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Abstract: In this article, a comprehensive review is presented of recent technological advancements
utilizing electromagnetic sensors in the microwave range for detecting human vital signs and lung
water levels. With the main objective of improving detection accuracy and system robustness,
numerous advancements in front-end architecture, detection techniques, and system-level integration
have been reported. The benefits of non-contact vital sign detection have garnered significant
interest across a range of applications, including healthcare monitoring and search and rescue
operations. Moreover, some integrated circuits and portable systems have lately been shown off.
A comparative examination of various system architectures, baseband signal processing methods,
system-level integration strategies, and possible applications are included in this article. Going
forward, researchers will continue to focus on integrating radar chips to achieve compact form factors
and employ advanced signal processing methods to further enhance detection accuracy.

Keywords: integration strategies; system architectures; vital sign detection (VSD); lung water
level (LWL)

1. Introduction

Healthcare continues to be a critical challenge in the United States and globally, as
documented by various sources [1,2]. The idea of intelligent and autonomous decision-
making systems combined with home-based continuous patient monitoring is proposed as
a solution to these problems in healthcare delivery [3,4]. Utilizing a variety of technologies,
such as digital telecommunications, telemedicine, electronic medical records (EMRs), wire-
less communications, artificial intelligence, and cutting-edge medical sensors, is crucial
to the effective implementation of home-based continuous patient monitoring programs.
While components such as digital communication, EMR, and wireless communications
have reached a stage where they meet the demands of continuous monitoring applications,
certain key technologies, notably medical sensors, still necessitate significant development.

Detecting and monitoring the heart rate provides valuable insights into the individ-
ual’s cardiovascular health. The heart rate is responsive to a person’s reactions to various
situations, including fear, illness, or depression. Similar to this, changes in respiration
rate can be used as a precursor to both short- and long-term physiological abnormalities.
Consequently, heart rate (HR) as well as breathing rate (RR) find utility in a range of
applications, such as sleep monitoring, elderly health monitoring at home, monitoring the
health of premature and term infants, keeping an eye on patients following surgery, and
locating those who are trapped during search and rescue missions [5].

In recent years, the detection of human vital signs has captured the attention of nu-
merous scientists, who have employed various methods and technologies for this purpose.
Some researchers choose contact-based methodologies, employing wearable devices and
sensors affixed to the human body to obtain vital sign readings. On the other hand, certain
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researchers prefer contactless technologies like laser technology, cameras, and radar sys-
tems. Among these options, the radar-based non-invasive detection technique stands out
as a popular choice among researchers. This preference is primarily driven by the ability
of radar systems to mitigate the inconveniences associated with wearable technology and
electrocardiography (ECG) apparatuses.

Applying direct contact approaches to the body of the human has the potential to
induce discomfort or even harm to the individual, with these issues becoming particularly
pronounced in scenarios such as monitoring preterm infants and during sleep tracking
where skin sensitivity is a concern. Additionally, the utilization of direct contact approaches
may lead to behavioral changes in the subjects because of their knowledge of and discomfort
with the equipment, which affects the measurement’s accuracy. Radar system use, on the
other hand, reduces these potentialities and the related sources of inaccuracy.

A number of medical sensors currently in use still rely on wired data connections,
which restrict patient mobility. Moreover, these sensors often focus on measuring just
one specific vital sign (VS), making them unsuitable for continuous monitoring [6,7]. For
instance, Welch Allyn’s FDA-approved Propaq LT [8,9], with an approximate base price of
$5000, was chosen as a benchmark for our study. This selection was based on its lightweight
design and its ability to simultaneously measure respiration rate (RR) and heart rate (HR).
However, motion artefacts can affect this device and thus it is not the best choice for
monitoring mobile patients.

The measurement of lung water content (LWL) holds significant medical significance
as it serves as a dependable means of early detection of pulmonary edema. It is also
valuable in monitoring the state of care for patients undergoing life-saving heart and
burn surgeries [10]. The Microwave Stethoscope (MiSt) was introduced as an all-in-one,
affordable, and non-invasive microwave sensor capable of obtaining various vital sign
measurements, including LWL, through a single microwave measurement [11].

This survey offers an overview of the most recent advancements in the growing field
of vital sign detection and lung water level measurement. It covers various dimensions
of the research, including processing platforms, operating frequencies, and wireless com-
munication hardware. To the best of the authors” understanding, this review represents
the first of its kind. The following sections of this review are organized as follows: the
upcoming section provides a comprehensive description and summary of vital signs tech-
niques, categorizing the various types of sensors and diverse vital signs detection systems,
encompassing both contact and contactless systems. The review culminates by delving into
lung water level measurement techniques, commencing with conventional methods and
concluding with the exploration of microwave-based techniques.

The organization of the rest of the paper is as follows: Section 2 presents the types of
sensors, techniques, and methods used to detect vital signs. Section 3 shows the techniques
and technology used to measure lung water. Section 4 concludes the article.

2. Vital Signs Detection

Essential physiological markers, known as vital signs, play a pivotal role in assessing
an individual’s physical well-being and overall health. These vital signs include blood
pressure, body temperature, heart rate, and respiration rate, among others. The informa-
tion gleaned from these vital signs provides healthcare practitioners with indispensable
knowledge for the diagnosis, monitoring, and treatment of diverse medical conditions.

2.1. Types of Microwave Sensors

Of utmost importance in any vital signs detection system are sensors. In this section,
we will delve into various types of microwave sensors utilized in the detection of distinct
vital signs. Electromagnetic systems serve a purpose beyond communication; they are
a highly beneficial approach for tracking physiological activities, behavioral trends, and
disease identification across various organs. Within the vital signs detection sector, elec-
tromagnetic sensor-based systems can primarily be categorized into the following three
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groups shown in Figure 1. This subsection introduces and examines microwave sensors
and their applications within the vital signs and LWL measurement sector, as depicted in
Figure 1.

Microwave

Sensors
Antennas Resonators
R. r_R?dﬂ?\I 1 Wearable Non-Radiating
(Radiating Mode) (Radiating Mode) Mode

Figure 1. Electromagnetic sensor-based system categories.

2.1.1. Techniques Based on Microwave Resonators

A microwave resonator is a transmission line segment with either short or open
ends. Depending on the type of transmission line, the resonators might be referred to as
cavity, microstrip, slot, or strip line resonators. A component of the EM field produced by
the resonator interacts with the sample to be examined when the resonator is used as a
sensor. Consequently, the object’s permittivity affects the resonant frequency and quality
factor. Sensors may be produced for a multitude of healthcare applications because of
the large range of conceivable structural designs. One of the main benefits of microwave
resonators is their capacity to use penetrating waves to enable close quarter, non-invasive,
contactless monitoring. This technology’s nonionizing qualities are particularly noteworthy
since they remove major health risks associated with other types of sensors, particularly
in the healthcare industry. One of their drawbacks is that material measurements with
microwaves typically call for a high level of expertise and are subject to simultaneous
influence from a variety of parameters, including structure, temperature, density, moisture
content, and so forth [12]. Figure 2 shows some examples of how microwave resonators
are used. As seen in Figure 3, a sensor that uses microwave technology, using a phased-
and perturbation injection-locked (PPIL) sensor, and according to reference [13], a self-
oscillating complementary split-ring resonator (SO-CSRR), is advised for the detection of
vital signs.

@ D
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Figure 2. Uses for microwave resonator technology.
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Figure 3. Vital signs detection using microwave phased and perturbation injection-locked (PPIL)
sensor with a self-oscillating and complementary split-ring resonator (SO-CSRR) that operates at
5.71 GHz [13].

2.1.2. Antenna

Antennas play a crucial role in vital signs detection, offering diverse options to capture
physiological signals. Contact antennas, particularly wearable ones, provide a direct
interface with the body, enabling the keeping an eye on crucial indicators including heart
and breathing rates. These antennas, integrated into wearable devices, ensure continuous
and unobtrusive monitoring. On the other hand, contactless antennas operate without
direct skin contact, making them suitable for non-intrusive vital signs detection. These
antennas are often deployed in environments where contact-based monitoring may be
impractical or uncomfortable. Both contact and contactless antenna technologies contribute
significantly to advancing healthcare by providing flexible options for vital signs monitoring
tailored to individual preferences and specific medical contexts.

In recent decades, there has been a substantial surge in the request for wearable sys-
tems, which have found diverse applications in our daily lives. Wearable technology is
no longer limited to wristwatches, fitness bands, or eyewear; it now has a wide range of
medical applications. The use of wearable technology in the medical industry to track
vital signs and other critical patient health metrics is growing quickly. Wearable health
monitoring devices are becoming increasingly popular due to their non-invasive diag-
nostic capabilities for essential bodily functions. However, creating antennas that can be
seamlessly integrated into clothing poses several design challenges, as shown in Figure 4.
Creating wearable antennas presents a series of design challenges as they must blend
seamlessly with clothing, remain flexible, and maintain optimal functionality even in close
proximity to human beings. Designing antennas that can be worn can be difficult due
to various factors, including limited space on specific body locations, the impact of the
dielectric characteristics of human tissue, as well as performance deterioration induced by
deformation of the structure. These considerations must be factored in during the design
phase. The future potential of wearable electronics is being investigated, with a particular
emphasis on recent improvements in healthcare applications using wearable antennas (as
depicted in Figure 5, along with an examination of their current obstacles and limitations).
Ref. [14] outlined a microwave-based method and related measuring tool for tracking
changes in lung water content and multiple vital signs (VS).
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Figure 4. Applications of antenna-based technique.
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Figure 5. Two couplers constructed with the conductive textiles placed side by side on a human
body [14].

2.2. Vital Signs Detection Methods

Methods for detecting vital signs encompass a range of techniques and approaches
used to identify and measure essential physiological characteristics such as blood pressure,
oxygen saturation, body temperature, heart rate, and respiration rate. These methods
typically involve the application of specific instruments or technologies to monitor and
assess vital signs for medical purposes, diagnosis, and general health monitoring. In this
subsection, we will explore several prominent approaches that involve direct contact and
contactless methods to measure human respiratory and cardiac rates.

2.2.1. Traditional Contact-Based Vital Signs Collection

This subsection provides insights into the underlying principles of these methods and
sheds light on their limitations. The contact-based techniques discussed here encompass
electrocardiography, photoplethysmography, blood pressure, airflow, sound-based, and
mechanical displacement sensors on the chest wall. All of these techniques are explored in
more detail in the parts that follow.

(a) Electrocardiography (ECG)

Electrocardiography, is a method for capturing the heart’s electrical activity produced
by its rhythmic contractions. In this process, the electrical potential difference between
a minimum of two locations on the patient’s body surface is detected [15]. The resulting
signal is referred to as an electrocardiogram (ECG). ECG monitoring systems play a vital
role in diagnosing heart conditions like arrhythmia and myocardial ischemia [16]. ECG
devices can be used to estimate the breathing rate from ECG data, even though they
are primarily used to monitor cardiac signals [17]. This process, known as ECG-derived
respiration (EDR), is predicated on sinus arrhythmia [18]. Twelve-lead clinical ECG systems
and portable ambulatory ECG systems are the two categories of ECG systems.
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Ten electrodes are affixed to the patient’s limbs and chest using the 12-lead ECG
method, producing twelve sets of signals [19] (see Figure 6a). Right arm (RA) and left arm
(LA) electrodes are commonly put on the patient’s wrist or upper chest area. Electrodes RL
(right leg) and LL (left leg) are placed on the leg or lower abdominal region, respectively.
The information gathered from these leads is analyzed by a processer and shown on a
screen. Traditionally, a signal processing unit is directly connected to the ECG. Modern
clinical ECGs, on the other hand, are equipped with Bluetooth or ZigBee, excluding the
necessity for physical cords [20].

However, there is still a barrier in the form of the requirement to adhere electrodes to
the patient’s skin. Although a portable ambulatory ECG system is less precise at reading
cardiac signals than a 12-lead ECG system, the latter’s practical application outside of
clinical settings is limited by its large bulk and multiple electrode and sensor requirements.
Moreover, even though basic clinical ECG devices are inexpensive, they require the exper-
tise of a competent operator. Conversely, ambulatory ECG devices are often smaller and
feature three or fewer leads, as Figure 6b illustrates. An analogue front-end (AFE) unit
filters and amplifies the electrode-captured biopotential signals before sending them to a
digital signal processing (DSP) unit for processing. Unlike standard clinical ECG systems,
this kind of ECG equipment is suitable for use in the home [21].

Ambulatory ECG devices that are small and energy-efficient can be created [22,23], but
they may offer lower accuracy in comparison to clinical ECG systems. Figure 6¢ displays a
typical ECG waveform, where the P wave represents the sequential activation of the right
and left atria. T and U waves depict ventricular repolarization and interventricular septum
repolarization, respectively. The QRS complex, which includes the ‘Q” wave, ‘R’ wave, and
‘S’ wave, indicates that the right and left ventricles are active at the same time [24].
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Figure 6. (a) Clinical electrocardiogram (ECG) device with 12 leads; (b) portable ECG equipment;
and (c) depiction of the ECG signal [24].
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Conventional ECG systems use hydrogel between the electrode’s surface and the
skin’s surface to improve the system’s response [21]. However, these conductive gels,
though effective, can lead to skin irritation in patients due to their toxic properties [25].
Additionally, the acrylic glue used in disposable conductive hydrogel-based ECG electrodes
may cause allergies in certain patients [26,27]. Consequently, the usage of moist electrodes is
inappropriate. for extended and frequent patient monitoring. Various newly designed ECG
systems now use dry capacitive electrodes instead of wet capacitive electrodes [18,21,28,29].

Unlike its wet electrode predecessor, the dry electrode sensor does not need an in-
termediary substance, which makes it better suited for prolonged monitoring durations.
Nevertheless, because they have less skin contact, dry electrodes have a greater electrode
tissue impedance (ETI) and are more prone to motion artefacts [20]. Furthermore, maintain-
ing the proper electrode location is essential to getting precise readings [30,31]. Moreover,
respiration-related variations in electrode impedance that result in amplitude modulation
of the ECG data and motion artefacts (MA) from electrode leads are additional factors
impacting the accuracy of ECG signals [32,33]. The ECG signal undergoes frequency mod-
ulation during the inhalation and exhalation phases of respiration, which raises and lowers
the heart rate, respectively, and can be utilized to detect heartbeats [34]. The gold standard
for determining heart rate as well as its variability is thought to be a clinical ECG device.
But they are expensive and heavy. Photoplethysmography is a more economical way to
take vital signs; it is covered in the section that follows.

(b) Photoplethysmography

Using optical techniques, photoplethysmography is a technology that measures
changes in human tissue volume instantaneously [35]. Photoplethysmogram (PPG) is
the term used to describe the time-varying signal produced by photoplethysmography.
The green and yellow regions of the spectrum, which span from 500 to 600 nm, are often
produced by at least one light-emitting diode (LED) that is in close proximity to the tis-
sue [36,37]. A frequent method for acquiring heart rate (HR) uses a green light. For blood
oxygen monitoring, however, a lot of photoplethysmography systems take advantage of
the infrared and red optical regions [38—40]. A component of the light is absorbed and
a portion is reflected when it interacts with human tissue. Throughout the systolic and
diastolic phases of the cardiac cycle, the intensity of the incoming light changes, and a
photodetector (PD) is employed to collect this information [37].

The photodetector (PD) can be placed on the same side as the light emitter or on the
opposite side, depending on whether the acquisition is in reflectance mode or transmission
mode [41]. Because body tissue greatly attenuates light in the lower optical wavelength
area, PPG systems that use the green-yellow wavelength regions are often more suited
for reflectance-mode operations. In contrast, optical signals that are red or infrared are
better transmitted via transmission mode. Transmission mode is more efficient in obtaining
accurate blood oxygen readings, but there is not much of a difference between these
two approaches in the precision of heart rate and heart rate variability measurements.
Transmission mode is used in pulse oximetry because it produces fewer noticeable venous
oscillations, which raises the signal-to-noise ratio (SNR) of the obtained signal [42].

As seen in Figure 7a, the subject’s finger or other outlying regions, such as their
ears or toes, can be used to attach the oximeter probe sensor. Since light’s wavelength
and penetration depth are correlated, infrared (IR) light is used to measure blood flow in
deeper tissues. Prior to wireless transmission or cable transmission to a computer for signal
processing, an analogue front-end is utilized to raise the quality of the signal. As seen in
Figure 7b, the arteries exhibit the greatest change in blood volume. Furthermore, because
breathing modifies the received signal in both amplitude and frequency, from the PPG data,
the breathing rate can be inferred [34,41]. Nonetheless, the PPG signal is mostly utilized for
blood oxygen saturation and heart rate estimation.
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Figure 7. (a) Setting up a photoplethysmogram (PPG) measurement; (b) light’s influence on the
body’s various tissues [37]; and (c) an explanation of the PPG waveform.

It is important to remember that respiratory cycles may result in DC offset or baseline
drift. Because reflectance mode is more susceptible to variations in venous pressure
when breathing, it is frequently used to estimate the breathing rate [41]. Figure 7c is a
typical PPG waveform that amply demonstrates both the pulsatile components of the
heartbeat and the modulation brought on by breathing. Although photoplethysmography
(PPG) systems are inexpensive, a number of factors, including the measurement site, the
surrounding temperature, and the subject’s location, frequently influence the signals that
they produce [35,37,43]. Moreover, subject motion artefacts may jeopardise the raw PPG
signal’s correctness [43]. The use of a camera—which can be a laptop or mobile camera—
has been essential to recent advancements in PPG remote monitoring [24,44—46]. This
technique, called video plethysmography (VPG), uses ambient light as the light source and
the camera as a photodetector [32]. Variations in blood volume and pulse are captured
using the ambient optical conditions.

(¢) Methods Based on Temperature, Humidity, and Air Components

The temperature, humidity, and carbon dioxide (CO,) content of the air that is inhaled
and exhaled can be used to calculate the rate at which humans breathe.

> Air Components-Based Technique

As we breathe in and out, the air’s concentration of carbon dioxide (CO,) varies.
Carbon dioxide is typically found in exhaled air at a concentration of around 6% and
inhaled air at a concentration of about 0.04% [34]. By measuring the breathing rate with
chemical sensors, this variation in CO, concentrations is found. The primary sensors
commonly employed for this task are infrared and fibre-optic, with the former being
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more widely applied. Capnography is the word for the technique used to calculate an
individual’s breathing rate using differences in CO; levels in exhaled and inhaled air. The
main components of a capnography system are a CO; sensor, a tube for gas samples, and a
device for signal processing and acquisition.

Figure 8a,b show the configurations used to measure CO; levels. The mainstream
approach and the side stream method are the two major ways to set up capnography [24].
The primary processing units and the sensor are positioned independently of the subject in
the side stream measuring technique. Figure 8b illustrates how the mainstream chemical
sensor, in contrast, is positioned between the endotracheal tube and the processing unit,
which is fastened to the subject’s face. Compared to the side stream method, the mainstream
acquisition methodology is faster and more precise. It is more expensive, though, because
its sensor has a maximum temperature of 40 degrees Celsius. A capnogram is the waveform
derived from capnography.
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Figure 8. Techniques for measuring CO; include: (a) mainstream; (b) side stream; and (c) a description
of a capnogram [47].

As Figure 8c illustrates, the inspiration, alveolar, and expiration phases are the three
independent phases that make up a standard capnogram. The latency phase is denoted
by ST, whereas PQ, QR, and RS stand for expiration, alveolar, and start of inspiration,
respectively. The transitions between each of these phases are represented by the angles o
and 83 [47].

Yet, breath rate measurement using capnography can be uncomfortable for prolonged
monitoring and is susceptible to changes in other gas components, humidity, and tempera-
ture in the surrounding environment, even though it is resistant to motion artefacts from
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the individual [36]. Furthermore, the subject’s skin may be harmed by the sensor’s heating
to approximately 40 °C [44,45].

The use of capnography for respiratory rate measurement can be uncomfortable for
long-term monitoring due to its sensitivity to changes in temperature, humidity, and other
gas components, even if it is resistant to subject motion artefacts [36].

> Air Temperature-Based Technique

A variety of transducers can be utilized to convert the airflow’s temperature into an
electrical signal, which can then be used to estimate the breath rate depending on the
temperature difference between the air being breathed and exhaled [48]. Some examples
of these transducers are thermocouples, pyroelectric sensors, fibre-optic sensors, and
thermo resistors.

Resistors that exhibit nonlinear temperature variation in resistance are known as
thermos witches [49]. Thermocouples are thermoelectric sensors that, in accordance with
the Seebeck effect, provide a voltage signal when two conductors’ temperatures differ [50].
Thermistors and thermocouples can be used for accurate and reasonably priced breath
rate detection.

Conversely, pyroelectric sensors work by creating an electric current when exhaled
air heats the sensor contact [51]. These sensors can be incorporated into a face mask or
earphone for the purpose of breath monitoring [52]. The performance of pyroelectric
sensors is similar to that of thermocouples and thermistors when used for measuring the
breath rate.

Moreover, fibre-optic sensors are used in a few recent investigations for this pur-
pose [53,54]. The Bragg wavelength shift caused by temperature variations in the airflow
is what these sensors rely on. Despite costing more than thermistors, fibre-optic sensors
respond more quickly. However, because of their large size, their use is usually restricted
to clinical settings.

The response of a typical respiratory rate monitoring system based on air temperature
and using thermistor sensors is shown in Figure 9b. It represents the variations in airflow
temperature during breathing and looks like a sine wave. Systems for detecting breath rate
based on changes in air temperature are typically less complicated and more affordable.
They do not, however, provide heart rate information and are mainly appropriate for
simple breath rate detection.

> Air Humidity-Based Technique

Analysing the amount of water vapour ingested and in exhaled air can also be used to
determine breath rate; this method is comparable to the capnography technique that was
previously covered. Inhaled air has a relative humidity that is usually 20% to 60% different
from exhaled air [54]. The instantaneous respiration pattern can be determined by detecting
and charting this difference in humidity. Figure 9a depicts a general overview of breath rate
detection devices based on air humidity. Here, the sensor being used is a humidity sensor,
which might be capacitive or resistive. When subjected to humidity, both types of sensors
show changes in resistance and capacitance values, respectively. It is possible to quantify
these changes in capacitance or resistance and link them to air intake and exhalation.
Furthermore, different kinds of sensors can be used as humidity sensors, including those
that make use of nanoparticles [55], nanocomposites [56], fibre Bragg gratings (FBG) [57],
and surface acoustic waves (SAW) [58]. Nevertheless, the response times of monitoring
systems that use nanoparticles and nanocomposites are typically slower [56]. The human
subject’s immediate shift in breath air humidity is shown in Figure 9¢c, which was taken
from a reference [59].
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Figure 9. (a) Basic configuration of airflow-based breathing system for monitoring vital indicators;
(b) thermistor sensor time reaction for the acquisition of breath rate (BR); and (c) changes in humidity
over time [59].

Systems for measuring breath rate using humidity sensors, like the previously dis-
cussed systems for detecting and monitoring vital signs based on air, frequently demand
that the participant use a tube around their nose or wear a face mask to prevent motion
artefacts from interfering with the respiration signal. Nonetheless, chest displacement
sensing vital sign measurement devices are able to be non-intrusive and still yield good
accuracy, as we demonstrated in the following subsection.

2.2.2. Chest-Wall Mechanical Displacement Sensing Methods

By observing the heart and lungs’ physical or mechanical activity at the body’s surface,
one can quantify the heart rate and breath of an individual. The diaphragm expands and
contracts with the intercostal muscles during normal human breathing, letting air come
in and go out of the lungs more easily. The chest can expand by as much as 7.37 cm
circumferentially as a consequence of the respiratory muscles’ and diaphragm’s muscular
activity [60]. The actual motion of the chest can be detected using a variety of sensor types.
Nonetheless, accelerometers, gyroscopes, magnetometers, strain sensing, transthoracic
impedance sensing (impedance pneumography), and movement sensing are the most
widely used techniques for determining chest-wall displacement. To detect sudden vari-
ations in strain, the strain-sensing technique makes use of a variety of sensors, such as
fibre-optic, inductive, capacitive, and resistive sensors. Elements used in piezo-resistive
strain sensors change shape in response to physical displacement. Their resistance values
are altered as a result of this shape change, and these resistance values are then measured
via an electrical circuit, as seen in Figure 10a. “Strain gauges” is a common term used to
describe the strain-sensing components used in piezo-resistive sensors [61]. These strain



Magnetism 2024, 4

220

gauges can be constructed from textiles that have a conducting element implanted or
coated [62,63].

Capacitive strain sensors use two independent electrodes around the subject’s belly
that are placed opposite to one another, as seen in Figure 10b. A capacitance parameter
is used to measure the capacitance between these two electrodes [64]. The values of
capacitance for both electrodes varies as a result of the subject’s inhaling and exhalation
since the capacitance is dependent on the dielectric material’s permittivity between the
electrodes and their distance apart. This shift happens as the permittivity is changed by
the lung air, and the distance between the electrodes is changed by the thoracic expansion
and contraction. While the electrodes can be flexibly attached to the human body, securely
attached electrodes offer superior noise and sensitivity performance [65]. Monitoring the
variation in alternating current in a magnetic coil while breathing can also be used to
estimate the respiratory rate [66].

As seen in Figure 10c, respiratory inductive plethysmography (RIP) uses the alternat-
ing current fluctuation in a magnetic coil affixed to the subject’s thorax or belly to determine
the subject’s breathing pattern. The magnetic coil’s inductance value and, consequently,
the alternating current flowing through it, can both be monitored when the coil’s volume
changes during respiration. Positive outcomes have been shown when sleep apnea is
monitored with RIP systems [67,68]. Nevertheless, the breath signal’s dependability could
be impacted by motion artefacts coming from the subject’s thorax [66].

Finally, as Figure 10d illustrates, fibre-optic sensors can function as strain-based
respiration sensors. Textiles can contain embedded fibre Bragg grating (FBG) sensors [69,70].
In comparison to their resistive, capacitive, and inductive equivalents, these sensors have
better sensitivity and faster response times. They are useful in the detection of heartbeat
signals because of their increased sensitivity to minute mechanical motions [71]. In order
to monitor human respiration and identify disorders connected to breathing, smart textiles

are widely used in the literature for strain-based respiration sensing [72-75].
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Figure 10. Breath rate sensing techniques based on strain: (a) resisted detection, (b) capacitive
perception, (c) inductive sense and (d) fiber-optic detection [71].

The measurement of the thoracic impedance, which is correlated with lung volume, is
known as impedance pneumography. The impedance pneumography measurement setup
is shown in Figure 11a. Using electrodes on the subject’s chest, an alternating current (AC)
is administered via the skin in this configuration, and the voltage difference between these
electrodes is then monitored [76]. The injected current and the thoracic impedance have
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a direct bearing on this voltage differential. Systems can be configured with two or four
electrodes; the use of four electrodes often yields higher accuracy [76].
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Figure 11. (a) Impedance pneumography setup. (b) Breath rate capture using a 3D movement sensor
configuration [77].

In impedance pneumography systems, the injected current is often less than 1 mA,
while the AC frequency is typically high, approximately 50 kHz. Thoracic impedance
typically has a value of 500 ohms, yet this number fluctuates during breathing. Tech-
niques for measuring transthoracic impedance have been effective in tracking heart rate
during exercise [77], diagnosing childhood pneumonia [78], and monitoring sleep ap-
nea [78,79]. Impedance pneumography devices have been shown to provide precise breath
rate acquisition without requiring the person to have sensors firmly attached to their body;
nevertheless, these systems are prone to noise resulting from motion artefacts (MA).

The respiratory rate can also be monitored by measuring the abdomen’s acceleration,
angular velocity, and magnetic field strength during breathing. The abdomen’s mechan-
ical movement is translated into an electrical signal by means of an accelerometer. The
accelerometer’s inertial response is matched by the thoracic motion. Breathing patterns
can be recorded by attaching this electromechanical device to the upper thorax [80,81].
Compared to single or dual-axis accelerometers, triaxial accelerometers have shown more
reliable measurement findings in a range of body positions [82]. Accelerometer-based
breath monitoring has received little investigation [82,83], yet it is known that this kind
of technology has more measurement errors when exercising and walking. Furthermore,
breath rate can be estimated using micro-electromechanical system (MEMS) gyroscopes,
which measure the angular motion of the thorax during respiration. To learn about the
operation of gyroscopes, see [84]. Breath rate detection problems can result from drifts
in the three-dimensional (3D) position of gyroscopes, which are only able to detect ro-
tational motions of the thorax [85]. Because of this, they are frequently combined with
accelerometers to produce signals that are more precise [86].

A magnetometer can also be used to measure the strength of the magnetic field sur-
rounding the chest region in order to identify movements linked to breathing activities.
One way to measure the variation in the magnetic field is to use a belt to place a magne-
tometer on the subject’s chest [87] or to place a magnet and a magnetometer on the subject’s
back and chest, respectively [88]. On the other hand, using a magnet usually requires less
power. Since motion artefacts can severely impair sensor data, magnetometers work best
for silent respiration.

As an alternative, a sensor unit that tracks the three-dimensional movement of the
thorax can be made by combining a magnetometer, gyroscope, and triaxial accelerometer.
This innovative sensor, called the inertial movement unit, has shown to be less sensitive
to motion artefacts [89], which allows it to deliver respiration data that is more accurate.
Figure 11b shows the standard setup of a respiratory rate monitoring system based on 3D
movement detection.
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It should be notice that temperature changes, such as those caused by fever, have
a profound impact on the |S111 parameter of microwave sensors used for vital signs
detection. These changes affect the dielectric properties of body tissues, causing the 1511 |
values to vary [90]. When the body temperature rises, the dielectric constant and loss factor
of the tissues increase, potentially altering the sensor’s resonant frequency and introducing
measurement inaccuracies. Additionally, thermal expansion of sensor materials can further
shift the resonant frequencies, while increased electronic thermal noise degrades the signal-
to-noise ratio (SNR) [91]. To combat these effects, temperature compensation mechanisms
and calibration algorithms are essential to ensure accurate monitoring. This ensures that
real-time adjustments can be made to maintain the reliability and precision of vital signs
detection in varying thermal conditions.

2.2.3. Contactless Vital Signs Monitoring Employing Radar Methods

Radar can accurately measure heart and respiration rates without requiring a contact
probe to be affixed to the human body, in contrast to the previously described contact-based
vital sign monitoring systems. Radar for detecting vital signs relies on the modulation
effect of a radio signal directed at the patient by a transceiver. The patient’s chest-wall
displacement, which includes electronic and ambient disturbances as well as the respiratory
and cardiac signals, is the reason for this variation. The noise is removed via signal
processing to display the subject’s vital signs. Keep in mind that the vital signs radar only
needs to emit light when used at short ranges (up to a few meters). For a two-meter range
application, the radar’s power transmission often does not go above 12 dBm, which is lower
than the typical power released by a smartphone. That is why these radar systems are safe.
Depending on the type of signal it transmits, the radar can be categorized as continuous-
wave (CW), pulsed, frequency-modulated continuous wave (FMCW), or stepped-frequency
continuous wave (SFCW).

(a) Radar with Continuous Waves (CW)

CW radar is commonly utilized due to its ease of usage. A typical radar is comprised
of a digital signal processing unit and a transceiver unit coupled to broadcasting and
receiving antennas, as seen in Figure 12. Under this setup, the transceiver’s transmitter (Tx)
antenna sends a continuous-wave signal—typically a single tone—at the subject’s moving
chest. The reflected wave is then picked up by the receiver (Rx) antenna. The received
signal is demodulated, and a computer processes it to get information on the subject’s
respiration and heart rate.

Tx antenna
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Baseband signals
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Figure 12. (a) Doppler block diagram for vital signs. Basic architectures for transceivers: (b) zero
intermediate frequency (IF) and (c) heterodyne [89].

CW radar is highly sensitive to small movements, which makes it effective for detecting
vital signs such as heart rate and respiration. However, its specificity can be compromised
in environments with substantial background motion or electromagnetic interference. This
is because CW radar lacks the ability to distinguish between the motion of the target and
other movements in the environment, leading to false positives. In cluttered environments,
motion artefacts from other sources can interfere with the accuracy of CW radar, reducing
its reliability [89].
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(b) Radar with frequency modulation continuous wave (FMCW)

FMCW radar systems exhibit a linear variation in frequency over time. This signal
type is comprised of a unity signal, also called a chirp, that is created at regular intervals T,
as seen in Figure 13. The chirp can be produced by a voltage-controlled oscillator (VCO)
fed a linear control voltage or a phase-locked-loop (PLL) with frequency synthesizers [92].
FMCW radar transceiver topologies are similar to CW Doppler radar transceiver systems.
However, a direct-conversion technique is frequently used to reduce computing needs [93].
De-chirping is the technique of directly replacing the received signal with a copy of the
transmitted signal. The resulting demodulated signal, which is sometimes referred to as
the “beat signal”, contains micro-Doppler and range information. The radar data, which
includes both slow-time and fast-time data, can be arranged in a matrix. Slow-time data
correlate with the number of sent ramps and include range information, whereas fast-time
data show the number of samples per ramp and include vital sign information.

--= emitted signal
— received signal

7\

(b)
Figure 13. FMCW signal: (a) frequency variability versus time, (b) instantaneous chirp signals [93].

FMCW radar offers superior range resolution compared to CW radar, which enhances
both sensitivity and specificity. This radar type can distinguish between multiple targets
at different distances, reducing the likelihood of false positives caused by nearby moving
objects. In complex environments, FMCW radar performs better due to its ability to handle
moderate levels of clutter and interference. Its range discrimination capability allows it to
accurately identify and isolate the target’s vital signs from other environmental noise.

(¢) SFCW Radar: Stepped-Frequency Continuous Wave

SFCW radar and stepped-frequency continuous wave (SFCW) radar are comparable.
Specifically, they both have a sequence of N frames. As demonstrated in Figure 14, SFCW
radar functions similarly in that it is linearly broadcast towards the target with a time
interval of Af between each frame. To determine the beat intermediate frequency, a copy of
the sent signal is down-converted using the reflected signal.

SFCW radar combines the benefits of CW and FMCW radar by transmitting a series of
discrete frequency steps, which allows for precise range measurement and high sensitivity
to small motions. SFCW radar enhances specificity by leveraging its ability to differentiate
between various targets at different distances, similar to FMCW radar. Additionally, SFCW
radar is less prone to interference from environmental clutter compared to CW radar,
as its stepped frequency approach enables better discrimination of target signals from
background noise. This makes SFCW radar particularly effective in complex environments
where accurate detection of vital signs is required despite the presence of multiple moving
objects or electromagnetic interference.
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Figure 14. SFCW signal: (a) frequency variance versus time, (b) instantaneous chirp signals.

(d) Pulse-Based Ultra-Wideband (UWB) Radar

Radar systems employing pulse-based sensing, particularly those operating in the sub-
nanosecond range, utilize a short-duration (sub-nanosecond) modulated or unmodulated
pulse transmitted from the radar’s transmitter towards the subject. The receiver captures
the reflected echo and analyses it in the temporal domain to derive cardio-respiratory
signals from the individual. Among the pulse-based radar technologies, impulse radio
ultra-wideband radar (IR-UWB) stands out as the most commonly employed method for
detecting vital signs.

Figure 15¢ shows the conventional architecture of IR-UWB radar. An analogue receiver
receives the transmitted pulses’ echoes and samples them using a delayed duplicate of the
original pulse [94]. The offset block denotes a delay equal to the pulse’s time-of-flight. The
duration of the pulse’s journey from the transmitter antenna to the receiving antenna is
known as the time-of-flight. Figure 15a,b depicts the typical pulse produced by IR-UWB
radar. The radar’s transmitter sends a modulated pulse in the direction of the patient. The
receiver records the reflected echo and processes it in the temporal domain to extract the
subject’s cardio-respiratory signals. The impulse radio ultra-wideband radar (IR-UWB)
is the most widely used pulse-based radar for vital sign detection. Figure 15¢ shows the
conventional architecture of IR-UWB radar. An analogue receiver receives the transmitted
pulses’ echoes and samples them using a delayed duplicate of the original pulse [94].

UWB radar emits very short pulses across a wide frequency spectrum, providing
high resolution and the ability to penetrate various materials. This results in improved
sensitivity to small physiological movements and enhanced specificity by distinguishing
between different types of motion. UWB radar is less affected by environmental clutter and
can operate effectively through obstacles such as walls or clothing, making it suitable for
diverse conditions. Its broad frequency range enables it to maintain high accuracy even in
challenging environments.

(e) Techniques for Cancelling Random Body Movement (RBM) in Doppler Radar

As was covered in previous sections, the main obstacle to using radar techniques to
detect human vital signs is respiratory body movement (RBM). Numerous approaches of
reducing RBM have been investigated in the body of current literature. Using two identical
continuous wave (CW) transceivers in conjunction with the cross-spectral density (CSD)
technique is one method [95]. This technique involves placing one transceiver in front of the
subject and the other at their back. As seen in Figure 16, both transceivers simultaneously
send a CW signal to the subject. The subject’s bodily movement velocities are directed
in different directions, while their cardiac and respiratory activity synchronise for both
transceivers. The RBM effect is eliminated by computing the scalar product of the signals
that were received by the two transceivers. Although this method works well for retrieving
vital signs during large forward and backward motions of the body, it requires the use of
two identical transceivers that can send identical signals at the same time.
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Figure 16. Cancellation of random body movement (RBM) with two identical transceivers [95].

Using radar implementation with self-injection locking is another strategy used to
mitigate the RBM effect in vital sign capture [96]. This radar system uses a pair of antennas,
one at the front and one at the back of the person, as Figure 16 illustrates. To solve the RBM
challenge, a CW signal is sent from the front antenna in the direction of the person’s chest.

The received signal is picked up by the same front antenna and sent to the subject’s
back via circulators and the rear antenna. The back antenna gathers the reflected signal
from the subject’s back and feeds it into a self-injection locked oscillator (SILO). The signal
received by the back antenna is free of the RBM impact because of the RBM’s opposite
reflection coefficient when seen from the front and back.



Magnetism 2024, 4

226

Although this radar system is successful in cancelling out large-scale body movements,
couplers, phase shifters, and calibration are needed in order to remove reflections from the
surrounding environment, which adds complexity to the system as a whole.

Additionally, signal processing methods provide a way to remove unwanted body
motions from Doppler radar used to detect vital signs. Empirical mode decomposition
(EMD) was used in a study described in [97] to remove motion artefacts coming from
the subject and the antenna. Another method, covered in [98], demonstrated how the
cyclostatic transformation of Doppler radar could be used to measure human vital signs
when respiratory body movement (RBM) was present. But in order to keep important
information from degrading throughout the non-linear transformation process, the received
signal’s signal-to-noise ratio (SNR) must be high enough.

Doppler radar detects changes in frequency due to motion, making it highly sensitive
to movement. However, its specificity can be lower in environments with multiple moving
objects, as it may detect all motion without distinction. Environmental vibrations and other
movements can also affect Doppler radar, leading to false positives if not properly filtered.
This makes Doppler radar more susceptible to interference from non-target movements.
Accordingly, the choice of front-end architecture in radar-based vital signs detection systems
is crucial in determining the system’s sensitivity and specificity. Each architecture has its
advantages and limitations, and the optimal choice depends on the specific application and
environmental conditions.

It should be noted that advanced detection techniques in vital signs detection systems
significantly enhance sensitivity and specificity, thereby minimizing false positives and
negatives. Continuous wave radar uses adaptive filtering and motion compensation to
differentiate target movements from background noise, while FMCW radar leverages
range and Doppler information to isolate specific targets in complex environments. Ultra-
wideband radar’s high resolution allows it to penetrate materials and focus on subtle
physiological movements, crucial in scenarios like disaster recovery. Doppler radar employs
spectral analysis and clutter rejection to improve specificity by filtering out non-target
movements. These advanced techniques collectively improve the accuracy and reliability
of radar-based vital sign detection across diverse conditions.

Furthermore, integrating radar chips into small forms for monitoring human vital
signs involves several architectural and technological challenges that impact sensor per-
formance [1]. The process begins with design and miniaturization, where miniaturized
antennas, such as printed microstrip patch antennas on PCBs, are essential to maintain
performance in compact systems. Advanced semiconductor technologies are used to create
system-on-chip (50C) systems that integrate radar transceivers, CPUs, and memory into a
single chip or small package. Additionally, integration systems involve combining radar
devices with other sensors, like cameras and inertial measurement units, through sensor
fusion. This requires careful consideration of how these sensors communicate and share
data within the limited space, ensuring effective performance [21].

2.2.4. Advancements in Signal Processing

Recent advancements in signal processing have played a crucial role in enhancing
the detection accuracy of vital signs using microwave technology. One of the significant
breakthroughs is the implementation of FMCW radar, especially at higher frequencies like
79 GHz [99]. This technology enables precise, non-contact, and non-invasive monitoring
of human heart and breathing rates, essential for continuous health assessment without
causing discomfort to the patient. The high-frequency FMCW radar operates by trans-
mitting continuous signals that vary in frequency, which upon reflection from the human
body, provide detailed information on movement and vital signs. This method ensures
high-resolution data, allowing for more accurate vital sign detection [100].

Another pivotal advancement is the integration of sophisticated algorithms and ma-
chine learning techniques to analyse the radar data. Algorithms such as Fourier series
analysis are employed to extract specific signals related to heartbeats from the radar data.
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These extracted signals are then processed using advanced machine learning models, in-
cluding artificial neural networks (ANNSs). The use of a three-layer ANN model has shown
remarkable improvements in the detection and diagnosis capabilities, particularly in iden-
tifying cardiac arrhythmias. This integration of signal processing and machine learning
not only enhances the accuracy of vital sign monitoring but also paves the way for more
intelligent and predictive healthcare systems [101,102].

Additionally, recent developments in spectrum sharing and automatic localization
have significantly enhanced the reliability and practicality of microwave-based vital sign
monitoring. Spectrum sharing methodologies allow radar systems to coexist with existing
communication infrastructures, minimizing signal interference and improving detection
accuracy in real-world environments. Automatic localization techniques have been refined
to detect and track multiple stationary individuals accurately, such as patients in a hospital
ward or residents in an elderly care facility. These techniques estimate the number and
positions of individuals, which is crucial for comprehensive monitoring. By combining
high-resolution radar data with localization algorithms, these advancements ensure that
vital sign monitoring systems are both accurate and scalable, making them applicable in
various healthcare settings [103,104].

3. Lung Water Level Measurement

For the purpose of evaluating lung health and treating ailments like pulmonary
oedema, it is essential to comprehend and keep an eye on lung water levels. Lung water
levels have been measured using a variety of methods, each with unique benefits and
drawbacks. An overview of the many techniques used to monitor the lung water level is
provided by this study of the literature, with an emphasis on the application of microwave
sensors in this particular setting.

3.1. Traditional Technigues

Classically, techniques like chest X-rays and computed tomography (CT) scans have
been employed to visualize lung water content. While these methods offer high-resolution
images, they involve ionizing radiation, making them less suitable for frequent monitoring
due to potential health risks [105,106].

3.2. Ultrasound Imaging

A non-invasive imaging technique called lung ultrasound (LUS) can be used to evaluate
pleural effusions, consolidations, pneumothorax, pleural anomalies, and oedema [107-111].
Ultrasound has gained prominence for its non-invasive nature and real-time imaging capa-
bilities. Ultrasound-based lung water measurement techniques, such as lung ultrasound,
provide valuable insights into lung conditions. The precision and operator reliance of these
techniques, however, might be constrained.

Four ultrasonic aeration patterns were identified [112], as shown in Figure 17: a.
normal aeration (N), indicated by less than three B lines or the line sliding indicator linked
to respiratory action; b. a moderate loss of lung aeration, indicated by a definite number
of visible B-lines (B1 lines), with a horizontal distance of 7 mm between adjacent B lines;
c. a significant reduction in lung aeration, as evidenced by the difficult to count many
B lines fused together and the 3 mm horizontal space between successive B lines, which
encompass the appearance of a “white lung” (B2 lines); and d. pulmonary consolidation
(C), which is characterized by a dynamic air bronchogram and hyperechoic lung tissue.

Lung ultrasonography (LUS) was assessed using four defined lung ultrasonographs:
N =0,B1=1,B2=2,and C = 3. All patients underwent a comprehensive lung ultrasound
examination, where each of the 12 lung areas was systematically assessed. The ultimate
LUS for an individual patient was determined by summing the scores from each regional
ultrasound evaluation, resulting in a cumulative score ranging from 0 to 36.
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Figure 17. Four ultrasound patterns are delineated based on lung aeration: (a) normal aeration
(N), characterized by the presence of lung sliding with A lines or fewer than two isolated B lines;
(b) moderate loss of lung aeration, represented by multiple, well-defined B lines (B1 lines); (c) severe
loss of lung aeration, indicated by multiple coalescent B lines (B2 lines); and (d) lung consolidation
(C), denoting the presence of a tissue pattern. Each region of interest was assigned points based on
the most severe ultrasound pattern observed: N = 0, Bl lines 1, B2 lines =2, C = 3.

3.3. Bioimpedance and Electrical Impedance Tomography (EIT)

Bioimpedance techniques, including electrical impedance tomography (EIT), utilize
electrical conductivity variations in lung tissues to estimate fluid content. While these
methods are non-invasive, they may be influenced by factors like body composition and
electrode placement.

A block schematic (a) and a picture (b) of the experimental system are shown in
Figure 18. To reduce baseline drift, the system consists of an eight-electrode belt that
is worn around the thorax and an extra reference electrode attached to the waist [113].
Ag/AgC(l disposable electrodes make up all nine of the electrodes. The belt is made up of
eight sections, each of which has five length adjustment settings. This allows the belt to
be adjusted to fit thorax sizes ranging from 85 to 135 cm while keeping electrode locations
uniformly spaced. A 20 kHz current with an amplitude of 3 mA is produced by a current
source circuit and directed in an opposite configuration towards the body via a switch
matrix. Differential voltages are measured for each injection using the four-electrode
approach [113]. These values are then amplified by a factor of 50 to a level of several volts.
A band-pass filter (BPF) with a centre frequency of 20 kHz and a bandwidth of 1 kHz is
used to filter these voltage values. They are then sampled using an A/D chip (TI-ADS8323)
at fs = 250 kHz and 16 bits of resolution.
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Figure 18. Block diagram of the ECG/ETI measurement system [113].

The device also measures the ECG signal using two of the eight electrodes (electrodes
3 and 8 in Figure 19) for five seconds, going from the right to the left side of the thorax.
The band-pass filter (BPF) in the 0.05-30 Hz range is used to filter the ECG signal, which
is then sampled at a rate of fs = 1 kHz. The measurements are sequenced in a particular
order, coordinated by a microprocessor (TMS320VC5416): To extract the mean RR interval,
a 5 s ECG signal is first obtained and simultaneously analysed in real-time. To guarantee
that all bio-impedance measurements are made during the iso-potential interval of the
cardiac cycle, a delay of 1/3 RR from the last detected R-wave is used as a trigger. The goal
of this method is to keep the heart in the same form and location as much as feasible. To
further reduce the effect of breathing on lung resistivity, all measurements are performed
in a constant sitting position and during shallow tidal breaths. It takes less than 30 s to
complete the measurement process. As shown in Figure 19, the device is attached to the
human body, and its observed signal-to-noise ratio, which is determined by averaging the
standard deviation and the mean of voltage measurements, is roughly 75 dB [114].
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Figure 19. General block diagram of an EIT system. A current is introduced via a pair of electrodes
connected to the test object. The resulting voltages are then recorded, and an image depicting the
conductivity distribution is reconstructed [114].

3.4. Microwave Sensors-Based Technique

Recent research has explored the application of microwave sensors for lung water level
measurement. Microwave sensors offer the advantage of non-invasiveness, allowing for
continuous and remote monitoring. These sensors operate on the principle that microwave
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signals are affected by changes in lung water content, providing a unique and potentially
sensitive approach for assessing pulmonary conditions.

Microwave sensors can be classified into continuous wave (CW) and frequency modu-
lated continuous wave (FMCW) types. CW radar systems, for instance, emit a continuous
microwave signal, and changes in the reflected signal can be analysed to infer variations in
lung water levels. FMCW radar systems, on the other hand, modulate the frequency of the
emitted signal, offering additional capabilities for range resolution.

Challenges and Future Directions: Despite the promise of microwave sensors, chal-
lenges such as signal interference and the need for sophisticated signal processing tech-
niques must be addressed. Future research should focus on refining sensor technologies,
enhancing accuracy, and validating these methods in diverse clinical scenarios for broader
adoption in pulmonary healthcare.

Based on the technique of microwave sensors, various systems were proposed. The
Cardiopulmonary Stethoscope (CPS) project was awarded 2-year NIH funding (R21HL.124457)
in 2014 with the goal of conducting human clinical studies to further validate the accuracy
and dependability of the CPS system. Validating the clinical sensitivity of the CPS system
in monitoring respiratory and cardiac rates as well as evaluating alterations in lung water
content in hospitalised patients was the main goal. The human clinical trials were carried
out in cooperation with a medical team at The Queen’s Medical Centre (QMC) in Hon-
olulu, HI, under the direction of Dr. Todd Seto. The University of Hawaii’s and QMC’s
institutional review boards approved the study procedure [115].

As part of the investigation, a commercial phantom was modified further in [115] to
account for variations in lung water content (LWC). A life-sized phantom was used in the
experiment, which is comparable to the setup outlined in [116]. As shown in Figure 20,
the alterations included inserting tiny sponge pieces directly into the airbags and adding a
sponge layer to the airbags that functioned as lungs. Water was pumped into the airbags
using a syringe and a branching Tygon tubing system to achieve uniform water distribution
in the lungs, simulating fluid accumulation in parallel with the breathing cycle. One
microwave sensor was placed above the sponge layer and the other one was placed right
beneath the airbags to make direct contact with a muscle phantom layer. A solution of
TX151, NaCl, and deionized water was prepared to meet the desired electrical muscle
properties (¢ = 55, 0 = 0.95 S/m) in order to accurately duplicate the tissue properties
at 915 MHz [109]. These two sensors were used to track the transmission and reflection
coefficients during the experiment. After 30 s of baseline data collection, participants in
the experiment underwent a 10 min breathing cycle and a water infusion. A chronometer
was used to manually pump air into the lungs to simulate a respiratory rate (RR) of
10-11 breaths per minute (BrPM) while water was fed into the sponges at a rate of 0.2 cc/s.
Based on variations in the transmission coefficient, the water level was extracted. Figure 20
illustrates the 3D lung model constructed in HFSS.

Another study examined the use of UWB and narrowband sensors to measure LWL
and contrasted their effectiveness using frequency shift analysis [117]. The lung phantom
was prepared in the laboratory as presented in Figure 21. Three scenarios’ sensors were used
to detect water in the lung. Firstly, narrowband sensors are frequently employed in medical
applications due to their simplicity and ease of implementation. The electromagnetic
waves that these sensors created travelled through the body at a precise frequency. There
was a frequency shift that occurred when these waves came into contact with dielectric
materials that were not present in the air, such as lung tissue or water. Electromagnetic
waves propagated at various speeds in different materials, which was what caused this shift.
Utilizing frequency and amplitude shift analysis, which entailed passing a known frequency
signal through a human chest, was the most straightforward method for determining the
water level in the lung [117]. Secondly, in contrast, when the same set of experiments
was applied to the UWB sensor, parallel conclusions could be drawn. The results of these
experiments are showcased in Figures 22 and 23. Thirdly, applying the same experimental
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setup to the coupler sensor, analogous findings could be derived. The outcomes of these
experiments are illustrated in Figure 24 for the coupled sensor.
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Figure 20. Illustration of a cylindrical lung model constructed from an axial CT scan using HFSS [14].
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Figure 21. (a) Image of the water in a human lung [117]. (b) Phantom preparation and fabrication.
(c) Measurement. (d) Image of an artificial plastic lung filled with foam.
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and (b) S11 unwrapped phase. Measured S-parameters of different water contents for UWB sensor.
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Figure 24. Measured S-parameters of different water content for coupler sensor. (a) S11 magnitude,
(b) S11 unwrapped phase.

The comparison of lung water measurement using NB and UWB textile antenna
sensors showed interesting applications in healthcare and everyday life for athletes. Because
UWB technology outperforms other options, it could be easily integrated into healthcare
systems to provide reliable and trustworthy continuous monitoring. Since UWB sensors
are non-invasive, they improve patient comfort, encourage adherence, and make long-term
chronic disease monitoring easier. Thanks to this technology, healthcare professionals can
now monitor and control patients” health from a distance. Additionally, by adapting these
wearable devices for home use, individuals would be able to monitor their vital signs and
lung water levels, promoting proactive health management and potentially reducing the
frequency of clinic visits.

These findings establish a solid groundwork for the development of innovative and
cost-effective wearable medical technology, with linked technology showing promise in
enhancing patient care and wellness. However, this characteristic also presents structural
challenges and performance instability due to the CPW-based coupler’s structural displace-
ment, which impacts the coupling efficiency of the microwave signal to the body. In light
of this, the objectives for the production of the textile coupler prototype were conformal
planar surfaces that are also sufficiently stiff to support the feeding mechanism and CPW
feed, which are employed to assist the integration of the feeding element to the sensor.
Good findings were obtained for sensitivity at 0.5 degrees using the connected sensors.

4. Vital Signs Radar-Based Techniques versus Traditional Methods

When compared to conventional techniques, the reviewed human vital sign sensors
using radar technology have both benefits and downsides, particularly when it comes to
cost, user friendliness, and patient compliance for extended monitoring. This is an in-depth
comparison (see Table 1).

For long-term monitoring, radar-based human vital sign sensors have a number of
benefits in terms of user-friendliness and patient compliance. They offer a continuous, com-
fortable, and non-intrusive monitoring solution that fits in well with day-to-day activities.
Their long-term advantages and potential for lower maintenance costs make them a viable
substitute for traditional techniques, even though the initial cost can be greater. In clinical
settings, however, older procedures remain indispensable due to their proven dependability
and accuracy advantage. Radar technology is expected to be used increasingly often for
long-term vital sign monitoring as it develops and becomes more affordable.
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Table 1. Comparison between radar-based techniques and traditional methods of measuring vi-

tal signs.
Comparison Radar-Based Sensors Traditional Methods
-Initial Cost: G 1y higher due to the ad d o . S
futiat b-ost: Leneraty ugher due fo the advance -Initial Cost: Typically, lower. Devices like blood
technology and integration required. .
) . pressure cuffs, thermometers, and pulse oximeters
-Long-Term Cost: Potentially lower because they - ; .
. . are relatively inexpensive.
Cost often require less maintenance and fewer
. -Long-Term Cost: Can add up due to the need for
consumables (e.g., no need for adhesive electrodes). .
. : . regular replacement of parts (e.g., batteries,
-Cost Efficiency: Improved over time as technology . .
. . electrodes, cuffs) and possible maintenance.
becomes more widespread and production scales up.
-Contact-Based: Often require direct contact with the
-Non-Intrusive: Can be used without direct contact  skin, which can be cumbersome and uncomfortable
with the body, making them very easy to use. over long periods.
-Setup: Generally easy to set up, often requiring -Setup: Somewhat more involved, especially for
Ease of Use minimal user intervention once installed. devices like Holter monitors or traditional ECGs,
-Integration: Can be integrated into furniture (e.g., which require proper placement of electrodes.
beds, chairs) or used in wearable formats, further -Usability: While generally user-friendly, repeated
simplifying use. setup and use can be more time-consuming and
intrusive compared to radar sensors.
e fort: High, as th ire di i . C
Comfort: High, as they do not require d1rect. skin -Comfort: Variable. Devices like blood pressure cuffs
contact and can be unobtrusively integrated into . .
dailv life or Holter monitors can be uncomfortable over time.
Patient yae. . -Wearability: Continuous wearables (e.g., Holter
. -Wearability: Non-contact models are especially . . .
Compliance - . . monitors) can be intrusive and uncomfortable,
. beneficial for patients who find wearables - . .
Effectiveness and potentially reducing compliance.
uncomfortable. . O . .
Accuracy - -Long-Term Monitoring: requires frequent patient
-Long-Term Monitoring: Excellent for long-term, . .
¢ .. . engagement, which may reduce compliance (e.g.,
continuous monitoring that does not need patient . - .
. . . reattaching sensors, replacing batteries).
involvement and encourages high compliance.
-Accuracy: often high, particularly at institutions
-Accuracy: can be quite accurate when monitoring with strict regulations (e.g., hospitals). Gold
factors like breathing and heart rate, but they could  standards include tried-and-true techniques like
have trouble being as exact as clinical-grade ECGs, sphygmomanometers, and pulse oximeters.
equipment when it comes to readings.
-Interference: less influenced by external
-Interference: sensitive to ambient influences and circumstances, but still vulnerable to aberrations
motion artefacts, which may compromise accuracy.  from patient motion or incorrect sensor positioning.
Long-T . N . . . . S
M(zyrfitof;m -Continuous Monitoring: Well-suited for continuous -Continuous Monitoring: Devices like Holter
Scenariosg monitoring in home settings, providing constant monitors provide continuous monitoring but are

data without patient involvement.

-Data Integration: Can be integrated with health
monitoring systems for real-time data collection and
analysis.

-Patient Lifestyle: Minimal disruption to daily
activities, which is crucial for long-term compliance.

limited to short periods (usually 24-48 h) due to
discomfort and battery life.

-Data Integration: Often requires manual data
retrieval and analysis, which can be cumbersome for
long-term monitoring.

-Patient Lifestyle: Can be disruptive, requiring
frequent adjustments and maintenance.

5. Conclusions

In conclusion, the imperative nature of monitoring human cardio-respiratory rates for
predicting and diagnosing cardiovascular and pulmonary diseases has driven significant
advancements in detection methods. While contact-based modalities like ECG have tra-
ditionally served as the gold standard, their practicality for extended monitoring periods
is hindered by the use of body sensors and cabling. Recognizing this limitation, recent
research has strategically shifted toward contactless-based approaches, leveraging radar
techniques to eliminate the need for electrodes and achieving accurate vital sign detection.
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This paper illuminates the challenges encountered by vital signs systems and highlights the
contemporary solutions. In the end, although conventional and ultrasonic methods have
been crucial in measuring lung water levels, the development of microwave sensors offers
a promising new direction in non-invasive, continuous monitoring that has the potential to
revolutionize the study of pulmonary health assessment.
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