a) the circuit board of the proposed
FHR detector. (b) The front view.

Our proposed digital FHR demodulation algorithm only
needs a multiplier and two adders. It largely reduces the logi-
cal hardware resources and it is different from the traditional
digital FHR demodulation algorithm. In our digital FHR
demodulation, the demodulation window function sequence
of the I signal can be set as

Z I = {zI (1), zI (3), zI (4), zI (5)...zI (n)}

Supposing that the demodulation window function
sequence of Q signal is written as

ZQ = {zQ(1), zQ(3), zQ(4), zQ(5)...zQ(n)}

Then the time-domain windowed digital FHR demodula-
tion process can be expressed as below:

(a) Firstly, the echo signal x(1) and zI (1) are sent into the
multiplier.

(b) Then, adder_I opens, adder_Q is turned off, and then
the data from the multiplier are added to the data in the
Y1 register.

(c) Subsequently, x(1) remains unchanged, and zQ(1) is fed
into the multiplier.

(d) After that, adder_Q opens, adder_I is turned off, and
the data from the multiplier are added to the data in the
Y2 register.

(e) Next, the echo data x(3), and zI (3) are sent into the
multiplier.

(f) Then, adder_I opens, and adder_Q is turned off, and
then the data from the multiplier are added to the data in the
Y1 register.

(g) In the same way, x(3) remains unchanged, and zQ(3) is
fed into the multiplier.

(h) Then, adder_Q opens, adder_I is turned off, and the data
from the multiplier are added to the data in the Y2 register.

(i) Next, loop in the data as before, and the calculation is
repeated according to the previous method. Until all the ultra-
sonic echo data and window function sequence are sent to the
operation, the I signals and the Q signals are obtained. Finally,
the IQ signal is sent toMCU for further processing. The above
are the primary processes of time-domain windowed digital

FIGURE 12. Structure frame of multi-FHR monitoring system.

FHR demodulation of single ultrasonic echo data in a pulse
repetition period.

Compared with the traditional digital FHR detector, the
time-domain windowed FHR digital demodulation algorithm
omits the redundant multi-stage multiplier and reduces the
CPLD chip’s hardware logic resources. It is possible to realize
the same function of the traditional digital FHR demodulation
algorithm, and it can be applied to a low price, low-power
consumption CPLD chip.

C. REALIZATION OF MULTI-FHR MONITORING SYSTEM
To improve monitoring efficiency, reduce FHR monitor-
ing costs, and provide abnormal FHR alarms in various
healthcare settings. We developed and implemented a pro-
totype multi-FHR monitoring system. A WiFi modular is
employed to connect the multi-FHRmonitoring host with the
FHR detectors to transmit and display the fetal heart data.
As the central data analysis, monitoring, and display terminal,
the multi-FHR monitoring host provides a wireless local area
network to wireless FHR detectors to access, controls the
wireless FHR detector and collects FHR monitoring data
from the wireless FHR detectors, and finally realizes multiple
data processing, display, and warning functions. As an appli-
cation part, the wireless FHR detector can be freely connected
to the local area network of the multi-FHR monitoring host
and can accurately detect FHR. Finally, the compressed and
encoded fetal heart data are sent to the monitoring host. The
whole architecture of the multi-FHR monitoring system is
shown in Fig. 12.

Additionally, in this work, a power module named
RPS-160-12 is utilized to suffer power for the multi-FHR
monitoring host, which can be treated as a UC. An RK3399 is
used as the multi-FHR monitoring host processor, and a
17.3 inch OLED screen is adopted as the display module of
FHR data and working status. Besides, the built-in wireless
router module of the multi-FHR monitoring host is used
to build a wireless LAN to access available wireless FHR
detectors, and the wireless router module can provide 32 IP
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FIGURE 13. Appearance of our multi-FHR monitoring host.

FIGURE 14. Schematic diagram of the FS-3 FHR simulator.

addresses, which can be assigned to the external available
wireless FHR detectors. After the multi-FHR monitoring
host is powered on, it receives the available wireless FHR
detectors’ access requests in real-time. The monitoring host
excludes other non-system defined hardware devices accord-
ing to the wireless FHR detectors’ handshake signal. There-
fore, that ensures all the defined wireless FHR detectors
match with the multi-FHR monitoring host. The appearance
of our multi-FHR monitoring host is shown in Fig. 13.

IV. EXPERIMENTS
A. PERFORMANCE AND ACCURACY EVALUATION OF
OUR WIRELESS FHR DETECTION SYSTEM
As the fetal heart movement’s beating action can be imitated
through the steel ball’s up and down motion, the steel ball’s
motion amplitude can be adjusted to imitate different fetal
heart curves’ heartbeat amplitude. Therefore, we selected the
comprehensive sensitivity test simulator (FS-3, the institute
of acoustics, the Chinese Academy of Sciences, Beijing,
China) as the imitation target of fetal heart movement to
generate FHR test curves. As the FS-3 FHR simulator’s steel
ball is connected with a function generator through a driving
device and a connecting rod, which can generate several clas-
sical FHR curves. Therefore, we can control the FS-3 FHR
simulator’s steel ball movement to imitate different fetal heart
movements by selecting different FHR test curves. The FS-3
FHR simulator’s composition structure is shown in Fig. 14.

In our accuracy evaluation experiments, the ultrasonic
transducer was placed close to the sound window at the lower
end of the FS-3 FHR simulator. The ultrasonic coupling agent
was applied between the ultrasound probe and the sound
window of the FS-3 FHR simulator. Then, the ultrasonic
probe emitted the ultrasonic beam through the sound window,
and then the ultrasonic beam was reflected by the steel ball
in motion. After receiving the ultrasonic echo signal, the
FHR curve and FHR value were obtained by processing the
subsequent echo signal.

As the TREND curve had significant amplitude variation
and a relatively wide dynamic FHR range, it rapidly changed
from 90 to 160 BPM. Thus, the dramatic FHR variation could
effectively test the detection system’s accuracy in an exten-
sive amplitude range. Therefore, we adopted the TREND
curve built-in in the FS-3 simulator to carry out comparative
analysis in this experiment. The test time on our wireless FHR
detector was set to 20 minutes. After the experiment, the fetal
heart monitoring records in Excel format were derived from
the multi-FHR monitoring host. Then, the wireless FHR
detector’s monitoring curve was generated from the recorded
data, and then the accuracy comparison curves in the TREND
curve mode were derived, which was shown in Fig. 15.

FIGURE 15. Comparison curve in TREND curve mode.

B. FHR DOUBLING PERFORMANCE TESTING
The FHR doubling is a false recognition that the measured
FHR is twice the actual FHR in clinical practice. The primary
reason for FHR doubling is that there is a time interval
between the positive and negative movement of the mitral
valve in a systolic-diastolic cycle, leading to the recognition
of two Doppler shifts in one cycle. With its inability to
distinguish the direction of fetal heart movement, the tradi-
tional analog demodulation FHR detection instrument often
identifies a positive and negative movement of the mitral
valve as two heartbeats, which easily results in the wrong
FHR recognition. To prevent the FHR doubling, we proposed
a digital demodulation algorithm based on time-domain win-
dowing and adopted a low-cost and low-power CPLD chip
to perform digital FHR demodulation for achieving low-
cost and accurate acquisition of vector velocity of fetal heart
movement.
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TABLE 1. Accuracy analysis of our wireless FHR detector.

Additionally, to further test our method’s validation met-
rics, we conducted the same experiment on the commercial
FM-3A FHR detector by the samemethod above for verifying
our designed FHR detector’s accuracy and reliability. The
FHR test curves generated by the FS-3 FHR simulation were
used to test our proposed digital FHR detector’s performance.
A ten-minute comparative experiment between the commer-
cial FM-3A FHR detector and our proposed FHR detector
was carried out in our study. In this verification experiment,
firstly, the test FHRs of 60, 80, 100, 120, 140, 160, 180,
and 200 BPM were produced by the FS-3 FHR simulator.
Then, the generated FHR were measured simultaneously by
our FHR detector and a commercial FM-3A FHR detector
(traditional analog demodulation FHR device) manufactured
by ShenzhenAiruikangMedical Equipment Co., Ltd in China
for 10 minutes. The FHR data was collected every minute,
and a total of 10 FHR values were obtained in 10 minutes.
Subsequently, the average value of 10 FHRs of the two sets of
devices in 10minutes was calculated respectively. Finally, our
wireless FHR detector’s relative error and standard error were
analyzed by the performance comparison between the com-
mercial FM-3A detector and our designed FHR detector. The
accuracy analysis of our wireless FHR detector and the two
FHR apparatus’s experimental results are shown in Table 1.

To further demonstrate our designedwireless FHR detector
can inhibit the FHR doubling and clarify the reasons resulting
in the FHR detection difference, we set the FS-3 FHR simu-
lator to generate an FHR signal with 75 BPM by manually
pressing the function button. Then, the FM-3A FHR detector
and our designed FHR detector were used to detect the test
FHR, and then a digital oscilloscope (MD03052, Tektronics
Inc., USA) was used to intercept the Doppler frequency shift
signal of the FM-3A detector and the velocity curve of our
proposed FHR detector. In the above process, the Doppler
frequency shift signal of the FM-3A detector was introduced
from the audio signal line, the Doppler FHR curve detected
by the FM-3A detector was indistinctly shown in Fig. 16 (a).
Our designed wireless FHR detector’s velocity curve comes
from the DAC pin of the STM32F103RCT6 microprocessor,
and the vector velocity curve detected by our proposed FHR
detector was clearly shown in Fig. 16 (b). Finally, a perfor-
mance comparison between the FM-3A FHR detector and

FIGURE 16. Performance comparison between FM-3A FHR detector and
our designed FHR detector. (a) FHR curve detected by FM-3A FHR
detector. (b) Vector velocity curve detected by our FHR detector.

our designed FHR detector is carried out to demonstrate that
our proposed FHR detector can easily distinguish a fetal
heartbeat’s positive and negative directions and effectively
overcome FHR doubling.

To further test the detection performance, we performed a
five-minute FHRmeasurement experiment in real conditions.
Before the measurement, a 28-year-old pregnant woman with
normal single pregnancy at the gestational age of 30 weeks
was in a quiet resting state for 20 minutes, and then the FHR
measurement experiment was performed on the pregnant
woman by our proposed digital FHR detector using time-
domain windowing. It presented that the five-minute FHR
monitoring curve was from 130 to 135 BPM, and it proved
the stability of our proposed FHR detection system.

Moreover, we adopted the Verilog hardware description
language as the programming language to program the
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unoptimized/optimized FHR digital demodulation algorithm
through the EDA software (Quarrtes II). In the FHR demod-
ulation part, the FHR detection algorithm was optimized
by using time-domain windowed digital demodulation. The
CPLD hardware resources required for code execution were
4% of the hardware resources needed before optimizing
the digital demodulation algorithm. i.e., the Quartus II
software calculated the reduction in computation. As our
proposed FHR detection algorithm using time-domain win-
dowed digital demodulation dramatically reduced the hard-
ware resources required for FHR digital demodulation,
the proposed FHR detection algorithm could run on a lower-
cost CPLD chip, reducing the cost and volume of the tradi-
tional digital demodulation FHR detector.

V. RESULTS
In our study, an accuracy verification comparison between
the TREND curve generated by the FS-3 FHR simulator
and the curve measured by our proposed FHR detector was
carried out. Two comparison curves of accuracy are pre-
sented in Fig. 15, which shows that the two FHR curves’
trends and amplitude changes are almost identical. Besides,
our wireless FHR detector’s average error within the test
range does not exceed ±1 BPM(actually about ± 0.9 BPM),
which indicates that our proposed wireless FHR detector
has high accuracy in terms of FHR measurement. Although
some errors exist between the TREND curve generated by
the FS-3 FHR simulation and the curve measured by our
proposed FHR detector, the average error range is not more
than ±1 BPM. According to the Chinese national standard
on hand-held probe Doppler FHR detector and measure-
ment method (YY/T 0749-2009/IEC 61266:1994), the aver-
age error of FHR measurement should not exceed ±2 BPM,
which means the FHR measured by our wireless FHR detec-
tion system is within the error range. Besides, our designed
wireless FHR detector can work continuously for more than
10 hours, which shows that our proposed digital demodu-
lation algorithm reduced the FHR computation amount and
indicates applying the digital FHR demodulation algorithm
to the low-power CPLD chip is practical and feasible.

As shown in Table 1, when the FS-3 FHR simulator’s
output is set as 60, 80, and 100 BPM, the average value
of 10 FHRs measured by the commercial traditional analog
demodulation Doppler FHR detector (FM-3A) in 10 min-
utes is 127, 151, and 176 BPM, respectively. The measured
average values by FM-3A are almost twice the actual values,
which means that FHR doubling occurs. It indicates that
the commercial FM-3A detector cannot suppress the FHR
doubling. As the commercial FM-3A detector uses an analog
demodulation method that only extracts the I signal or the
Q signal from the ultrasonic echo signals. It theoretically
cannot suppress the FHR doubling and cannot obtain the fetal
heart’s motion direction. Therefore, the possible reasons for
the error in estimating 60, 80, and 100 BPM seem that the
commercial FM-3A detector occurs obvious FHR doubling in
detecting 60, 80, and 100 BPM. Sometimes the FHR doubling

is detected, and sometimes the original FHR is detected.
Therefore, the average value of the detected FHR is greater
than the original FHR and is less than twice the actual FHR.
Besides, while the average value of 10 FHRs measured by
our designed wireless FHR detector is 61, 79, and 100 BPM,
it indicates that the detection accuracy of our detection system
is much higher than that of the FM-3A detector when the
test FHRs are 60, 80, and 100 BPM. When the FS-3 FHR
simulator’s output is set as 60, 80, 100, 120, 140, 160, 180,
and 200 BPM, our proposed digital demodulation FHR detec-
tor’s accuracy is higher than that of the commercial FM-3A
detector. When the test FHRs are 120, 140, and 160 BPM,
our proposed digital demodulation FHR detector’s average
accuracy is around 99%, which is slightly higher than that
of the commercial equipment. When the test FHRs are 120,
160, 180, and 200 BPM, the average accuracy of the proposed
digital demodulation FHR detector is equivalent to that of
the commercial FM-3A detector. It means that both the two
apparatuses can accurately detect the FHR in detecting 120,
160, 180, and 200 BPM. As a time-domain windowed digital
FHR demodulation algorithm is applied in our wireless FHR
detector, the fetal heart movement’s obtained velocity is a
vector. Therefore, the wireless FHR detection system based
on time-domain windowing shows good inhibition ability of
FHR doubling. Its average accuracy rate of FHR reaches
98%, which is much higher than the average accuracy (81%)
of the FM-3A detector. The relative error and standard error
of the obtained FHR data are used to analyze and evaluate
the two FHR detectors’ detection accuracy. The result shows
that our designed FHR fetal heart rate detector’s average
error is slightly lower than the commercial FM-3A FHR
detector (actually about ±1.6 BPM). The above experiments
demonstrate that the wireless FHR detector designed in this
paper has high detection accuracy and can meet the Chinese
national standard of ultrasonic Doppler FHR monitor and
modern medicine requirements for FHR detection accuracy.

Moreover, a performance comparison between the FM-3A
FHR detector and our designed FHR detector is carried out
to demonstrate our proposed FHR detector can easily dis-
tinguish a fetal heartbeat’s positive and negative directions
and effectively overcome FHR doubling, which is shown in
Fig. 16. As shown in Fig.16(a), five pulse waves with differ-
ent amplitudes and time widths are presented. It is difficult to
distinguish the steel ball’s rising and falling time and identify
the differences in phase and amplitude when the steel ball is
rising or falling. The related experiment demonstrated that
the FM-3A detector might misjudge a round-trip movement
of the steel ball as two fetal heart movements at certain times,
reflecting that the traditional analog demodulation Doppler
FHR detector easily leads to the FHR doubling. However,
in our proposed FHR detection system, a vector velocity is
obtained by IQ digital demodulation, which can be applied
to distinguish FHR. As shown in Fig.16(b), a∼b and c∼d
represent the falling and rising process of the steel ball,
respectively, and e∼f and g∼h denote the falling and rising
movements of the next beating. The fetal heart’s rise and fall
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direction are apparent, the amplitude of the velocity curve
detected by our FHR detector is stable. The positive and
negative changes in the velocity curve during a round-trip
movement of the steel ball can clearly show the steel ball’s
rising and falling processes in a single motion. Therefore,
a fetal heartbeat’s positive and negative directions can be
clearly distinguished in our FHR calculation. It indicates that
our proposed FHR detector can effectively overcome FHR
doubling, and more accurate FHR values can be obtained.

In conclusion, the above experiments demonstrate that the
proposed digital demodulation FHR detector based on time-
domain windowing is accurate and feasible and can effec-
tively overcome FHR doubling. The proposed wireless FHR
detector has met the requirements of the Chinese national
standard and obtained the medical device registration certifi-
cate (NO. 20192180323) in 2019. Therefore, it is qualified
for medical applications, can offer comparable performance
to the commercial FHR detector, and is expected to be widely
used in future FHR detection.

VI. DISCUSSION
The digital demodulation FHR detectors, which have hand-
held characteristics, low-power consumption, and low-cost
and can obtain accurate FHR, are rarely reported. So it is
important to investigate the new FHR evaluation technology.
Although the traditional analog FHR demodulation method
has the advantages of low-power consumption, low cost,
small size, affordable hand-held, and ease to carry, the fetal
heart movement’s vector velocity cannot be obtained and eas-
ily cause the FHR doubling.While the traditional digital FHR
demodulation method can obtain the fetal heart movement’s
vector velocity, which indicated it could inhibit the FHR dou-
bling and show the mean time interval of each of the cardiac
events. However, it is large in size, non-handheld, high in
power consumption, expensive in cost, and redundant in func-
tions. Therefore, a novel digital FHR demodulation algorithm
based on time-domain windowing was proposed, a portable
wireless ultrasonic Doppler detector using the demodulation
algorithm was designed and implemented, and a prototype
multi-FHR monitoring system was built. It was different
from the existing FHR detection methods that generally use
offline processing methods and different optimization algo-
rithms to simultaneously process 1-DUS signal/fECG data
for jointly improving the accuracy of FHR estimation. It was
also different from the traditional analog demodulation FHR
detection methods that only extract the I signal or Q signal
from the ultrasonic echo signals. This work aims to develop
a new multi-FHR digital demodulation monitor and realize
low-cost, low-power FHR detection, which can be used for
simultaneous monitoring of multiple FHR, identify the fetal
heart movement’s direction, and be used for accurate FHR
detection with low cost and low power consumption.

In this work, to effectively reduce the heat dissipation
and power consumption and conserve the battery life for
the wireless FHR detector, a low-cost and low-power CPLD
chip with a limited hardware logic resource was utilized

to realize digital FHR demodulation. A circular transducer
composed of nine single element probes was applied as
the excitation and detection transducer to enhance the FHR
detection sensitivity of our proposed Doppler FHR detector.
Moreover, the FHR vector kinematics parameters’ acquisi-
tion and analysis were realized by our proposed demodu-
lation method. We also adopted modular design method to
improve monitoring efficiency and reduce FHR monitoring
costs in this work. For instance, the multi-FHR monitoring
host and wireless FHR detector were connected by WiFi.
It could simultaneously monitor multiple pregnant women’s
FHR. The multi-FHR monitoring host’s monitoring interface
was user-friendly, easy to operate, highmonitoring efficiency,
non-invasive and radiation-free, and could be applied in hos-
pitals, communities, homes, and other environments. It also
could be used for multiple pregnant women to use at any time.

Meanwhile, in our accuracy evaluation experiments,
an accuracy verification comparison between the TREND
curve generated by the FS-3 FHR simulator and the curve
measured by our proposed FHR detector was carried out.
As shown in Fig. 15, the trends and amplitude changes of
the two FHR curves were almost identical, and our wireless
FHR detector’s average error within the test range did not
exceed ±1 BPM. It implied that the proposed wireless FHR
detector has met the requirements of the Chinese national
standard and is qualified for medical applications. Addition-
ally, we conducted the same experiment on the commercial
FM-3A FHR detector by the same method. It showed that
the average accuracy of FM-3A within the test range did not
exceed ±2 BPM, which demonstrated that the FM-3A FHR
detector also met the national standard. Moreover, the relative
error and standard error of the obtained FHR data are used
to analyze and evaluate the two FHR detectors’ detection
accuracy.

As shown in Table 1, the measured average values by
FM-3A were almost twice the actual values when the FS-3
FHR simulator’s output was set as 60, 80, and 100 BPM.
It indicated that the commercial FM-3A detector cannot sup-
press the FHR doubling and occur obvious FHR doubling
in detecting 60, 80, and 100 BPM. It also demonstrated that
our detection system could effectively prevent the FHR dou-
bling and the detection accuracy of our detection system was
much higher than that of the FM-3A detector when the test
FHRs were 60, 80, and 100 BPM. The relative measurement
errors and analysis comparing the FHR estimation results
have been analyzed and evaluated. The results revealed that
the wireless FHR detection system based on time-domain
windowing showed good inhibition ability of FHR doubling
andwasmuch higher than the average accuracy of the FM-3A
detector, and its average error was slightly lower than the
commercial FM-3A FHR detector.

As shown in Fig. 16, the performance comparison between
the FM-3A FHR detector and our designed FHR detector
was presented in our study. It demonstrated that our proposed
FHR detector could easily distinguish a fetal heartbeat’s
positive and negative directions and effectively overcome

VOLUME 9, 2021 79339



M. Dai et al.: Novel Ultrasonic Doppler FHR Detection System

FHR doubling. As our proposed FHR detection algorithm
using time-domain windowed digital demodulation dramati-
cally reduced the hardware resources required for FHR digital
demodulation, the proposed FHR detection algorithm could
run on a lower-cost CPLD chip, which reduced the cost and
volume of the traditional digital demodulation FHR detector.

Since most of the existing FHR estimations used the public
data sets for analysis and further digital signal processing
on 1-DUS signals, the accuracy analysis of FHR estimations
usually used fECG for reference. However, in our study,
it was not easy to obtain synchronized fECG data. Therefore,
relative error analyses and standard error analyses were car-
ried out in our manuscript. Further digital signal processing
of 1-DUS signals and quantitative error and statistical analy-
sis with other commercial instruments will be the focus of our
subsequent work. Although the digital logic resource needed
in our proposed digital FHR demodulation algorithm was
only about 4% of the traditional digital FHR demodulation
algorithms, it was not verified by real data. Although the
comparative experiments proved that our proposed digital
Doppler FHR detection system could achieve a high detection
accuracy than the commercial FM-3A FHR detector, our pro-
posed FHR detection system was not tested on a large scale.
Therefore, our next focus is to expand the analysis to cover
many samples on both normal and abnormal FHR Doppler
signal samples. It is also necessary to conduct relevant exper-
iments to track and measure pregnant women with different
pregnancy cycles for verifying the accuracy and applicability
of the wireless digital FHR detection system. It will be the
emphasis of our subsequent study.

VII. CONCLUSION
In our work, the TREND test curve was generated by
the FS-3 FHR simulation, the comparison curve between the
TREND curve generated by the FS-3 FHR simulation and the
measured curve of our proposed FHR detector was obtained.
A comparative experiment between the commercial FM-3A
FHR detector and our proposed FHR detector was carried out.
The FS-3 FHR simulator produces eight test FHRs, and the
generated FHRs were measured by our FHR detector and the
commercial FM-3A FHR detector. Then, the relative error
and standard error of the obtained FHR data were used to ana-
lyze and evaluate two FHR detectors’ detection accuracy, and
the detailed comparison in heart rate estimation was investi-
gated. Subsequently, a performance comparison between the
FM-3A FHR detector and our designed FHR detector was
carried out. The results show that the detection accuracy of
the FM-3A FHR detector is low, and it easily leads to FHR
doubling due to it calculated the FHR based on the single-
channel analog demodulation signal. However, our proposed
digital FHR demodulation algorithm easily distinguished a
fetal heartbeat’s positive and negative directions, effectively
overcome FHR doubling defects, and meet Chinese national
standards’ requirements.

The detection accuracy rate of our designed FHR detec-
tor reached 98%, which was much higher than the average

accuracy of FM-3A and indicated that our proposed digi-
tal FHR detector showed excellent detection performance.
It also presented that our designed FHR detection system
had a broad application prospect because of its portability,
accuracy, digitization, high-cost performance, and adjustable
detection depth. It will provide an alternative scheme towards
the low-cost hand-held digital demodulation FHR detection
application and is of great significance to improve fetal sep-
aration quality, reduce fetal mortality, inhibit the birth of
congenital disabilities and mentally retarded fetuses.
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