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Abstract

Natural disasters, such as floods, landslides and earthquakes, occur frequently
around the world. The consequences of such disasters in developing countries
tend to be more severe due to the lack of effective life detector systems. Life signs
detecting has been an active and challenging research field that has great poten-
tial in the applications such as finding human lives under debris and non-invasive
diagnosis and health monitoring. There are obvious limitations of conventional
devices such as optical or acoustic detectors. The optical equipment requires ope-
ration from experts, while the acoustics need a quiet environment. The detectors
with the thermal sensors and wireless tracking systems are also insufficient when
the ”non line of sight” problem appears. In addition, vital signs information (such
as heartbeat and breathing rate) from non-invasive microwave sensors are very
important to locate people or predict health conditions in the cases of defence,
smart home applications, and baby monitoring. Since NASA proposed the use of
microwave radar sensing system for life detecting, research and implementation
on sensitive, effective, and economic vital signs sensing systems based on micro-
wave signals have become very active. Until now, most research on life detectors
has concentrated on hardware development, signal processing, and development
of new algorithms to improve accuracy of vital signs detection.
The present study has focused on microwave sensors, studying microwave theo-
retical models and searching for life detecting, health care and smart home appli-
cations. In this research, the antennae systems for vital signs detection, such as
breathing rate, were first investigated to validate their performance in a system at
different frequencies. The antennae system had an extremely large band width,
operating from L band to the X band. Based on the proposed antennae system,
models to evaluate the false alarm/detection probabilities of a microwave sensing
system were then developed and validated to examine the accuracy of the system

x



in advance. These models are very useful for hardware development of micro-
wave radar sensors. Further investigation into the theoretical models, proposed
a novel system that was inspired by the microbat animal’s physical structure.
This system showed an enhancement in the accuracy and directional signals of
the microwave sensing system. Artificial intelligence was then integrated with
the radar sensing system to develop the smart microwave radar sensing system.
The machine learning/ deep learning models based on the collected data were
developed. The study indicated high accuracy in classifying different types of
breathing disorders.
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Chapter 1

Introduction

The first microwave Doppler sensing system to detect vital signs was released
in the 1970s. This sensing system was able to trigger a warning signal when
apnoea appeared in an infant [17]. The fast development in the semiconductor
industry opened an application avenue for Doppler radar sensors. Microwave
sensing is non-invasive. This non-invasive property of the Doppler radar sensor
makes it ideal for detecting and monitoring human vital signs and has attracted
a lot of research interest in the field of smart home applications, health care,
defense, and rescue after natural disasters. Figure 1.1 illustrates the popular
research areas involving Doppler radar sensing over the past decade. The research
work presented in this thesis has focused on improving the signal quality of the
radar-sensing system through the study of microwave theoretical models for the
applications such as detecting vital signs in rescue work for life searching and non-
invasive health care. Such radar-sensing systems and equipment, especially the
economic ones, are of significant value for life searching during natural disasters
and have great potential in future smart systems.
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Chapter 1: Introduction.

Figure 1.1: Applications of the microwave Doppler sensing system

1.1 Need for microwave sensing system

Natural hazards, such as landslides and earthquakes, cause many deaths all over
the world. For example, in Nepal’s earthquake in 2015, the number of deaths was
around 8000 [18]. During this disaster, many people covered by debris could not
be found in time. The conventional methods, such as using dogs to find people
who are buried, are inefficient due to the time consumption and uncertainty [19].
Moreover, other methods such as optical-based detectors that require operation
by experts, or the sound-based system that is significantly affected by noises
from the environment, have their limitations and drawbacks. The camera/ther-
mal sensors lack detecting ability to find location information in the smoking
environment [20]. The microwave sensing system has great potential for such
applications. Figure 1.2 presents an illustration of the potential for using the
microwave sensing system to find people under debris.

2



Chapter 1: Introduction.

Figure 1.2: Microwave sensing system is used to find people under
debris

The vital signs detecting system, based on the Doppler radar, has been at-
tracting much attention in recent studies [19, 21–25]. It is understood that in a
vital sign radar detecting system, the transmitter sends waves to the human body;
these waves are modulated by the chest displacement and reflect to the receiving
antenna [26]. By comparing the transmitting waves and the receiving waves from
the human body, one can extract useful information such as the respiratory rate,
heart beat and the location of the people. An important application field of
microwave radar sensing is to detect people who are trapped alive under debris,
rubble or behind a wall. Such a system ,not only can detect the presence of people
via a respiratory signal, but is also able to locate where they are by comparing the
transmitted signals and received signals. In the health-care applications, micro-
wave sensors can be used to measure the breathing rate and heartbeat, especially
in cases like burned patients. Microwave sensing equipment can also continuously
monitor the sleeping of babies to prevent sudden unexpected infant deaths [27].
Reference [28] discussed the effect of antennae characteristics, filters to the qua-
lity of vital signs measured by microwave radar sensor for medical application.
Their work introduced a deep relationship between hardware configuration of ra-
dar sensor and the quality of measured breathing rates and heartbeat.
For smart home applications, the microwave radar sensor is integrated with other
sensors to provide more information. For example, by collecting the breathing

3



Chapter 1: Introduction.

rate of a person during sleep, a smart home system can even generate warning
signals or messages to remind people for medical checking.
Although there are a lot of reports on microwave sensing, few studies have focu-
sed on theoretical models and economic smart systems. The challenge is to find
theoretical models to evaluate the accuracy of microwave radar sensing systems.
These have led to the interest of this research.

1.2 Motivation

In the vital signs detecting radar sensor, transceiving antennae play the role of
sensing probes in a microwave sensing system. Shen [2] introduced an antenna
design of 60 GHz frequency, which can operate from 50 GHz to 60 GHz. The
size of the antennae is quite small since its operating frequency is high, and this
high frequency operation is more useful for medical applications than for search
and rescue purposes. Another development was a wide band antenna with the
gain of 5 dB in the range [4.5− 6.5] GHz [29], which has the advantage of quite
large bandwidth (2Ghz). However, it has the limitations of operating at L band
or X band. The literature search shows little work has been conducted on using
extra wide band (from L band to the X band) to validate the performance of
microwave radar sensing for search and rescue purposes. The first motivation
of this research was to find the feasibility to develop an extremely wide band
antennae system.
When it comes to the channel link to describe the transmission between a person
and the radar sensing system, there are no models available that can evaluate the
accuracy of a radar sensing system when it operates in different environments.
Most of the current research uses the Friis channel model for the links. This model
considers that there are line-of-sight (LOS) transmissions between the detecting
system and the human body. The model is too simple to describe the environment
in which the life detector needs to operate. Obviously, to detect the location of
living people under the debris or the rubble of fallen buildings, the signal of a life
detecting system has to go through a very dense environment. The considerations
of the channel model for the links transmitter-to-human-to-receiver are crucial
when establishing a mathematical model to predict the accuracy of a sensing
system. This research conducted a study on false alarm, detection or outage
probability of radar sensing systems and also considered the design of a radar
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sensing system to increase the three-dimensional detection capability.
A nature-inspired system from the micro bat animal was proposed to enhance
the accuracy and the directional ability of the radar sensing system. To prove
the outperforming ability of the proposed system ,the detection probability of the
conventional and proposed systems are developed and compared.
To make the microwave sensing system smarter for life searching devices and
medical applications, this research introduced a novel artificial intelligence (AI)
microwave radar sensing model. This model, which is based on machine learning/
deep learning can be further developed to make the microwave radar sensing
system intelligent for different applications.

1.3 Objectives

To realise the aim of this research, the following objectives have to be fulfilled.

• Develop an extra wide band antennae system that is able to detect tiny
movements like human chest displacement.

• Conduct a study on available models and establish the mathematical mo-
dels to evaluate the accuracy of the radar sensing system when it operates in
different media. The false alarm/detection probabilities for the microwave
sensing system will be investigated when the frequency and transmitting po-
wer changes. Those probabilities are the important factors for the hardware
development, especially for search and rescue since the sensing system has
to operate in the non-line of sight (NLOS) environments.

• Develop a life detector system that can enhance the detection and directi-
onal capabilities. The mathematical model of detection probability will
be compared with the performance of conventional systems. Establish a
measurement system to validate the theoretical/simulation results.

• Conduct a study on artificial intelligence to develop an AI-based microwave
radar sensing system. Different machine learning/deep learning techniques
will be explored for vital signs detection.
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1.4 Challenges

This research has to face the following challenges before finding viable solutions
for the potential applications mentioned in Section 1.1.

Extra wide band antennae

• Identify adequate equipment including software to design an extra wide
band antennae system

• Find a solution to reduce the size and weight of the antennae

• Develop a portable antennae system (narrow beam) to use for vital signs
detection purposes.

Mathematical models to evaluate the accuracy of the mi-
crowave sensing system

• Develop a mathematical model on the false alarm, detection and outage
probabilities of a portable life detector when it operates in different envi-
ronments.

• Validate the developed mathematical model with the simulation/measure-
ment results

• Process the measured signals to get the desired information in order to
validate developed models.

Nature-inspired radar sensing system

• Study the behavior and physical structure of the micro bat animal

• Find similar physical properties in the micro bat animal which inspires the
development structure of a microwave radar sensing system

• Investigate a mathematical model of detection probability of this proposed
system and compare with the conventional one

• Establish a measurement system to validate the performance of the propo-
sed system.
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Smart radar sensing system

• Study machine learning/deep learning techniques and the application pos-
sibilities for vital signs data

• Collect enough data to build different types of AI models

• Build data sets to validate AI models

• Set up different types of measurement to collect meaningful data.

1.5 Contributions

This research, through the investigations, simulations and experiments, comple-
ted the initially set objectives, established useful models for smart system deve-
lopment and made the following contributions.

Antennae system

• An extra wide band antennae system was developed

• The antennae can operate at different frequencies, from the L band to the
X band to detect vital signs such as breathing rate

• The antennae were able to carry out experiments at various frequencies

• A novel three dimensional orthogonal design was proposed and successfully
implemented to reduce the size of the antennae.

Mathematical model to evaluate the accuracy

• Examined the signal-to-noise ratio (SNR) on the basis of different types
of noise such as phase noise, Gaussian noise, leakage noise between the
transmitting and receiving antennae.

• Investigated the derivation on the false alarm, detection and outage proba-
bilities of the radar sensing system in detecting the chest movement.

• Studied and compared different channel models presented for various media
to derive the alarm/detection/outage probabilities.
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• Conducted experiment to compare the proposed theoretical model with the
measured data.

Nature-inspired sensor system

• Inspired by Microbat, proposed a novel nature-inspired vital signs detecting
microwave sensing system.

• Investigated the derivation on the error probability of the radar sensing
system in breathing rate detection.

• Conducted a validation and comparison between the proposed system and
the conventional system.

• Carried out the experiment to compare and evaluate the proposed system
with the five-point touching sensor.

• Validated that the proposed system enhances the 3D detection capability
of the microwave radar sensing system.

Smart microwave Doppler sensing system

• Proposed an AI-based microwave sensing system.

• Conducted the experiment to collect data for different applications using
smart radar sensing.

• Built a statistical model-based machine learning to diagnose breathing pro-
blems.

• Investigated the feasibility of a smart sensing system to enable more functi-
ons for search and rescue purposes.

1.6 Thesis organization

The literature related to this research and the research outcomes are discussed
in the following chapters. The organization of the thesis is presented as follows:
Chapter 2: Literature review. In this chapter, different types of Doppler vi-
tal sign radar systems, with a focus on search and rescue purposes, are discussed
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carefully. Chapter 2 presents a background of microwave Doppler sensors. The
hardware structures (from on chip to the circuit level) are reviewed. Different
signal processing methods for vital signs detection of radar sensing system are
surveyed.
Chapter 3: Extra Wide Band Antennae System for Vital Signs De-
tection. The principles of patch antennae are discussed. The beam-enhanced
capability and an extreme wide band antennae was designed in FR4 substrate.
The orthogonal structure to reduce the size of the antennae system is presented
in this chapter. The measurements through the line of sign (LOS) and non-line
of sign (NLOS) media to detect the respiratory rate to check the performance of
antennae are discussed.
Chapter 4: False alarm/ Detection Probabilities of Microwave Dop-
pler Sensing System. In chapter 4 the mathematical model of false alarm/
detection probabilities are investigated. The power of different noises was consi-
dered to derive SNR. The SNR and probabilities derivations are validated by
the simulation and measurement results.
Chapter 5: Nature-inspired Radar Sensing System for Vital Sign De-
tection. This chapter introduces a novel vital signs detecting system which is
inspired by the micro bat animal. The derivation of error detection probability
is developed. The performance in detection ability of the proposed system is
evaluated and compared with the conventional systems.
Chapter 6: Smart Radar Sensing System for Vital Signs Detection.
Chapter 6 discusses the smart sensing system. The AI-based microwave radar
sensor has the potential to enable more functions in medical and rescue appli-
cations. The smart radar sensing system can be used for health-care diagnosis
such as for a breathing disorder problem and predicts the action of people or
categorizes subjects in search and rescue operation.
The conclusions are drawn and prospective research recommendations are given
in Chapter 7.

1.7 Research outcomes

This research has produced the following peer-reviewed publications.

9



Chapter 1: Introduction.

Book chapter

• Van Nguyen Thi Phuoc, Liqiong Tang, Duc Minh Nguyen, Faraz Ha-
san, and Subhas Mukhopadhyay. ”Wide Band Antennae System for Remote
Vital Signs Detecting Doppler Radar Sensor.” In Modern Sensing Techno-
logies, pp. 47-62. Springer, Cham, 2019.

Journal publications

• Van Nguyen Thi Phuoc, Liqiong Tang, Veysel Demir, Faraz Hasan, Duc
Minh Nguyen, and Subhas Chandra Mukhopadhyay,. ” Review-Microwave
Radar Sensing Systems for Search and Rescue Purpose” Sensors 2019,
19(13), 2879, Q1, Impact Factor 3.03

• Van Nguyen Thi Phuoc, Liqiong Tang, A. Singh, N. D. Minh, S. C.
Mukhopadhyay and S. F. Hasan, ”Self-Identification Respiratory Disorder
Based on Continuous Wave Radar Sensor System,” in IEEE Access, vol. 7,
pp. 40019-40026, 2019. doi: 10.1109/ACCESS.2019.2906885, Q1, Impact
Factor 4.098

• Van Nguyen Thi Phuoc Liqiong Tang, Faraz Hasan, Nguyen Duc Minh,
and Subhas Mukhopadhyay. ”Nature-inspired sensor system for vital signs
detection.” Sensors and Actuators A: Physical 281 (2018): 76-83. Q1, Im-
pact Factor 2.739

• Van Nguyen Thi Phuoc, Liqiong Tang, Subhas Chandra Mukhopadhyay,
Duc Minh Nguyen, and Faraz Hasan. ”Probabilities of False Alarm for Vital
Sign Detection on the Basis of a Doppler Radar System.” Sensors 18, no. 3
(2018): 694. Q1, Impact Factor 3.03

Conference publications

• Van Nguyen Thi Phuoc, Liqiong Tang, Nguyen Duc Minh, Faraz Hasan,
and Subhas Mukhopadhyay. ”Extra wide band 3D patch antennae system
design for remote vital sign Doppler radar sensor detection.” In 2017 Ele-
venth International Conference on Sensing Technology (ICST),1-5, 2017

• Van Nguyen Thi Phuoc, Liqiong Tang, Nguyen Duc Minh, Faraz Hasan,
and Subhas Mukhopadhyay. “Outage Probability of Vital Signs Detecting
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Radar Sensor System.” 12th International Conference on Sensing Techno-
logy (ICST), 358-362, 2018

• Van Nguyen Thi Phuoc, Liqiong Tang, Faraz Hasan, Subhas Mukho-
padhyay, and Nguyen Duc Minh. ”Combination of Artificial Intelligence
and Continuous Wave Radar Sensor in diagnosing breathing disorder” The
4th International Conference on Research in Intelligent and Computing in
Engineering (RICE 2019) - Accepted paper

Other Publications

• Van Nguyen Thi Phuoc, Syed Faraz Hasan, Xiang Gui, Subhas Mukho-
padhyay, and Hung Tran. ”Three-step two-way decode and forward relay
with energy harvesting.” IEEE Communications Letters 21, no. 4 (2017):
857-860. Q1, Impact Factor 2.723

• Hoang, P. Chi, T. Ngoc Nguyen, Quyet Nguyen, Q. Toan Bui, Van Nguyen
Thi Phuoc, D. Minh Nguyen, and Loan Pham-Nguyen. ”Dynamic error
correction technique for wide-band 0.4–4 GHz direct receiver.” In Recent
Trends in Telecommunications Research (RTTR), Workshop on, pp. 1-4.
IEEE, 2017.
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Chapter 2

Literature review

2.1 Introduction

The non-invasive detection feature of radar sensor systems has raised much rese-
arch attention and led to many interesting applications of the microwave sensing
systems, such as health care monitoring, defense, security, smart homes, and live
person search and rescue. The Doppler radar sensor system can be used to de-
tect and monitor the movement of human tissues and organs without touching
the body, and provides a non-invasive technique to diagnose diseases related to
heart, lungs, vascular system, and other organs [30]. The first vital signs sen-
sing system was introduced by Caro et al. in 1971 [17]. This system was used
to determine the apnoea phenomenon of infants, which could turn on an alarm
when the apnoea lasted more than 30 seconds. The recommended distance from
human to antennae of this system was around 50 cm. Following this invention,
many studies tried to improve the quality of the vital signs sensing system by
advancing hardware structures and signal processing techniques [23, 24,31–69].
In [33], Lee and Lin proposed an arterial pulse wave analyzer based on a CW

Doppler microwave which operated at a frequency of 24.125 GHz. Their system
could accurately detect the movement of the arterial wall. From 1990 to 1996, two
patents [38,42] were registered in the USA. Both focused on medical applications
using radar sensors. In a radar sensing system, the antennae play an important
role in increasing the sensing ability. References [56,60,63,70–73] focused on im-
proving the sensitivity of the antenna system in order to detect cancer tumors or
thorax movements. Hall et al. [68] presented a survey on an intelligent phased-
array CW sensor system for monitoring vital signs continuously. In recent years,
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non-contact radar sensor has been combined with artificial intelligence (AI) to
predict clinical events in [69,74]. Research in this field suggests a strong potential
for the smart radar sensor.
To improve the quality of vital sign detection, many researchers focused on sig-
nal processing methods to achieve high accuracy of the breathing rate and he-
artbeat [4, 75–95]. Reference [82] presented the maximum likelihood estimator
(MLE) and generalized likelihood ratio test (GLRT ) techniques that were used
to estimate the breathing rate and heartbeat. Their signal processing showed
the ability to separate multiple vital signals. The attempts to calibrate for signal
spectrum and to remove the breathing harmonics were discussed in [83,87]. Addi-
tionally, in [87] the clutter suppression of random body movements was proposed
to increase the quality of vital sign signal detection. Similarly, Gu et al. [84]
investigated a random body movement cancellation (RBMC) technique by com-
bining a camera system with the microwave sensor. The random body movements
recorded by the camera were used to compensate for the phase shift in the radar
sensor. Another approach to enhance the breathing rate and heartbeat detection
in the radar sensor is cyclostationary [86,93]. The author in the references [86,93]
reports that the result of extracting signals depended less on signal to noise ratio
(SNR) or the filtering technique by their novel cyclic technique. To consider
the mathematical model to evaluate SNR value, the Friis model is used for a
transmission link between the radar sensing system and the human. This model
suggests the line-of-sight (LOS) link between the measured subject and the radar
sensing system.
Besides the signal processing techniques for vital signs detection of a radar sensor
system, the hardware development is crucial to make these systems more reliable.
The development of semi-conductor technology has conferred many advantages
on radar systems. The size of the radar system is significantly reduced. Ra-
dar sensors can now be integrated with other circuits (signal processing circuit,
ADC, control circuits and so on) on the same board. Many studies have paid
attention to making radar sensors even smaller, saving power, increasing sensing
sensitivity [96–102], and detecting distance or direction [1, 8, 9, 103–112]. Most
on-chip radar sensor systems operate at quite high frequencies (above 5 Ghz).
The research has made contributions to various applications in daily life such as
observing respiratory/sleeping patterns of humans [113,114], diagnosing respira-
tory diseases [115,116], collecting cardia/respiration of rats [117], and monitoring
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the heartbeat of cows [118] on a dairy farm.
Another important application of Doppler radar sensor is to search and locate
the position of victims under the rubble of collapsed buildings. Owing to the ob-
stacles between the living victim and the radar sensor, the penetration property
of a microwave radar sensor for such application is an important factor to consi-
der. The penetration ability of a microwave sensor system depends on operating
frequency and transmitting power. Therefore, several studies chose the L and S

band as the operating frequencies for their system [9] [8]. This chapter reviews
this crucial application of radar sensor. The first part is the essential probes of
the radar sensor - antennae system, then the signal processing and theoretical
models related to the radar sensing system are discussed. In addition, the har-
dware structure of the radar sensing system is considered carefully based on two
general types of radar sensors - continuous wave (CW) and pulse-based systems.
Finally, the conclusion and future ideas are presented.

2.2 Antennae system for microwave radar sen-
sor

The antennae system of Doppler vital sign detector is essential to improve the
quality of a non-contact Doppler sensor system. The antennae should have high
gain, good efficiency, and low coupling between transmitting and receiving an-
tennae. It seems that the horn antennae are better than patch antennae in terms
of efficiency, direction and gain [19, 26]. However, for weight and size, the patch
antennae systems are superior to the horn antennae. Moreover, the gain in patch
antennae can be improved by increasing the number of batches. Therefore, in
this work, the patch antennae for radar sensing systems are reviewed carefully
in the research presented in this thesis to find suitable antennae for search and
rescue purposes of the radar sensing system.
The antennae design work presented in [2] and [3] is concentrated on the fre-
quencies around 60 GHz. It is obvious that, with very high frequency, the size
of the antennae does not create any problems for the system. In [2], the anten-
nae system was built on the low-temperature co-fired ceramic (LTCC) substrate.
The structure of this system is shown in Figure 2.1. Each antenna consists of
four patches. The size of the antenna is quite small (9× 9) mm due to the high
operating frequency. The range of operating frequency is from 50 GHz to 60
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GHz. The return loss is around −10 dB and the isolation between two antennae
is around −30 dBm.

Figure 2.1: (a) Arrays antennae system. (b) Topology of the
sequential-phase feed network c© 2012 IEEE [2]

The reference [3] presented another design structure of the patch antennae
for the radar sensing system with a range of frequency from 57.24 GHz to 65.88
GHz. The reflection at each antenna is lower than −10 dB and the isolation be-
tween two antennae was around −30 dB. The maximum dimension of fabricated
antennae is around 1.5 × 5.5 mm. Most of the studies have tried to reduce the
beam width of an antenna to around 60 degrees.
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Figure 2.2: Topology of designed antennae arrays (a) 2 × 1 patch
elements, (b) 3× 2 patch elements, (c) 6× 2 patch elements [3]

It is obvious that the size of the antennae is proportional to the wavelength
of operating frequency. When the sensing system operates at a high frequency,
the size of antennae does not cause any problem for the whole system. However,
for the go-through materials applications, such as finding survivors, we need to
use the lower frequencies. This means that the wave length will be large. In
this case, patch antenna size is a big issue [119]. Moreover, the radar sensor
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systems might need to operate in different frequencies for specific circumstances as
the dual-band transmitter [99]. Therefore, investigation of the portable multiple
bands antenna with a novel structure to improve the beam direction and isolation
used for vital signal detecting sensor system, is a significant need for the vital
sensor radar detector. The motivation to investigate the multiple bands antennae
system comes from the fact that (1) little previous study has investigated the 3D
multiple bands (from L-band to X-band) patch antennae for the vital Doppler
radar detector, (2) the designed antennae can then be used to check the ability
to detect the vital signs at various bandwidths for line-of-sign (LOS) and non-
line-of-sign (NLOS) transmission to find the potential applications of different
frequencies in different situations. (3) the 3D design reduces the size of the
antennae system which is used for the portable life-detecting sensor system.

2.3 Signal processing techniques and mathema-
tical models

2.3.1 Signal processing techniques

There are many techniques to obtain and classify the breathing rate/heartbeat
from the baseband received signal of the microwave sensor. The Fast Fourier
transform (FFT ) and continuous Wavelet transform (CWT ) [4, 88–95, 120–123]
are considered very basic methods to retrieve respiratory rate. These techniques
can find the frequency spectrum of received signals, based on the peak of spectrum
in a specific frequency range, and the breathing rate or heartbeat can thus be
estimated. However, the microwave radar sensor operates in a noisy environment
with a variety of noises such as random body movements, flicker noise, clutter
noise, leakage noises between transmitting antennae and receiving antenna and
so on. Therefore, in many applications, simply applying FFT or CWT on the
received signal is not sufficient in obtaining the desired signals (vital signs).
Another popular technique to find the pattern in the data is principal component
analysis (PCA). In this method, principal components of a vector data can be
found by forming the orthogonal matrix in which rows are eigenvectors of co-
variance matrix of the vector data [124]. This method was then combined with
WT or short time Fourier transform (STFT ) to process multivariate statistical
data [125]. This signal processing method can extract the respiratory rate from
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the pulse oximeter’s photoplethysmographic signals with high accuracy.
In the received signal of the radar sensor, the breathing signal has higher energy
than the heartbeat signal. To reduce the effect of breathing rate harmonic on
the heartbeat signal, the chest displacement signal is firstly broken down into in-
trinsic components. The breathing rate and heartbeat can be restructured from
those components in the time domain. This technique is called empirical mode
decomposition (EMD) [126]. After applying the EMD on the received signal
the simple FFT can be applied to find the breathing rate and heartbeat.
To reduce the random body movement, Li et at [58,127] proposed a method that
detects signals from both sides of the person. These signals are combined to
cancel out the noise caused by random body movement, then arctangent or com-
plex signal demodulations are applied before using FFT to find the breathing
rate and heartbeat. Similarly, [87] also used two receiving antennae to detect the
vital signs. However, they just simply chose the strongest signal to process. The
moving filter is applied to the selected signal to remove the quasi-static clutter.
Another technique to reduce the flicker noise was mentioned in [85] by using the
harmonic radar. This work proposed a harmonic CW radar sensing system that
operates at two frequencies (fundamental and harmonic). They reported that in
their system, the flicker noise was reduced significantly while SNR was increased.
Recently, Yu et al. [93] proposed an approach based on higher order cyclostatio-
nary to detect the heartbeat and respiration of a person. The third-order cyclic
cumulant was applied to detect the vital signs. This method could reduce the
harmonic interferences, random body movements, and clutter noise. It also allo-
wed the radar sensor to detect the weak signals with low SNR values.

Figure 2.3: Block diagram to test multiple targets detection [4]

Besides the vital sign detection techniques, target tracking based on radar
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sensor is also very important in search and rescue or defense applications. Yan
et al. [4] have proposed an approach based on an algorithm called variational
mode decomposition (VMD) to track different targets behind a wall. The setup
of the testing system is shown in Figure 2.3. This method decomposed the bre-
athing signals into various sub-signals. The separated signals can be tracked by
the VMD algorithm. The tracking algorithm consists of four steps: determine
traversed range bins, VMD algorithm, breathing recognition, and Hilbert Trans-
form. The result of this proposed algorithm is compared to the conventional FFT
in Figure 2.4. It is obvious that the VMD algorithm approach is a good choice
in the case of multiple target detection based on microwave radar sensor.

Figure 2.4: Traditional FFT method (a) versus VMD based met-
hod (b) [4]

Another powerful algorithm to detect breathing rates of multiple subjects
is the independent component analysis (ICA) [128, 129] technique. This met-
hod allows blind segregation of data into independent sources and is applied to
successfully separate the breathing rates of three people by a SFCW radar sen-
sor [128].

2.3.2 Related mathematical models

The SNR is an important parameter in the radar sensing system. To evaluate
the received power signal, we have to consider the transmission link between the
radar sensor and the measured human. The reference [130] used the Friis model
for the transmitting antenna- human- receiving antenna links. The Friis model
suggests that there is a LOS link between the sensor and the subject. Based on
this transmission model, the received power signal and the power of phase noise
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were calculated to evaluate the SNR of the radar sensing system in breathing
rate and heartbeat detection.
The Friis model in the work [130] does not regard the multi-path signals to the
receiver. Jeong et al. [5] enhanced the precision for this transmission link by
using the log-normal model. Formed on this model, the mathematical derivation
to evaluate the accuracy of the radar sensing system was developed. The false
alarm, miss detection and total error probabilities were investigated to determine
the integrity of the radar sensor. The 3D error probability of the radar sensing
system is shown in Figure 2.5. The amplitude of cluster is proportional to the
error probability value.

Figure 2.5: Error probability of radar sensing system c© 2012 IEEE
[5]

2.4 Hardware developments

In the past five decades, the improvement of semi-conductor technology, embed-
ded computing, and artificial intelligence (AI) techniques have enabled significant
improvement in the vital signs detection Doppler sensor systems. The cumbers-
ome microwave radar sensor of the past has been replaced by smaller, smarter,
and higher sensitivity systems. An early respiratory monitoring system [32] was
attached to an X-ray and triggered this machine automatically by instance of
respiration. This system is quite simple. It consists of an oscillator, quadrature
mixer, direction detector circuit, differentiators, and trigger circuit. Another CW
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microwave radar for vital signs detection was discussed in [36] with the size of
20 cm × 28 cm × 18 cm and large attached antennae. Later, the burgeoning of
semi-conductor technology helped to reduce the size of vital signs detecting radar
sensor systems. For example, the 5.8 GHz radar sensor receiver chip of 0.13 µm
CMOS [6] is as small as 1.2mm× 1.2mm. This system can detect the breathing
rate of a human at the distance of 1.5m. The detection results of breathing rate
and heartbeat, when a person sits at the distance of 0.5m, are displayed in Fi-
gure 2.6. The respiration and heartbeat can be found easily from the spectrum
of the received signal.

Figure 2.6: Received signal in time domain (a) and in frequency
domain (b) at the distance of 0.5 m [6]

The system on chip (SoC) radar sensor has become very popular as it has
many applications. Reference [7] introduced a SoC radar sensor with RF interfe-
rence rejection and integration of power management clock generation functions.
To operate this system, the external antennae and crystal needs to be connected
within this compact kit. The block diagram, the example module, and applica-
tion results of this system are illustrated in Figure 2.7. The example module has
a size of 5.8cm × 3cm and can detect the breathing rate at a distance of 9 m

and heartbeat at a distance of 5 m. When this system operates in a condensed
environment, the detection distance might reduce, but it still has high potential
for search and rescue applications.

The development in hardware of the microwave radar sensor goes along with
processing techniques to improve the accuracy of vital signs detection. The next
section discusses different kinds of radar sensor based on transmitting wave forms.
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Figure 2.7: System overview and real-life application example with
measured performance [7]

2.4.1 Single tone CW radar sensor

A typical functional block diagram of the CW radar sensor system is shown in
Figure 2.8. The system consists of an oscillator (OSC), IQ demodulator, arctan-
gent demodulator, analog to digital converter (ADC), digital signal processing
and display unit. The OSC is the microwave signal source, and this signal is
amplified by a power amplifier (PA) before being sent towards the human posi-
tion through transmitting antenna Tx. The receiving antenna Rx of the sensor
captures the reflected signal from the human. This signal is amplified by a linear
amplifier (LNA). After that, the signal is down converted by a quadrature mo-
dulator to create two orthogonal signals, SI and SQ. The two orthogonal signals
are used as the inputs for the arctangent demodulator. The analog signal from
the arctangent modulation unit is digitalized by ADC before sending to the DSP
to extract useful information. The results (vital signs such as breathing rate, he-
artbeat and so on) are shown in the display unit.
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Figure 2.8: Continuous Wave System diagram.

The generated signal of the CW radar sensor system can be represented by:

VT (t) = AT cos (2πf0t+ φ (t)) (2.1)

where AT is the amplitude of the transmitted signal, f0 is the carrier frequency,
t is the transpiring time, and φ (t) is the phase noise. The signal VT (t) is then
reflected from the human’s chest. The chest displacement can be considered as
a periodic signal l (t). At the receiver, this signal is down converted by the I/Q
demodulator. The purpose of using I/Q demodulation is to alleviate the null-
points problem [23]. The base band signal at the output of the demodulator can
be written as:

BO(t) ≈ arctan

(
θ0 + 4πl(t)

λ
+4θ(t)

)
(2.2)

The thorax displacement l(t) is much smaller than the value λ therefore, the small
angle rule can be used in Equation 2.2. The output signal of the radar sensor
system is proportional to the chest movement.

BO(t) ≈ θ0 + 4πl(t)
λ

+4θ(t) (2.3)

where θ0 is the phase shift due to the distance from the human location to the
antennae system and 4θ(t) is the phase noise.
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CW radar topologies

In 2000, Kum-Mu Chen et al. [8] constructed two CW microwave life-detection
systems which operated at 450 MHz and 1.15 GHz respectively. Their experi-
ment results show that the 1.15 GHz microwave radar could penetrate deeper
through the rubble with metallic wire. The block diagram of this life-detector is
shown in Figure. 2.9. A stable CW signal (power 25.6 dBm) was generated by a
phase-locked oscillator. This signal goes through a 10 dB directional coupler and
a circulator before reaching the RF switch to the antenna. A 10 dB directional
coupler divides the signal from OSC into two parts; 90% of the power goes to
the circulator and 10% goes to the 3-dB directional coupler. At the second di-
rectional coupler, the 40 mW power is split into two equal parts which are used
as a local reference for the mixer and to drive the clutter cancellation circuit. In
this system, the two antennae are stimulated sequentially. The signals from both
antennae are associated to decrease the background noise. The clutter noise is
canceled by the combination of digital-controlled phase-shifter, fixed attenuator,
amplifier, and digital-controlled attenuator. In addition, the system sensitivity is
increased by a phase-shifter connected to the local port of the mixer [8].

Figure 2.9: Schematic of 1.15 GHz microwave radar [8]
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This system was tested in the simulated earthquake rubble at the Electro-
magnetics Laboratory, Michigan State University (Figure 2.10). The system can
detect the breathing rate and heartbeat over a distance of seven feet including
three feet of rubble with metallic wire mesh. This system showed good results
with the dual antennae system which helped to reduce the background noise and
the noise created by the nearby moving operators.

Figure 2.10: Testing performance of Kum-Mu Chen et al. [8] system
at the earthquake rubble model of Michigan State University

Another system was developed by Jalai Bidgoli et al. [9] with the same purpose
of finding survivors. This system operated at the same frequency of reference [8]
(1.15 GHz) with a similar transmitting power (26.5 dBm). Their system had the
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ability to cancel the clutter and other noise sources, in which a microprocessor-
based system was used to eliminate clutter. The computer was connected to the
system to control and monitor the reflected signal. Two horn antennae were used
in this work. The schematic presentation of their proposed system is shown in
Figure 2.11. There are four main blocks in this system. The first block generates
a transmitting signal, blocks 2 and 3 take the responsibility of noise cancelation,
while block 4 down-converts the RF signal to the baseband signal. They report
that this system can detect the breathing rate at a 10 m thickness with standard
density materials.

Figure 2.11: Schematic of life-detector system [9]

2.4.2 Frequency modulation continuous wave (FMCW)
radar sensor

The block diagram of the FMCW radar sensor is similar to the CW sensor
as shown in Figure 2.8, but the OSC should be replaced by a voltage control
oscillator (V CO). The diagram of frequency versus time of FMCW radar is
displayed in Figure 2.12, where BW is the bandwidth of transmitting signal, 4f
is beat frequency, and 4t is the time delay.

In the FMCW radar system, the transmitter sends a linear frequency signal
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Figure 2.12: Frequency versus time of transmitting and receiving
signal at FMCW radar

from f0 to f0 +B toward the person’s position. Owing to the person’s movement
and the distance between the person and the radar sensor, the received signal was
shifted in frequency and time domain, as illustrated in Figure 2.8. The distance
from the target to the radar sensor and the range resolution can be estimated
as [23,131]:

d = cT4f
2BW (2.4)

4d = c

2BW (2.5)

where BW is the bandwidth of transmitted signal, 4f is beat frequency, and
4t is the time delay. c is light speed and T is pulse repetition period of the
transmitted signal.
In the work of [10] Matthew et al applied the singular value decomposition (SV D)
algorithm on the obtained signal from a so-called Soprano FMCW system. The
hardware schematic is shown in Figure 2.13. This system was first developed by
Chen et al [132]. The central operating frequency of the sensor is 5.8 GHz with
a bandwidth of 83.5 MHz. The transmitting power is 13 dBm and the antenna
gain is 12 dBi. This system was set up outside a residential house with a 33 cm
brick wall to detect people inside the living room (2.8 m × 4.7 m).

The measurement setup is shown in Figure 2.14. The received signals in this
radar system were processed by singular value decomposition (SV D) and moving
target indicator (MTI) techniques to detect location and the moving trend of the
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Figure 2.13: Topology of FMCW radar used to detect a human
through the wall [10]

subject during the measurement.

Figure 2.14: Experiment setup of FMCW radar to detect a human
through the wall [10]

28



Chapter 2: Literature review.

2.4.3 Hybrid FMCW-CW radar sensor

To combine the advantages of range detection in FMCW radar and small displa-
cements detection in the single tone CW radar sensor, Guochao Wang et al. [11]
introduced a hybrid system which operates at FMCW and CW alternatively to
obtain the range and vital signs of a human. The transmitted and received signals
in frequency and time domains are demonstrated in Figure 2.15. The FMCW

period provides the distance information, while the thorax displacements can be
obtained from CW mode.

Figure 2.15: Transmitting and receiving signal at FMCW -CW ra-
dar in (a) frequency domain and (b) time domain [11]

Both references [8] and [9] introduced the life-detector with high penetration
capability. Based on the high directional antennae system of these systems, the
direction of the victim under the debris might be found, but the distance from
human to the radar antennae cannot be estimated. In these studies, they did not
mention the range detection ability of their system. To enable both functions of
range and vital signs detection, the hybrid FMCW -CW microwave radar seems
to be a good choice [11].
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2.4.4 Stepped-Frequency Continuous Wave (SFCW) Ra-
dar

The SFCW has many advantages such as the frequency flexible controlling, high
dynamic range, and it can be easily calibrated at different frequencies [12, 133].
The work in reference [12] performed some physical experiments which can si-
mulate finding live people under the debris situations. The measurement set up
of this work is described in Figure 2.16. The measured subject was asked to lie
under bricks on the floor as in Figure 2.16 (a). The thickness of the brick layer
was changed from 0 to 20 cm. The subject was asked to perform four postures
as in Figure 2.16 (c). A total of 201 frequency steps from 300 to 1300 MHz were
set-up. The combination of vector network analyser (VNA) Model E5061A, two
antennae, and a PC were utilized as a SFCW system.

Figure 2.16: Experiment setup of SFCW radar to detect a human
through the brick: (a) size view, (b) top view, (c) postures [12].
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This work shows very encouraging results for human rescue application. The
breathing rate of a human can be detected through the obstacle, and the posture
of the subject is not critical. The measuring time to find the respiratory rate of a
person is quite small (5 seconds) as shown in Figure 2.17. For search and rescue
purposes, the breathing rate should be considered as the main signal to find the
live subject. An alternative option to detect both location and respiratory rate
of a person is to use pulse-based radar sensor systems. These types of radars are
discussed in the next sections.

Figure 2.17: Breathing rate of a face-up posture person at different
time resolutions [12]
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2.4.5 Random noise UWB radar sensor

Another promising UWB radar is random noise or random signal UWB radar.
Its operating principle is similar to the short-pulse UWB sensor, but the short-
pulse generator block is replaced by a band-limited random noise generator. This
remote sensing system has high range and velocity resolutions. The effect of the
antennae leakage and the radio frequency interference in this system is eliminated
by its own waveform signal [13,134].
For searching and locating people under the debris when human-caused/natural
disasters occur, UWB radar is a good choice since it can also detect the vital
signs and the location of the target. In 2004, Narayanan et al. [135] introduced
the basic block diagram of random noise UWB radar, as described in Figure 2.18.
This sensing system can detect a trihedral reflector behind a wall.

Figure 2.18: Diagram of a basic random noise UWB radar sensor

Later, in 2010, Chieh-ping Lai et al. [13] proposed a digital UWB random
noise radar sensor system for search and rescue purposes. The topology of the
system is shown in Figure 2.19. In this design, an FPGA-based receiver was
developed. The operating bandwidth of the system from 350 MHz to 750 MHz

corresponds to a 37.5 cm resolution. In this work, the chip-based generator is
used as the source noise, and the software-defined technique was utilized to re-
duce the size and power consumption of the radar system.
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Figure 2.19: A schematic of a digital random noise UWB radar
sensor [13]

The results of Chieh-Ping Lai’s human detection system is presented in Fi-
gure 2.20. We can see that this radar system can locate the human position at a
distance of 6 m through the wall.

33



Chapter 2: Literature review.

Figure 2.20: Detecting human movement through a wall using a
digital random noise UWB radar sensor [13]

2.4.6 Pulse-Based radar sensors

A pulse-based UWB radar has two operating modes: emitting and silent. A
short pulse is sent in the emitting mode and the echo signal returns to the radar
in the silent mode. The range and velocity of the target can be detected by com-
paring the transmitted pulse and the received pulse. A basic block diagram of an
UWB microwave radar sensor is shown in Figure 2.21. The desired waveform is
created by the pulse generator. The pulse repeat frequency (PRF ) is determined
by a local oscillator. The pulse signal is modulated by a modulator before being
amplified and emitted through the transmitting antenna (Tx). The echo signal is
amplified by a linear amplifier before being down-converted to the baseband.
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Figure 2.21: Block diagram of a typical UWB radar system

The transmitting signal (si(t)) in the time domain for the ith frame can be
written as [136].

si(t) = p(t− iTf )cos(2πf0(t− iTf )) (2.6)

where f0 is the carrier frequency, p(t − iTf ) is the impulse signal, and Tf is the
duration of the frame (Tf = 1

fp
). fp is the pulse repetition frequency.

The received signal after being amplified by LNA is given as follows.

ri(t) = Ap [t− iTf − τ(t)] cos [2πfc(t− iTf − τ(t))] (2.7)

where A is the amplitude of the signal and depends on the gain of LNA and the
transmission loss due to the environment between radar and target. τ(t) is the
propagation delay, equal to the round-trip time of a radar pulse.
The range to the target (R(t)) can be estimated from the propagation delay τ(t)
as:

R(t) = cτ(t)
2 (2.8)

The thorax movement of a human can be obtained by performing the Fourier
transform on the received signal.
To improve the performance of the short pulse radar, a coding technique is utili-
zed to increase resolution and avoid the multi-user interference. The transmitted
signal is coded by the pseudo-noise code in the transmitting block. This radar
is so-called as pseudo-random UWB radar to be used to detect vital signs of
humans [137–139].
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To enhance the penetration property in the pulse-based UWB radar, the trans-
mitted power and the carrier frequency of the system should be considered care-
fully. Moreover, the signal processing method is more challenging in such a dense
transmitting environment. References [92] and [1] report a de-noising method
for detection of through-wall vital signs based on the UWB radar sensor. The
experimental setup is shown in Figure 2.22. The thickness of the wall is 1 m, and
the human target was measured at varying distances from 3 m to 12 m.

Figure 2.22: Vital signs detection experiments for a human subject
by UWB radar sensor (a) outdoors, (b) indoors [1]

The parameters of the UWB radar are given in Table 2.1. There are two
important points noted from Table 2.1. First, the center frequency of this system
is quite low (400 MHz). Second, the amplitude of the transmitted signal is quite
high (50 volt). Both conditions, low operating frequency and high power make
sure that the signal can penetrate through the dense rubble to find live victims
when there is a disaster. Moreover, Liang [1] also proposed a detection algorithm
to provide range information and vital signs like breathing rate and heartbeat.
The flow chart is displayed in Figure 2.23. Several de-noising techniques were
applied: first the stationary clutter, linear trend, and non-stationary clutter are
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Table 2.1: Parameters of UWB radar [1]

Parameter Value Value
Center frequency 400 MHz
Transmitted signal amplitude 50 V
Pulse Repeat Frequency (PRF) 600 kHz
Number of averaged values (NA) 30
Time window 124 ns
Number of samples (M) 4092
Input bandwidth of the Analog to Digital Converter (ADC) 2.3 GHz
ADC sample size 12 bits
Receiver dynamic range 72 dB

suppressed. After that, the signal is filtered in range and in slow time. The next
step is to analyze in slow time, then input this signal to FFT and window to find
the frequency. The output signal of STFT is used for range information.

Figure 2.23: Detection algorithm [1]

Figure 2.24 displays the range information provided by this system when the
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distance from the person to the radar system is 9 m. The estimated range by
their proposed system is quite accurate.

Figure 2.24: The STFT in the case of 9 m human location [1]

2.5 Conclusion

In this chapter, some representative microwave Doppler sensor systems for finding
survivors are discussed. For this special purpose, most of the considered systems
operated at S and L frequency bands. Therefore, the antennae should be develo-
ped for this purpose. The power of the radar systems for this application is also
much higher than the systems used for medical applications. Moreover, the signal
processing techniques are very important in order to remove noise and clutter to
improve the accuracy of the radar sensor systems. The mathematical models to
evaluate the accuracy of this system should be considered carefully to estimate
any vital sign sensing system in advance.
In addition, optimized hardware structures can be combined with more efficient
signal processing techniques to alleviate many of the issues with the radar vital
sign sensing system.

2.6 Related Publications

• Van Nguyen Thi Phuoc, Liqiong Tang, Veysel Demir, Faraz Hasan, Duc
Minh Nguyen, and Subhas Chandra Mukhopadhyay,. ” Review-Microwave
Radar Sensing Systems for Search and Rescue Purpose” Sensors 2019,
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Chapter 3

Extra Wide Band Antennae
System for Vital Sign Detection

3.1 Introduction

In the vital signs sensing radar system, the antenna system plays the role of
probes to detect the vital signs. It is obvious that antennae should be small,
have high directivity and gain. Authors in references [2,3] optimized the antenna
system to detect vital signs with operating frequencies around 60 GHz. The size
of antennae is proportional to the wavelength. Therefore, in such high frequency,
the dimensions of antenna system are very small. For the rescue application
to find live people under the debris, the lower frequency radio signal can go
through the obstacle better than higher frequency signals. When the vital signs
detecting radar system has to operate at low frequency, the size of its patch
antennae is a significant problem [119]. In addition, to improve the flexibility
of the life-detection system in terms of operating frequency, the antennae should
have a very wide band width. Therefore, in this study, portable multiple bands
antennae with a novel design structure is presented. This chapter discusses the
investigation the 3D multiple bands (from L-band to X-band) patch antennae for
the vital Doppler radar detector. The vital signs detecting ability of the system
at different operating frequencies is tested through Line-Of-Sign (LOS) and Non-
Line-Of-Sign (NLOS) environments.
This chapter presents a novel antenna system for human vital signs detection. In
this work, system working principles and different types of patch antennae are
introduced, along with the measurement set up of the vital signs detecting radar
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sensor system. A wide band (from 900 MHz to 12 GHz) patch antenna system
with beam-enhanced capacity is developed in FR4 substrate. This substrate
has dielectric constant 4.4 and 1.2 mm of height. To reduce the size of the
antenna system, a 3D-orthogonal structure was utilized to design the transmitting
and receiving antennae. The multi-patch elements transmitting antenna was
placed orthogonally with the receiving antenna to decrease the size of the antenna
system. Moreover, the bandwidth and the directional capacity of the antennae
were put in high priority to identify the human’s chest displacement at different
frequencies, from L band to the X band. The measurement outcome shows that
human vital signs could be revealed by the proposed 3D antenna system.
The remainder of this chapter is organized as follows. Section 3.2 states the
design of the antennae, underlying the structure, simulation and measurement
results. The detected vital signs using the developed antennae are presented in
Section 3.3, and the conclusions are given in Section 3.4.

3.2 Antenna design

There are different types of antennae. The patch antenna is very popular in sen-
sor systems because of its low cost, reasonable size, light, and easy to connect to
the printed circuits. The microstrip antenna is composed of three layers. The me-
tallic strip - patch is put on top of the substrate and the third layer is the ground
plane [15]. There are many types of microstrip patch elements such as square,
rectangular, dipole, circular, elliptical, triangular, disc sector, circular ring and
ring sector. To enhance scanning capability and directivity of the antenna, the
arrays of microstrip elements were considered.
With respect to the feeding method to the antennae, there are four main ways

including coaxial probe, microstrip line, aperture coupling, and proximity cou-
pling [140] [141] [142] [15] [143] as can be seen in Figure 3.1. The coaxial-line
feed (Fig 3.1 (a)) has two conductors; the inner conductor is connected to the
radiation patch and the other one is soldered to the ground plane. This type of
feed is easy to fabricate, match, and has low spurious radiation. However, it has
bandwidth limitations and difficulty in modelling. Similar to the advantages of
the coaxial-line feed, the microstrip line feed (Figure 3.1 (b)) is simple to fabri-
cate, match and model. However, the spurious radiation increases proportionally
with the thickness of the substrate, and the bandwidth is quite narrow (around
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Figure 3.1: Feeding methods for patch antennae: (a) Coaxial feed,
(b) Microstrip line feed, (c) Aperture coupled feed, and (d) Proxi-
mity coupled feed [14,15]

2 - 5 %).
In the first two methods, coaxial probe and microstrip line, asymmetries always
exist. This problem leads to the high order modes and cross-polarized radiation.
These problems could be reduced by the non-contacting aperture-coupling feeds
(Figure 3.1 (c), (d)). The aperture coupled feed (Figure 3.1 (c)) has two sub-
strates separated by the ground plane in the middle. The patch is etched on the
top substrate while the microstrip feed line is imprinted on the bottom of the
lower substrate. The feed line is coupled to the patch by a slot on the ground.
Obviously, the parameters of this type of feeding can be chosen separately. The
independent choices of substrate dielectric constants, thickness, feed line width,
slot size, and position support the optimized antenna design. The most popular
advantages of the aperture coupled feed are easy to model, and have low spurious
radiation. However, this method is very hard to fabricate and the bandwidth is
not very wide. The last feeding method is proximity-coupled feed as shown in
Figure 3.1(d). This feeding consists of two substrates; the upper and the lower
ones. The radiation patch is on top of the substrate, while the feeding line is pla-
ced between two substrates. The optimization for the design can be achieved by
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changing the parameters such as feeding stub, the width and length of the patch
or the dielectric of substrates. The proximity coupling feed is more difficult to
fabricate but has wider bandwidth and low spurious radiation [15,144].

3.2.1 Two dimensions (2D) transceiver antennae

In the 2D transceiver antenna system, the transmitting antenna is placed in
parallel with the receiving antenna. Each antenna might consist of several patch
elements. The width (W ) and the length (L) of each patch are calculated as
[145,146].

W = c

2f
√

εr+1
2

(3.1)

L = c

2f√εreff
− 24L (3.2)

where c, f , and εr are the light velocity, operating frequency, and dielectric con-
stant respectively. εreff is the relative and effective dielectric constants. 4L is
the patch length extension [146].
Two basic equations (3.1) and (3.2) are used to estimate the size of antenna. If

a 2D antenna with the gain around 10 dBi is developed, the size of the antenna
can go up to 30cm × 30cm. Therefore, the size of the transceiving antennae is
larger than 30cm× 60cm.
There are several important radiation characteristics which are considered ca-
refully during design of the antenna system. They are antenna bandwidth, ef-
ficiency, directivity, and gain. The detail expressions for these parameters are
discussed as follows [147,148]

• Antenna bandwidth BW

BW = S − 1
QT

√
S

(3.3)

where S, QT are the voltage standing wave ratio (V SWR), and total quality
factor respectively

• Antenna efficiency is the ratio between radiated power (Pr) and the fed
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Figure 3.2: Structures of the designed antennae 4× patch for RX
and 3× patch for TX [16]

power to the antenna PT

η = Pr
PT

(3.4)

• Antenna directivity is the proportion between maximum radiation intensity
and the average radiation intensity

D =
1
2Re

(
EθH

?
φ − EφH?

θ

)
Pr/4πr2 (3.5)

where E and H are the electrical and magnetic radiation, θ = 0 or 900,
φ = 90 or 2700, and r is the distance from the antenna to the considered
point.

• Antenna gain is the product of directivity and efficiency

In the patch antenna, when the waves go through the feed point, they see the
high impedance circuit (or near open circuit). This condition advocates that the
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microstrip patch acts as a cavity, and most of the energy is echoed back. Based on
this idea, the microstrip antenna is modeled as a cavity with its top and bottom
are electric walls with the boundary conditions listed as follows:

• On electric walls the product of the unit vector normal to the cavity wall
and the electrical radiation vector equal to zero

• On magnetic walls the product of the unit vector normal to the cavity wall
and the magnetic radiation vector equal to zero

To design a microstrip patch antennae for the vital-sign sensing purpose, the
high gain and the narrow directivity are required because the vital signals such as
respiratory rate and heart rate are very small. The modified disc sector is chosen
for each patch element. Disc sector geometry is defined by two parameters the
angle α and the radius a of the disc sector. By tuning α, and a, we can get
different outputs like gain, directivity and achieve extra band width. The detail
of formula for this type of patch is presented in Chapter 14 [119]. Moreover, in
the designed antenna system, the cost-effective factor can be achieved by using
low-cost material- FR4 with substrate thickness 1.2 mm and dielectric constant
εr = 4.4.

Figure 3.2 shows the 2-dimension (2D) structure of receiving, transmitting
antennae, and the power splitter and combiner. The transmitting antenna con-
sists of 4 × 3 patch elements (see Figure 3.3), so the total elements of transmitting
antenna are 12. If the transmitting and receiving antennae are installed in the
2D configuration, the total area of the antenna system will be around 100 cm ×
100 cm. This structure is too large for a portable vital signs detecting system.
The 3D antennae structure could be a good solution for this problem.
The structure of each path is shown in the left and bottom of Figure 3.2, disc
sector elements are impedance matching by the curve transmission line structure
to reduce the size of the antenna. On the left side of this Figure is the power
splitter and divider; the size of this circuit is 18.6 cm x 18.6 cm. These parts are
designed on the same patch to save the space of the antenna system.

3.2.2 Three-dimensional (3D) transceiver antennae

Figure 3.3 is the receiving antennae contracted by 5 × 4 patch elements. The
transmitting and receiving antennae are connected by the power splitter and po-
wer combiner. The feeding method is coaxial feed because it is easy to fabricate
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Figure 3.3: 3D Geography of proposed antennae [16]

and to connect to the radar sensor system through the cables. The power splitter
and combiner are designed based on the idea adopted from [149, 150]. With the
consideration of direction, gain, compact size, and extra wide band, an orthogonal
antenna system was designed and fabricated as shown in Figure 3.4. In compari-
son with a 2D configuration, this novel design reduces the size about three times.
The antennae development involves the use of HFSS and ADS softwares with
the directivity of 540 . The comparison results of the simulation and measure-
ments are presented in Figure 3.5. As can be seen, the antennae can operate in
a very wide band, from around 900 MHz to 12 GHz with S11 < −10 dBm. The
measurement results of transmitter and receiver antennae on S11 show a better
result in the frequency range from 800 MHz to 4.4 GHz and from 9.4 GHz to
12 GHz. The difference between the design and the simulation results of S11

might come from the variation of substrate permittivity at different frequencies.
In simulation software the permittivity is chosen as 4.4. The isolation simulation
result between two antennae S21is quite close to the measurement result with the
value of S21 < −20 dBm.
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Figure 3.4: Fabricated antenna system [16]

Figure 3.5: Reflection at the input and Isolation between two an-
tennae [16]
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Figure 3.6: Block model of the radar sensor system [16]

3.3 Vital signs sensing using extra wide band
3D antennae

3.3.1 System and performance analysis

The block system of Doppler radar sensor is shown in Figure 3.6. In the con-
tinuous wave (CW ) radar system a single-tone continuous wave signal (s(t)) as
described by Equation( 3.6), with amplitude AT , frequency f , wavelength λ, and
phase noise ϕ(t) is sent to the human body [26],

s(t) = AT cos(2πft+ ϕ(t)) (3.6)

This signal is then modulated by the chest movement x(t). When a person
breathes the thorax volume change causes the diaphragm, the intercostal(the
muscles between the ribs), the neck, and the abdomen muscles move. The main
displacement of the chest surface comes from the movements of abdominal and
ribs [26]. The amplitude of the chest movement is around 12 mm [151]. The
receiving signal at the Rx-antenna (r(t))with the amplitude (AR) can be acquired
as follows [26].

r (t) = AR cos
(

2πft− 2π
λ

(2x (t) + 2d) + ϕ

(
t− 2d

c

))
(3.7)

where d is the distance from the human location to the radar antennae, and c is
the light velocity.
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If the intermediate frequency (IF ) is used, the radio frequency (RF ) signal is
down-converted to IF as in the Equation( 3.8) and ( 3.9) [152].

fIF = fRF − fLO (3.8)

where fLO is frequency of local oscillator.

RIF (t) = AIF cos

(
2πfIF t+ θ0 + 4πx (t)

λ
+4ϕ (t)

)
(3.9)

where AIF and fIF are the amplitude and frequency of the IF signal respectively.
θ0 = 4πd

λ
is the constant phase shift due to the distance from the target to the radar

system and +ξ0 is phase shift due to the hardware such as antenna, amplifier,
mixer and so on. 4ϕ (t) = ϕ (t)− ϕ

(
t− 2d

c

)
is the residual phase noise.

After the IF signal is filtered through the low pass filter (LPF ) the base band
output signal is given as:

B (t) = cos

(
θ0 + 4πx (t)

λ
+4ϕ (t)

)
(3.10)

Obviously, when θ0 = nπ, n is an integer number, the output B(t) is calculated
approximately as [153]:

B (t) = 1−
(

4πx (t)
λ

+4ϕ (t)
)2

(3.11)

In this case, the receiving signal at the base band is very small, or not propor-
tional linearly with the desired signal (x(t)). This issue is called the null point
problem. The null point problem can be reduced by the quadrature detector. In
the quadrature detector, the IF signal is divided into two parts with the phase
difference of 90 degrees. These signals are demodulated by I/Q demodulator,
two base band signals BI(t) and BQ(t) are created as follows [154]:

BI (t) = cos

(
4πx (t)
λ

+ θ0 +4ϕ (t)
)

(3.12)

BQ (t) = sin

(
4πx (t)
λ

+ θ0 +4ϕ (t)
)

(3.13)
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From equations( 3.12) and ( 3.13), the desired signal can be obtained by the
arctangent demodulation [26].

4θ = arctan

[
BQ (t)
BI (t)

]
= arctan

sin
(

4πx(t)
λ

+ θ0 +4ϕ (t)
)

cos
(

4πx(t)
λ

+ θ0 +4ϕ (t)
)
 ≈ 4πx (t)

λ
+ θ0 +4ϕ (t)

(3.14)

In Equation ( 3.14) θ0 is a constant, if the phase noise is neglected, the constant
phase shift is also neglected, the output of arctangent demodulator is linearly
proportional with the chest movement (x(t)).

4θ (t) ∝ 4πx (t)
λ

(3.15)

3.3.2 Measurement and discussions

Measurement setup

In this section, the performance of the proposed 3D antennae at various frequen-
cies is tested using N5244A PNA−X Microwave Network Analyzer, 43.5GHz.
The measurement setup is shown in Figure 3.7. On the left-hand side, an ob-
ject (a person) is required to sit in front of the 3D antenna system, where the
antennae are connected to two ports of the N5244A PNA − X corresponding
with the transmitter and receiver. N5244A PNA − X send a continuous wave
through the transmitting antenna and the changing phase of the receiving signal
is determined by arctangent demodulation. The measurement was executed at
wide range frequencies (0.953 GHz, 2.198 GHz, 3.362 GHz, 5.556 GHz, and
10 GHz) with the transmitted power of 0 dBm in the normal electronics labo-
ratory environment. To get the stable signal, each measurement is measured in
three minutes at a distance of 80cm. The contact breathing measure equipment
BK −NICO [155] was used as a reference to detect the human breathing rate.
A similar measurement setup was done with a wood obstacle between the ob-
ject and the antenna shown on the right-hand side in Figure. 3.7. The extracted
data from N5244A PNA−X is processed by the common method Fast Fourier
Transform -FFT get the respiratory rate [9].
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Figure 3.7: The measurement setup to detect the vital signs [16]

Measurement results

This part discusses the impact of antenna gain and the effect of operating fre-
quencies on the breathing rate detection performance. Figure 3.8 shows that the
human vital signs can be detected by the designed antenna system at different
frequencies with a similar result. An average breathing rate of 17 beats per mi-
nute was measured by the commercial equipment BK-NICO [155]. Similarly, the
proposed system gives the respiratory rates of 16.5, 18, 18, 15.7 (beats/minute)
at the frequencies of 0.953 GHz, 2.198 GHz, 3.362 GHz, and 5.556 GHz re-
spectively. The corresponding gains are 5 dBi, 7 dBi, 5 dBi, and 4 dBi. Figure
3.8 also suggests that the sensitivity of the system at a lower frequency is smaller
than that at a higher frequency. This outcome is demonstrated in Equation 3.15.
Moreover, the results shown in Figure 3.8 are good recommendations for diffe-
rent applications at different frequencies. For instance, high frequency benefits
the medical application because of the high sensitivity of the system. On the ot-
her hand, the good penetration capacity through materials of the low frequency
system handles the problem of finding survivors under the debris when there are
natural hazards.
The performance of the 3D antenna system was tested when there was an ob-

stacle (a 3-cm wooden plate) between the human and the antenna system. The
object-antenna distance is 40 cm. Figure 3.9 illustrates the measurement results
in this situation. The first point to note from this Figure is that when the system
operated at low frequency (963.4 MHz), it displays the poor signal to noise ratio
(SNR). This result can be explained by Equation. 3.15. Secondly, the system
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Figure 3.8: Amplitude versus respiratory rate in frequency domain
when the distance between the antennae and the object is 80 cm [16]

behaves questionably at the highest operating frequency. Lastly, at two smaller
operating frequencies 963.4 MHz and 2.198 GHz, the performance of the system
is likely to be downgraded by the GSM and indoor wifi systems.
The receiving signal in time and in the frequency domain for the measurement at
X band frequency are displayed in Figure 3.10. The amplitude of receiving signal
(0.8 mm) is stronger than the receiving signal when the system runs at smaller
frequencies (in Figure 3.8). Undoubtedly, the sensitivity of the radar sensor at
the higher frequency band system is enlarged.

3.4 Conclusions

This chapter gives details about the basic principles to develop the patch anten-
nae for the vital signs detecting radar system, and the novel multiple bandwidths
3D antenna system which has high potential to be used to detect the human vital
signs. The proposed antennae system can work properly at different frequencies
in line-of-sign (LOS) and non-line-of-sign (NLOS) environment. This type of
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Figure 3.9: Amplitude versus respiratory rate when 3 cm of wood
between the antennae and the object in frequency domain [16]

antennae allows the vital signs sensing radar system to operate at multiple fre-
quencies simultaneously.
Based on this developed antenna, a smaller size antenna at L band was designed
and fabricated for the subsequent chapters.
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Chapter 4

False alarm, Detection
Probabilities of Microwave
Doppler Sensing System

4.1 Introduction

Finding survivors buried under rubble is a crucial application of a Doppler radar
sensor system [8,9]. In such an application, the microwave beam must penetrate
deeply through the debris or rubble to find living victims. Therefore, L and
S bands seem to be good choices. Kun-Mu Chen et al. [8] built systems and
conducted experiments at two frequencies, 450 and 1150 MHz, and found that
the 1150 MHz system operated better when the debris had metallic wires. In
2016, F. JalaliBidgoli et al. [9] proposed a similar system operating at a 1150 MHz
frequency with the focus on minimizing clutter and noise. This system is portable
and can detect a victim below a depth of 1.5 m. Contrary to the earlier work, the
transmission link between the radar system and the human body is a Friis channel
model. This model implies a line-of-sight (LOS) connection between the radar
sensor system and the subject. For the purpose of finding survivors, the system
has to operate through different materials. Clearly, the LOS channel model is
not adequate to describe the environment in which the radar system is likely to
be used.

This chapter presents research that considers the previous investigations and
their drawbacks. In this research work, the SNR is carefully taken into account
with respect to the Nakagami-m channel model and its special case (Rayleigh
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fading channel model). This model was chosen because it can more adequately
describe realistic situations [156]. The Nakagami-m fading channel model can be
used for a wide range of radio links, from non-fading channels to land-mobile or
indoor-mobile prorogations. This channel can also serve as a LOS/non-line-of-
sight (NLOS) channel model [157, 158]. In comparison with previous studies, in
terms of a channel radio link between the vital-sign-detecting radar system and
the human, this research considers a more realistic and common channel model,
the Nakagami-m, for the vital-sign-detecting radar sensor system. To the best of
the author’s knowledge, this is the first work to use the SNR at the base band
under the Nakagami-m radio channel link between a living person and the radar
sensor system. Moreover, the detection/false alarm probabilities of the vital-sign-
detecting radar sensor system have been established, simulated and analyzed.

4.2 System Model

The working principle of the proposed vital-sign-detecting radar sensor system is
presented using the block diagram shown in Figure 4.1. The transmitting antenna
sends continuous waves to the human and waits for the reflected signals from the
human body. At the human’s chest, the RF signal is modulated by the periodic
displacement of the chest before being reflected back to the receiving antenna [24].
At the receiver, the signal is amplified by a low-noise amplifier (LNA) and is then
sent to the phase detector. In this diagram, the in-phase (I) and quadrature (Q)
phase detectors are used to reduce the null-point problem.

Figure 4.1: System diagram.

The transmitted signal from the vital-sign-detecting radar sensor system can
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be described by

YT =
√

2PT cos (2πft+ φ (t)) (4.1)

where PT is the power of the transmitter, f is the carrier frequency, t is the
transpiring time, and φ (t) is the phase noise. The initial phase of the transmitting
signal is assumed to be zero. The signal YT is then reflected by the human’s chest.
The movement of the chest can be considered as the periodic signal x (t). The
distance from the human’s location to the antennae of the radar sensor system is
d (m). The received signal YR can be expressed as follows [106]:

YR = AR cos
(

2πft− 4πd
λ
− 4πx (t)

λ
+ φ

(
t− 2d

c

))
(4.2)

where c is the light velocity, λ is the wavelength of the signal, and AR is the return
signal amplitude that depends on the transmitted power, the gain of the antennae,
the radar cross-section, and reflection loss from the human body and environment
(channel links from the radar to the human body and from the human body to the
radar). In fact, in practice, the transmitting antenna is quite close to the receiving
antenna, and thus the leakage noise is unavoidable. Moreover, the radar system
also receives the reflected signal from the stationary part of the human and other
clusters [24]. Therefore, the stable reflected signal should be considered at the
receiving antenna. The received signal can be rewritten as:

YR = AR cos
(

2πft− 4πd
λ
− 4πx (t)

λ
+ φ

(
t− 2d

c

))
(4.3)

+ Aleak cos (2πf (t− tl) + φ (t− tl))

+ Ac cos
(

2πft− 4πd
λ

+ φ

(
t− 2d

c

))

where Aleak is the amplitude of the leakage signal, tl is the time delay between
the transmitting leakage signal and the local oscillator (LO) signal, and Ac is the
amplitude of the stationary cluster signal.

In previous studies, channel links between the radar sensor system and the
human were considered as in free space [159]. This model implied that there
were LOS links between the radar system and the human. However, the vital-
sign-detecting radar system has to operate through the NLOS channel. For this
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reason, in this study, the Nakagami-m channel model was chosen as the channel
model between the radar sensor system and the human. This channel model was
considered to be close to the practical situation and could model both LOS and
NLOS environments [156]. On the basis of the theory of radar systems [160], the
amplitude of the receiving signal AR [V olt] can be formulated as follows [161]:

AR =

√√√√2PTGTGRσaρrρtrλ2|ga|2|gb|2

(4π)3 d2α
(4.4)

where GT = 10
GT [dBi]

10 and GR = 10
GR[dBi]

10 are the gains of the transmitting
antenna and receiving antenna, respectively; λ (m) is the wavelength of the signal;
ρr and ρt are the radiated efficiencies of the receiving and transmitting antennae;
r is the reflection coefficient of the human body; σa (m2) is the radar cross-section
(RCS) of the human’s chest; and α is the path loss. The channel coefficients for
the links from the radar to the human body and from the human body to the
radar are ga and gb, respectively.

The leakage amplitude can be estimated as follows [130]:

Aleak =
√

2ηleakPT (4.5)

and

Ac =

√√√√2PTGTGRσcρrρtrλ2|ga|2|gb|2

(4π)3 d2α
(4.6)

where σc is the RCS of other parts of the human body.
The received signal YR is then mixed with the LO signal to obtain the intermediate
frequency (IF) signal. As can be seen from Figure 4.1, I&Q demodulation is
applied to reduce the null-point problem [153]. The output signals are then fed
to the band pass filter (BPF). The low-and high-end frequencies of the BPF are
expressed as fL and fH , respectively.
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The base band can be written as follows [130]:

B(t) = AR
√
GRXcos

[
θ0 + 4πx (t)

λ
+4φs (t)

]
(4.7)

+ Ac
√
GRXcos [θ0 +4φc (t)]

+ Aleak
√
GRXcos [θl +4φl (t)] + n(t) + n1/f (t)

whereGRX is the gain of the receiver, θ0 is a constant phase shift due to the
distance from the human body to the radar system; θl is a constant phase shift
that depends on the delay time tl; 4φs (t), 4φc (t), and 4φl (t) are the residual
phase noise of the reflected vital signals (respiratory signal and heart signal),
clutter signal, and antennae leakage signal, respectively; n(t) and n1/f () are the
additive white Gaussian noise (AWGN) and base-band 1/f noise (electronic noise
with 1/f power density). The residual phase noise in Equation (4.7) can be
calculated as follows [130]:

4φs (t) ≈ 4φc (t) = φ (t)− φ
(
t− 2d

c

)
(4.8)

4φl (t) = φ (t)− φ (t−4tl) (4.9)

In the following sections, the SNR is considered carefully, and the comparison
between the theoretical calculation and the measurement is examined.
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4.3 SNR Analysis

4.3.1 Signal Power

In the case in which the optimal demodulation is achieved, the receiving power
at the output of the mixer can be given as follows [130,153,159]:

SB = A2
RGRX

(
4πx (t)
λ

)2

(4.10)

= 2PTGTGRσaρrρtrλ
2|ga|2|gb|2

(4π)3 d2α
GRX

16π2x2 (t)
λ2

= PTGTGRσaρrρtr|ga|2|gb|2GRXx2 (t)
2πd2α

In this work, the main sources of noise have been considered carefully: residual
phase noise, AWGN, and the base-band 1/f noise.

4.3.2 Residual Phase Noise

Clearly, phase noise degrades the performance of the Doppler radar system. The
effect of this phenomenon is to spread energy of the clutter into the target fre-
quency range. The spreading of clutter obscures the target signal and reduces
the signal-to-clutter ratio [75]. In this section, the residual phase noise power
is calculated. The residual phase noise consists of phase noise by the antennae
leakage signal and the clutter. As defined in [75, 130, 159], the base-band noise
spectral density (S4φ(f0)) is derived from the RF phase noise spectral density
Sθ(f0):

S4φs(f0) = Sφs(f0)4sin2
(

2πdf0

c

)
≈ Sφ(f0)

(
16π2d2f 2

0
c2

)
(4.11)

Sφs (f0) can be derived from the phase noise at 1 Hz, Sφ (1), if the close-
in phase noise has a −30 dB/decade slope (typical value of an oscillator), as
follows [130]:

Sφs (f0) ≈ Sφ (1)
(1Hz)−3f

−3
0 (4.12)
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On the basis of Equations (4.11) and (4.12), S4φc(f0) can be given:

S4φs (f0) ≈ Sφ (1)
(1Hz)−3f

−3
0

(
16π2d2f 2

0
c2

)
(4.13)

The mean square of the residual phase noise in the time domain is calculated
through the integral of the spectrum over the frequency range [fLtofH ] of the
BPF [130]:

4φs (t)2 =
∫ fH

fL
S4φs (f0) df0 = 16π2(1Hz)3Sφ (1) d

2

c2 ln

[
fH
fL

]
(4.14)

Finally, the residual phase noise power (N4φs) of the received signal can be
calculated [130]:

N4φs ≈ A2
RGRX4φs (t)2 (4.15)

≈ 2PTGTGRσaρrρtrλ
2|ga|2|gb|2

(4π)3 d2α
GRX16π2(1Hz)3Sφ (1) d

2

c2 ln

[
fH
fL

]

≈ PTGTGRσaρrρtrλ
2|ga|2|gb|2

2πd2(α−1)f 2 GRXSφ (1) ln
[
fH
fL

]

Sφ(1) is the proportion between energy at spectrum 1 Hz and the whole band
energy. By following similar steps to Equation (4.11)–(4.15), the residual phase
noise power (N4φc) of the clutter signal can be calculated:

N4φc ≈
PTGTGRσcρrρtrλ

2|ga|2|gb|2

2πd2(α−1)f 2 GRXSφ (1) ln
[
fH
fL

]
(4.16)

This then turns to antennae leakage phase noise; the base-band spectral den-
sity of antennae leakage phase noise S4φl (f0) is given as:

S4φl (f0) ≈ Sφ (1)
(1Hz)−3f

−3
0

(
16π24t2l f 2

0
4

)
(4.17)
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The power of the antennae leakage phase noise (N4φl) can be expressed as:

N4φl ≈ A2
leakGRX4φl (t)2 (4.18)

≈ A2
leakGRX

∫ fH

fL
S4φl (f0) df0

≈ A2
leakGRX16π2(1Hz)3Sφ (1)4t

2
l

22 ln

[
fH
fL

]

≈ 32ηleakPTGRXπ
2Sφ (1)4t

2
l

22 ln

[
fH
fL

]

4.3.3 Additive White Gaussian Noise

AWGN is the main noise at the receiver’s input, and afterwards, this noise is
converted to the baseband with the power (NW ) as follows [130,159]:

NW = 8GRX (kTB) (NF ) (4.19)

where GRX = 10
GRX [dBi]

10 is the gain of the receiver, B (Hz) is the bandwidth, T
(K) is the absolute temperature, k is Boltzman’s constant, and NF = 10

NF [dB]
10 is

the noise figurer of the receiver.

4.3.4 1/f Noise

The mixer is chosen to minimize the 1/f noise. The power of the 1/f noise (N1/f )
can be designated by the noise power (P1/f (1)) in a 1 Hz bandwidth centered at
1 Hz:

N1/f =
∫ fH

fL
P1/f (1) f−1df = P1/f (1) ln

(
fH
fL

)
(4.20)

4.3.5 SNR

The noise sources are uncorrelated, and the powers of the noise are added toget-
her. The SNR is written as:

SNR = SB
N4φs +N4φc +N4φl +NW +N1/f

(4.21)
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4.4 Detection and False Alarm Probabilities

In this section, the analysis and simulation results of the detection probability
(PD) and false alarm probability (Pf ) of the proposed system are presented.
Estimations of the detection/false alarm probabilities are very important for the
vital-sign-detecting radar system. The decision hypothesis is detected when the
received signal and noise are greater than the threshold value Pth. The decision is
a false alarm when the power of the noise is greater than the threshold Pth [5,160].
The false alarm/detection probabilities are estimated under two hypotheses, H0

and H1. H0 corresponds to the case that the vital signal is not presented, and
H1 is the opposite case.

4.4.1 Detection Probability

The detection probability can be defined as follows:

PD = Pr
{
SB +N4φs +N4φc +N4φl +NW +N1/f ≥ Pth | H1

}
(4.22)

By using C = PTGTGRσaρrρtrGRXx2(t)
2πd2α and D = PTGTGRρrρtrλ

2

2πd2(α−1)f2 GRXSφ (1), PD can be
rewritten as follows:

PD = Pr
{
C|ga|2|gb|2+Dσa|ga|2|gb|2+Dσc|ga|2|gb|2+N4φl +NW +N1/f ≥ Pth

}
(4.23)

= Pr
{

(C +Dσa +Dσc) |ga|2|gb|2+N4φl +NW +N1/f ≥ Pth
}

= 1− Pr

|ga|2|gb|2≤ Pth −
(
N4φl +NW +N1/f

)
C +Dσa +Dσc


The channel model between the radar system and the human body is Nakagami-

m, where m is the fading severity parameter. We assume that |g2
a| and |g2

b | are
independent gamma random variables with the severity fading factor ma and mb;
in the case m = 1, the Nakagami-m model becomes the Rayleigh fading channel
model. By applying the work from [161], the detection probability can be given
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as:

PD = 2

√√√√Pth −
(
N4φl +NW +N1/f

)
(C +Dσa +Dσc)µaµb

K1

2

√√√√Pth −
(
N4φl +NW +N1/f

)
(C +Dσa +Dσc)µaµb


(4.24)

where µa and µb are the mean values of |g2
a| and |g2

b |, respectively. K1(.) is the
first-order modified Bessel function of the second kind, K1 (x) =

∫∞
0 e−xcosh(t)cosh (t) dt

[162].
When it comes to the normal case of the Nakagami-m channel model, the

detection probability of the sensor system can be calculated on the basis of the
distribution of the products of two independent variables |g2

a| and |g2
b |. Associated

with the probability theory in [163], PD can be calculated as:

PD = 1− u21−ma−mbDm1 +m2 − 1,m1 −m2

2

√√√√Pth −
(
N4φl +NW +N1/f

)
C +Dσa +Dσc


(4.25)

where u = 2τ (m1)−1 τ (m2)−1 and Dµ,v(x) =
∫ x

0 x
µKv(x)dx; τ (.) and K (.) are

the Gamma function and Bessel function, respectively. These functions can be
found in [164] and calculated by available software such as Matlab or Wolfram.
In the special case ma = mb = I + 1 (where I = 0, 1, 2, ..... ), PD is given as
follows [163]:

PD = 2−2i (i! )−1
i∑

j=0

2

√√√√Pth −
(
N4φl +NW +N1/f

)
C +Dσa +Dσc


2i+1−j

× (4.26)

Kj+1

2

√√√√Pth −
(
N4φl +NW +N1/f

)
C +Dσa +Dσc

 2j/(i− j) !

where Kj+1 is the j + 1 order modified Bessel function of the second kind.
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4.4.2 False Alarm Probability

Similarly, the false alarm probability is given as

Pf = Pr
{
N4φs +N4φc +N4φl +NW +N1/f ≥ Pth | H0

}
(4.27)

= 1− Pr

|ga|2|gb|2≤ Pth −
(
N4φl +NW +N1/f

)
Dσa +Dσc


Under the Rayleigh fading channel model, the false alarm probability can be

expressed as:

Pf = 2

√√√√Pth −
(
N4φl +NW +N1/f

)
(Dσa +Dσc)µaµb

K1

2

√√√√Pth −
(
N4φl +NW +N1/f

)
(Dσa +Dσc)µaµb


(4.28)

Under the Nakagami-m channel model (m ≥ 1/2), the false alarm probability
can be given as:

Pf = 1− u21−ma−mbDm1 +m2 − 1,m1 −m2

2

√√√√Pth −
(
N4φl +NW +N1/f

)
Dσa +Dσc


(4.29)

In the case ma = mb = I + 1 (where I = 0, 1, 2, ..... ), Pf can be calculated
as follows [163]:

Pf = 2−2i (i! )−1
i∑

j=0

2

√√√√Pth −
(
N4φl +NW +N1/f

)
Dσa +Dσc


2i+1−j

(4.30)

×Kj+1

2

√√√√Pth −
(
N4φl +NW +N1/f

)
Dσa +Dσc

 2j/(i− j) !

4.5 Simulation Result

In this section, the SNR and detection/false alarm probabilities are discussed in
terms of simulation and analysis. The values used for simulation and analysis are
given in Table 4.1.
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Table 4.1: System parameters used for simulation.

Symbol Description Value

PT Power of transmitter 0 dBm
GT Transmitting antenna gain 5 dBi
GR Receiving antenna gain 5 dBi
GRX Gain of the receiver 10 dB
ρr Radiated efficiency of receiving antenna 0.8
ρt Radiated efficiency of transmitting antenna 0.8
r Reflection coefficient of the human body 0.5
σa RCS of the human’s chest 500 mm2

NF Received noise figure 6 dB
P1/f (1) 1/f power noise power at 1 Hz −130 dBm/Hz
T Absolute noise temperature 300
fH High frequency 5 Hz
fL Low frequency 0.1 Hz

S4(1) Phase noise at 1 Hz intercept 60 dB/Hz
ηleak Leakage between transmitting and receiving antennae −20 dB
α Path loss 2

4.5.1 SNR and Detection/False Alarm Probabilities un-
der Rayleigh Fading Channel

Firstly, a special case of the Nakagami-1 (Rayleigh fading channel) channel mo-
del has been considered. This model implied that there was no LOS transmission
between the human and the radar system. The power of the received signal and
different types of noise are shown in Figure 4.2. The leakage noise was relatively
high, around −90 dBm, while the AWGN and 1/f noise were lower than 120
dBm. The residual phase noise power of the received signal had less effect on
the system than the residual phase noise power of the clutter signal; both decre-
ased when the distance increased. It is noted from this simulation that with the
transmitting power of 0 dBm, the receiving power was greater than the power
of each type of noise when the distance was less than 3 m. This figure gives an
important idea to enhance the system. The most dominant noise was leakage
noise; this type of noise is defined by the isolation level between the transmitting
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and receiving antennae. Therefore, this noise could be minimized by hardware
development and signal processing techniques.
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Figure 4.2: Power of signal and noise of the system.

Besides the power of the signal and noise, the SNR is the most important
feature of the radar sensor system. The overall SNR of system is displayed in Fi-
gure 4.3. The first point to note is that the SNR decreased whenever the distance
between the human body to the radar system and the antennae leakage increased.
At the level of antennae leakage of −20 dB, the SNR reduced from around 30 dB
at a distance of 1 m to −20 dB at a distance of 7 m. When the leakage between
the two antennae was at −40 dB, the SNR at the same distance increased to 0 dB.
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Figure 4.3: Signal-to-noise ratio (SNR) versus the distance from the
radar system to the human body.

Figure 4.4 displays the detection probability of the system at three different
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levels of the threshold power of the receiver’s filter, −70, −80, and −90 dBm.
The lowest threshold value gave the highest detection probability. When the dis-
tance increased, the detection probability decreased. The threshold power of the
receiver’s filter defined the steepness of the detection probability line.
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Figure 4.4: Detection probabilities of the system under different
threshold levels of receiver filter.

To evaluate the accuracy of the vital-sign-detecting radar sensor, the false
alarm should be taken into account. Figure 4.5 shows that when the threshold
power of the receiver’s filter was set at −90 dBm, the false alarm probability
was high at distances of less than 30 cm. This phenomenon was due to the high
level of phase noise when the radar was too close to the human body. When this
threshold value increases to −70 dBm, the false alarm moved to the zero level.
The simulation and analysis results are presented in Figures 4.2–4.6.
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Figure 4.5: False alarm of the system under different threshold levels
of receiver filter.
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4.5.2 Detection/False Alarm Probabilities of the System
under the Nakagami-2 Channel Model

When the quality of the channel increased, for example, when the fading factor
m = 2, in comparison with the Rayleigh fading link, the detection probability
increased significantly. At a distance of around 7 m, the detection probability was
approximately 80% as shown in Figure 4.6. The false alarm detection probability
was relatively high at a close distance (less than 50 cm) because of the high level
of phase noise.
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Figure 4.6: False alarm/detection probabilities of the system under
Nakagami-2 channel model.

4.6 Measurement Results

This section presents the measurement results of detecting the respiratory rate of
humans. The SNR and the detection capability/probability were considered and
compared to those of the theoretical models. The measurement was a setup based
on the N5244A PNA−X Microwave Network Analyzer, 43.5 GHz. Two ports of
this device were connected to two antennae, as shown in Figure 4.7. Five people
aged from 21 to 25 participated in this experiment. The participants were requi-
red to sit in front of the antennae; one antenna played the role of the transmitting
antenna, and the other was the receiving antenna. The operating frequency of the
system was set up in L band to obtain higher penetration through different envi-
ronments [165]. In this study, the frequency was chosen as the optimal operating
frequency (1.6 GHz) of the microstrip/path antenna. The antennae’s size was 10
cm × 10 cm with a gain of 5 dBi. For each distance (1, 2, 3, and 4 m), objects
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were measured over five minutes continuously in the normal electronic lab. The
internal phase detector of the N5244A PNA−X Microwave Network Analyzer
was utilized to find the phase shift of the received signal. This signal was then
processed in Matlab to find the breathing rate. At the same time, the person’s
breathing rate was measured by the wearable sensor Shimmer 3 ECG/EMG

with five probe leads connected, as shown in Figure 4.7; the output signals of the
Shimmer 3 were sent to the computer by a Bluetooth connection. The measu-
rement results are shown in Table 4.2. The breathing rates at different distances
were close to the reference values. For the rescue detection purpose, the deviation
around the beats per minute was acceptable. Regarding the SNR values, at every
distance, the measured results were close to the simulation results. The difference
was only around 1.5 dBm. The measurement result of the SNR of the second ob-
ject was the closest to the simulation outcome and the mean values of the five
cases. The detailed measured results of object 2 are presented in Figures 4.8 and
4.12.

Figure 4.7: Measurement setup to detect the breathing rate.

Table 4.2: Respiratory rates and signal-to-noise ratio (SNR) from
five objects at different distances.

Object
Breathing Rate SNR

Ref 1 m 2 m 3 m 4 m
1 m 2 m 3 m 4 m

Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas.

1 15 16 17 18 18 43.73 43.37 33.67 21.76 27.12 13.5 22.31 15.77
2 16 17 15 18 16 43.73 43.13 33.67 33.03 27.12 27.32 22.31 21.77
3 16 18 18 19 17 43.73 40.11 33.67 40.44 27.12 30.65 22.31 27.08
4 17 18 16 17 13 43.73 66.25 33.67 43.19 27.12 24.55 22.31 19.55
5 16 18 16 17 16 43.73 34.09 33.67 44.56 27.12 27.12 22.31 18.65

Mean
values

16 17.4 16.4 17.8 16 43.73 45.39 33.67 36.59 27.12 24.62 22.31 20.56
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Figure 4.8 shows the reference signal and the measured signal at a distance of
4 m in the time domain by the radar system. These signals were then processed
by the fast Fourier transform (FFT) to find the breathing rate. The signals in the
frequency domain can be seen in Figure 4.9. The breathing rate of the measured
person was 16 beats per minute. The window size of the FFT was 30 s and moved
forward every second; the number of samples in each second was 256. The SNR
and the detection capability of the system were evaluated at each second after
the first 30 s.
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Figure 4.8: Receiving signals in time domain.
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Figure 4.9: Receiving signals in frequency domain.

The SNR of the breathing signal was calculated by the mean value of the sig-
nal in the following range: (center frequency − 4 beats) to (center frequency + 4
beats), over the mean value of the remaining signal from 5 to 40 beats/min [26].
The breathing rate of the person was measured at four positions (1, 2, 3, and 4
m). The SNR of the system at each distance was calculated by the mean values
of the SNR in each window. Figure 4.10 shows that the measured result was in
line with the theoretical analysis in the case of the Nakagami-2 model. In this
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situation, the fading parameter was 2, corresponding with the LOS connection
between the radar system and the human body. Figure 4.11 presents the de-
tection capability of the system in the time domain.

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Distance (m)

0

5

10

15

20

25

30

35

40

45

SN
R

 (
dB

)

Measurement result
simulation result

Figure 4.10: Signal-to-noise ratio (SNR) of the system.

In Figure 4.11, the detection capabilities of the system at four distances are
presented. When the detection capability equalled 1, the radar system could
detect the breathing rate of a human. As can be seen in Figure 4.11, at most
time points, the measured result matched with the simulation outcome. However,
when the object was closer to the radar system, the detection capability was
higher and the false detection in the measured result was distributed over a
period of time. For example, at a distance of 3 m, the false detections occurred at
around 100 and 150 seconds, while the simulation showed that the false detection
occurred randomly at different time points. This phenomenon could be explained
by, for some duration in the laboratory environment, the noise level increasing
significantly and negatively affecting the radar system; the simulation result,
however, followed the statistical distribution—the errors occurred randomly at
different time points.
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Figure 4.11: Detection capability of the system in time domain.

The detection probability of the system is shown in Figure 4.12. At distances
of 2 and 3 m, the measurement results were close to those of the theoretical
model, while at a distance of 1 m, the detection probability was higher than
that of the simulation result; the opposite result at a distance of 4 m was found.
These differences may have appeared because the measuring time was not long
enough. However, the theoretical detection probability model is a good reference
to evaluate the performance of the radar sensor system in the long term.
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Figure 4.12: Detection probability of the system at different distan-
ces.

4.7 Conclusion

In this chapter, the SNR and the detection probability of the vital-sign-detecting
radar sensor system have been considered and simulated. The measured result
of the SNR was close to the theoretical calculation. This theoretical model is

73



Chapter 4: False alarm, Detection Probabilities of Microwave Doppler Sensing
System.

a basis for hardware development. The designer could optimize their design by
choosing different parameters, such as leakage noise, phase noise, and so on, to
obtain a high value of the SNR. In addition, on the basis of different types of
noise, the detection probability has also been investigated in terms of simulation
and analysis. The simulation followed the analytical models. When the system
operated at close distances, the phase noise was relatively high and caused a false
alarm problem. The threshold power of the receiver’s filter affected the alarm/-
detection probabilities. This value should be enhanced to improve the detection
probability and reduce the false alarm probability. Moreover, the isolation bet-
ween the transmitting and receiving antennae is an important factor to boost the
SNR and detection probability of the system.
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Chapter 5

Nature-inspired Sensor System
for Vital Sign Detection

5.1 Introduction

The microbat is an animal, well known for prey detection based on echolocation.
It can recognize the difference between its selected prey and other objects [166].
In the microbat, their calls are emitted through their mouth/nostrils. This part
plays the role of the transmitter in the radar sensor system. The microbat sends
the signal to the environment through its mouth and the echo signal from the
surroundings is processed by its two ears. The microbats have a very good hea-
ring system with large ears/pinnae and tragus to limit the receptive field to 300

to 400 [166]. By comparing the emitting signal and received signal (the echo),
the bats can locate the exact position of the prey. They can distinguish the dif-
ference between the echo from the prey and from other obstacles. Owing to the
symmetry of two ears, bats can recognize the direction of the prey by analyzing
the sensitivity of the echo from two ears. In comparison with the radar system,
two ears of the microbat work as two receivers to detect the exact 3D of the
chased objects. To detect the prey accurately, microbats emit the signal with
a wavelength similar to the length of the object. The transmitting signal could
be frequency modulation (FM), continuous frequency (CF), or the combination
continuous frequency/frequency modulation (CF/FM) or frequency modulation/-
continuous frequency/frequency modulation (FM/CF/FM) pulses.
Beside the type of signals that microbats use to emit to hunt prey, the wavelength
of the signal is an important factor. Normally, the wavelength of the signal is
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close to the dimension of the prey. This feature should be taken into account
when choosing frequency for vital sign detection purposes of the radar sensor
system. Microbats also have their own targets for time window and range. For
example, the Noctilio albiventris bat emits a FM/CF signal with the window 21
ms, the Horsehoe bat Rhinolophus uses the combination of FM/CF/FM pulses
and rouxi or Eptesicus fuscus emits only a FM signal. The time window for
them is around 30 ms, giving them the target range of 5 m [166]. Inspired from
the natural radar system- microbats, this research proposed that the radar sensor
system has one transmitter, and two symmetrical receivers. The system mimics
the physical structure of the microbats (see Figure 5.1).
Besides the touching sensing system to detect the human vital signs [167–170]

Figure 5.1: System diagram.

or close contactless sensor [171], the microwave Doppler radar sensor system has
high potential applications in different areas, including medical appliances, rescue
purposes, and smart home. In the early 1970s, the Doppler radar systems were
developed to detect the apnoea of a patient [17] and monitor the respiratory rate
of infants [31]. The advancement of those systems has been limited by the present
technology. The development of semiconductor technology grants more advanced
Doppler radar sensor system, enhances medical applications of this sensor. The
microwave radar system can also be used to detect breast cancer [172, 173]. In
2016 Stefano Pisa et al. summarized the studies of the radar system for medical
application [23]. This study highlights the recent work to detect tumors, the
heart and respiratory beat of humans at different distances with the different
topologies such as continuous wave (CW) radar, ultra wide band (UWB) radar,
and frequency modulation continuous wave(FMCW).
Obviously, the vital signs (heart and breathing beats) are very small,with the
signal processing part in the Doppler radar sensor system playing an important
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role in improving the detected vital sign signal. Jing Li et al. have developed a
novel signal processing method to extract and classify human vital signs in com-
plicated situations like a human buried under the debris during an earthquake.
Some signal processing techniques were used in their proposed method. Firstly,
the Curvelet transform was applied to remove the direct wave. The signal is then
de-noised by the singular value decomposition (SVD) tool. The last step was to
characterize signals by the Hilber-Huang Transform (HHT) and two-dimensional
fast Fourier transform (2−D FFT ). Their method was then applied to the UWB

radar system and showed promising results. Detecting the human vital signs in
the shortest time is another challenge for researchers. The reference [174] pro-
posed a novel method, namely, stepwise atomic norm minimization (StANM).
Their innovative approach produced accurate vital signs with a small data vo-
lume. Recently, Faheem Khan and Sung Ho Cho proposed a new algorithm for
detecting vital signs under stationary and non-stationary humans [175]. They
compared their method with the conventional filter based harmonic reduction.
Their proposed algorithm introduced more stable results in detecting the human
vital signs than the conventional filter based method.
When it comes to hardware development, there have been many attempts to im-
prove the performance of radar systems in human vital sign detection [2, 3, 7–
9, 24, 116, 152, 153, 176]. Authors in [8] and [9] have developed a microwave life-
detection system for finding survivors under natural hazards like earthquakes.
Both systems had a similar hardware structure, but the latter [9] concentrated
on the elimination of different types of noise including clutter noise and the noise
from the environment. The size and the energy consumption of the Doppler ra-
dar for vital sign detection can be reduced significantly by Silicon technology.
For example, reference [153] produced a 0.25 chip µm silicon CMOS technology
operating at 1.6 and 2.4 GHz frequencies. Their system can detect the brea-
thing rate at a distance of 50 cm. The detection range was then increased to 75
cm by a low-power 65 − nm CMOS designed by Shao-Ting Tseng et al. [116].
By applying different techniques such as DC offset calibration [176], low-power
IF [152], and RF interference rejection [7], the performance of the life-detection
radar sensor system has enhanced rapidly. As mentioned in [7], their system can
detect the breathing rate at a distance of nine metres.
Most of the previous vital sign detection radar sensor systems consisted of one
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transmitter and one receiver. Those systems did not show the capability to de-
tect the direction of alive humans. On the contrary, this work proposes a new
Doppler radar sensor system which is inspired from the microbat to improve the
directional ability. Moreover, the error probability of the system is investigated
and compared with the conventional one transceiver system. The measurement
in the system level is set up to validate the performance of the proposed system
diagram.

5.2 System Model

5.2.1 Theoretical model

The block diagram of the proposed vital sign detection radar sensor system is
shown in Figure 5.1. The system consists of one transmitter, two receivers, arc-
tangent demodulation modules, and a signal processing block. The signal of the
radar system may have to go through an obstacle with the thickness of db. As
mentioned in the Introduction, there are different types of signals which can be
used in this system. This work considers the transmitting signal as a continuous
wave (CW). The system consists of two symmetrical receivers and a transmitter
in the centre. Assuming that the initial phase of the transmitting signal is zero,
then the transmitting signal (YT ) in time domain (t) can be written as [177]:

YT =
√

2PT cos (2πft+ φ (t)) (5.1)

where f is the carrier frequency, PT is the power of the transmitter, and φ (t)
is the phase noise. The human is assumed to be stable. When the transmitting
signal reaches the human body it will be modulated by the chest displacement
before reflecting back to the receivers of the radar system. The received signals
at receivers can be expressed as:

YRi = ARicos
(
2πft− 2π

λ

(
2x (t) + di + d0 − 2db + 2db

√
εb
)

(5.2)

+φ
(
t− d0

c
− di

c

))
+∑

N(t)

where YRi are the receiving signals at the receiver order i (i = 1, 2), x (t) is the
chest movement, d0 and di are the distances from the transmitting antenna and
receiving antennae to the human body respectively. εb is the permittivity of the
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obstacle, λ is the wavelength of transmitting signal, c is the velocity of light, and∑
N(t) is the total of noises.

Similar to the work in [177] and [159], amplitudes (ARi) of receiving signal are
given as:

ARi =

√√√√2PTGTGRiσaρriρtrλ2|g0|2|gi|2

(4π)3 dα0d
α
i

(5.3)

where GT , GRi are the gain of transmitting and receiving antennae respectively.
ρt and ρri are the radiated efficiencies of transmitting and receiving antennae. r
is the reflection coefficient of the human body, σa is the radar cross section (RCS)
of the human’s chest, and α is the path loss. The channel coefficients from the
transmitter to the human body and from the human body to the receivers are
g0 and gi. The receiving signal YRi are then down-converted to the intermediate
frequency by mixers. In each receiver, two mixers are used to get in-phase (I) and
quadrature (Q) signals. Those signals then go through the band pass filter (BPF)
with the bandwidth [fmin, fmax]. The baseband I signal BIi(t) at the receiver i
(i = 1, 2) can be formulated as:

BIi(t) = ARi
√
GRXicos

[
θ0i + 4πx (t)

λ
+4φs (t)

]
+
∑

Nb (t) (5.4)

where θ0i is the constant phase shift due to the distance and obstacle between
the radar system and the human body. 4φs (t) is the residual phase noise of
reflected vital sign signals. ∑Nb (t) is the total noise at the base band. There
are three main sources of noise, which are residual phase noise, Additive White
Gaussian Noise (AWGN) and 1/f noise. Similarly, Q signal at the baseband is
expressed as:

BQi(t) = ARi
√
GRXisin

[
θ0i + 4πx (t)

λ
+4φs (t)

]
+
∑

Nb (t) (5.5)

From Equations ( 5.4) and ( 5.5), the vital signal can be extracted by arctangent
demodulation. The outputs 4θi (i = 1, 2) of arctangent and DC cancelation

79



Chapter 5: Nature-inspired Sensor System for Vital Signs Detection.

block can be expressed as follows

4θi = arctan

[
BQi(t)
BIi(t)

]
≈ arctan

sin
[
θ0i + 4πx(t)

λ
+4φs (t)

]
cos

[
θ0i + 4πx(t)

λ
+4φs (t)

]
 (5.6)

≈ arctan

[
θ0i + 4πx (t)

λ
+4φs (t)

]

The final outputs are corresponding directly with the human chest displacement.

4θi ≈
4πx (t)
λ

(5.7)

5.2.2 System Signal to Noise Ratio (SNR)

In this section, the SNR in the receivers are developed. Three main noise sources
are considered: residual phase noise, AWGN, and baseband Flicker noise (1/f).

Power of signal

The received signal power at the mixer of receivers i can be estimated based on
the amplitude of signal at the radio frequency (RF) band, the gain of receivers,
the wavelength of transmitting wave, and the displacement of the human’s chest
x(t) [177] [153].

SBi = ARiGRXi

(
4πx(t)
λ

)2

(5.8)

By replacing the value of ARi in the Equation ( 5.3) into Equation ( 5.8) the
baseband signal power can be achieved as:

SBi = PTGTGRiσaρriρtr|g0|2|gi|2GRXix(t)2

2πdα0dαi
(5.9)

Residual phase noise

The residual phase noise consists of the phase noise of the receiving signal, clutter
signal and the antennae leakage between the transmitting antenna and receiving
antenna. The total power of residual phase noise (NSi) of receiver i can be
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calculated as [177]:

NSi =
PTGTGRiρriρtr|g0|2|gi|2GRXiSφ(1)ln(fmax

fmin
)

2πf 2dα−1
0 dα−1

i

(σa + σc) (5.10)

+ 8ηleakPTGRXiπ
2Sφ(1)4t2l ln(fmax

fmin
)

where σc is the RCS of the remainder parts of the human body, Sφ(1) is the
phase noise at 1 Hz, and the leakage between transmitting and receiving antenna
is ηleak.

AWGN

AWGN is the primary RF noise source at the input of the receiver. This type of
noise is converted to the baseband noise with power NWi as follows [159]:

NWi = 8GRXi(NFi)(kTB) (5.11)

where NFi is the noise figure of the receiver i, k is Boltzman’s constant, T is the
absolute temperature, and B is the bandwidth.

1/f noise

The passive mixer and the baseband filtering can be chosen to minimize the 1/f
noise, and the power of 1/f noise (N1/fi) at the baseband of the receiver i can
be calculated by the noise power in a 1-Hz bandwidth centered at 1 Hz.

N1/fi = P1/fi(1)ln(fmax
fmin

) (5.12)

SNR

From Equations (5.8-5.12) the SNRi in each receiver i can be expressed as:

SNRi = SBi
N1/fi +NWi +NSi

(5.13)
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5.3 Error detection probability

Evaluating the detection performance of a vital sign detection radar system is
critical. In this section, the analytical model of error probability of the proposed
system is derived. The error probability of the proposed system is then compared
with the conventional model (1 transmitter and 1 receiver). The error probability
of the system is developed based on the false alarm and miss detection in each
receiver.

False alarm detection probability

A false alarm appears in the radar system when the total noise power is larger
than the threshold power (T ) which is set to detect the present target [178] [5].
The false alarm probability (PFAi) in the receiver i of the proposed system is
written as follows:

PFAi = Pr
{
NSi +NWi +N1/fi > T

}
(5.14)

Bring in the values of noise power in the Equations ( 5.10- 5.12), the PFAi can be
rewritten as:

PFAi = (5.15)

Pr

PTGTGRiρriρtr|g0|2|gi|2GRXiSφ(1)ln(fmax
fmin

)
2πf 2dα−1

0 dα−1
i

× (σa + σc) > T − 8ηleakPTGRXiπ
2Sφ(1)4t2l ln(fmax

fmin
)

−8GRXi(NFi)(kTB)− P1/fi(1)ln(fmax
fmin

)
}

By setting Ci =
PTGTGRiρriρtrGRXiSφ(1)ln( fmax

fmin
)

2πf2dα−1
0 dα−1

i

(σa + σc),
Mi = T−8ηleakPTGRXiπ

2Sφ(1)4t2l ln(fmax
fmin

)−8GRXi(NFi)(kTB)−P1/fi(1)ln(fmax
fmin

),
the false alarm probability is given as:

PFAi = Pr
{
Ci|g0|2|g1|2> Mi

}
(5.16)

= 1− Pr
{
|g0|2|g1|2≤

Mi

Ci

}
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There are various channel models for links from the transmitter to the human and
from the human position to the receiver, such as Rayleigh, Nakagami-m, Rice,
log-normal and so on. In this work, the log-normal model is utilized because of
its simplicity and it is close to the empirical results [5, 179]. In the Equation
( 5.16), |g0|2 and |gi|2 are two independent log-normal variables with the mean
values µ0 µi and variances ν2

0 ν2
i , respectively. Their product is a log-normal

distribution [180] with the mean value of µT and variance ν2
T .

µT = µ2
0√

µ2
0 + ν2

0

+ µ2
i√

µ2
i + ν2

i

+

√√√√ν2
0
µ2

0
+ 1 +

√√√√ν2
i

µ2
i

+ 1 (5.17)

ν2
T =

(
µ4

0
µ2

0 + ν2
0

+ µ4
i

µ2
i + ν2

i

)(
ν4

0
µ4

0
+ ν4

i

µ4
i

+ ν2
0
µ2

0
+ ν2

i

µ2
i

)
(5.18)

The detailed calculation for the mean µT and variance ν2
T is presented as follows:

The mean and variance of the product of two independent
log-normal distributed variables |g0|2 and |gi|2

|g0|2 and |gi|2 are two log-normal distributed independent variables, |g0|2∼ LN [µ0, ν
2
0 ]

and |gi|2∼ LN [µi, ν2
i ]. The product (Z) of |g0|2 and |g0|2 can be written as

Z = |g0|2|g0|2= exey (5.19)

where x and y are two normal-distributed random variable with the mean values
mx my and variances Vx and Vy respectively, x ∼ N [mx, V

2
x ], y ∼ N

[
my, V

2
y

]
.

mx = ln
 µ2

0√
µ2

0 + ν2
0

 (5.20)

my = ln
 µ2

i√
µ2
i + ν2

i


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Vx =

√√√√ln
(
ν2

0
µ2

0
+ 1

)
(5.21)

Vy =

√√√√ln
(
ν2
i

µ2
i

+ 1
)

By applying the result in [181] the mean and variance of Z can be written as:

mean(Z) = exp(mx +my + 1
2V

2
x + 1

2V
2
y ) (5.22)

variance(Z) = exp (2mx + 2my)
(
exp

(
2V 2

x + 2V 2
y

)
− exp

(
V 2
x + V 2

y

))
(5.23)

Replacing the values ofmx, my, Vx, and Vy in the Equations (5.21)-(5.22)mean(Z)
and variance(Z) are given as

mean(Z) = µ2
0√

µ2
0 + ν2

0

+ µ2
i√

µ2
i + ν2

i

+

√√√√ν2
0
µ2

0
+ 1 +
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i

µ2
i

+ 1 (5.24)

variance(Z) =
(

µ4
0

µ2
0 + ν2

0
+ µ4

i
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i + ν2

i

)
(5.25)
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Based on the probability theory, PFAi can be calculated as.

PFAi = 1−
∫ Mi

Ci

0

1
x
√

2πν2
T

exp
(
−(ln x− µT )2

2ν2
T )

)
dx (5.27)

= 1
2

1− erf
 lnMi − lnCi − µT√

2ν2
T


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Miss detection probability

Miss detection occurs when the target is presented but the total receiving power
signal (including noises) is lower than the threshold power (T ) [5]. The miss
detection (PMi) at the receiver i is defined as:

PMi = Pr
{
SBi +N1/fi +NWi +NSi < T

}
(5.28)

= Pr
{
|g0|2|gi|2(Di + Ci) < Mi

}
= Pr

{
|g0|2|gi|2<

Mi

(Di + Ci)

}

where Di = PTGTGRiσaρriρtrGRXix(t)2

2πdα0 dαi
, Ci and Mi are stated in the Equation ( 5.16).

Similar to the Equation ( 5.27), the miss detection probability can be expressed
as:

PMi = 1
2

1 + erf

 ln Mi

Di+Ci − µT√
2ν2

T

 (5.29)

Error detection probability

The average error probability (Pei) of the receiver i (i = 1, 2) is given by [182]

Pei = 1
2PFAi + 1

2PMi (5.30)

= 1
2 + 1

4

erf ln Mi

Di+Ci − µT√
2ν2

T

− erf lnMi − lnCi − µT√
2ν2

T


The proposed system consists of two independent receivers. The error detection
of the system arises when both receivers have an error problem. Therefore, the
system error detection (PE) probability can be evaluated as

PE = Pe1Pe2 (5.31)

5.4 Simulation Results

In this section, the simulation results of the SNR and the error probability of
the system are presented. The error probability of the conventional system (one
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transmitter and one receiver) is compared with the proposed system. The pa-
rameters used for the simulation are shown in Table 5.1. In Figure 5.2, the

Table 5.1: Parameters of the proposed system used for simulation
Description Value
Transmitting signal power (PT ) 0 dBm
Receiving antennae gain (GRi ) 8 dBi
Gain of the receiver i (GRXi ) 10 dB
Absolute noise temperature (T ) 300
Received noise figure (NFi ) 6 dB
Radiated efficiency of transmitting antenna (ρt ) 0.8
Radiated efficiency of receiving antenna (ρri ) 0.8
RCS of the human’s chest (σa ) 500 mm2

Reflection coefficient of the human body (r ) 0.5
1/f power noise power at 1 Hz (P1/fi

(1) ) −130 dBm/Hz
Phase noise at 1 Hz intercept (S4(1) ) 60 dB/Hz
Antennae leakage (ηleak ) −33 dB
High frequency (fmax) 5 Hz
Low frequency ( fmin) 0.1 Hz
Time delay (4t2

l
) 5 ns

Path loss (α) 2
Mean value of |g0|2 (µ0 ) 2
Standard deviation |g0|2 (ν0 ) 1.97
Mean value of channel gain |gi|2 (µi ) 2
Standard deviation of |gi|2 (νi ) 1.97

domination of different types of noise to the overall noise is displayed. When the
human is close to the radar system, the phase noise dominates the SNR of the
system. The influence of the antennae leakage to SNR of the system is essential
when the distance increases. The additive noise is quite low and does not cause
many problems to the overall SNR. From the simulation, the results suggest that
the SNR can be maximized if the phase noise and the antennae leakage can be
minimized. Based on the power of different types of noise, the error probability
(Pe) of the proposed system is derived and compared with the error probability
(Pe1) of the conventional system in Figure 5.3.

The first point to note from Figure 5.3 is that the analysis results match per-
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Figure 5.2: SNR at the receiver 1

fectly with the simulation results. Moreover, due to the contribution of phase
noise at a very close distance, the error probability (Pe1) of the conventional sy-
stem (1 transmitter and 1 receiver) is quite high, and the error probability of the
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system starts to increase dramatically from the distance of 4 m. On the other
hand, the error probability of the proposed system is lower than the conventional
one, for example, at the distance 0.2 m, Pe1 = 0.3 while Pe = 0.1. In addition,
the range with zero error probability of the proposed system is also expanded
from [1m − 4m] to [0.5m − 5.5m]. Moreover, when the distance increases, the
error probability of the proposed system also increases gradually and its’ slope is
lower than the conventional one. For instance, at the distance of 10 m, the error
probability of the proposed system is around 0.16, while the error probability of
the conventional system is above 0.4.
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Figure 5.3: Error probability of the system when the distance chan-
ges

5.5 Measurement Result

In this section, the measurement results of error probability, directional capabi-
lity and human breathing rate based on the proposed system are presented. The
Microwave Network Analyser N5244A PNA -43.5 GHz played a role of radar
system, and three antennae (one transmitting and two receiving) were connected
to three ports of this device. The measurement setup is shown in Figure 5.5.
The object (measured person) was required to sit in front of the antenna system.
Five people aged from 21 to 27 participated in the experiment. Each person’s
breathing rate was measured at the distances of 1m, 2m, 3m, 4m and 5m right
in the middle of the antenna system. A similar process was repeated at the 15
degrees acute angle from the middle of the antenna system. A five-lead con-
nected wearable sensor system (Shimmer 3 ECG/EMG) was used to collect
the reference signal. For each position, the object was measured in five minutes
continuously in the electronics lab. The transmitting power was −10 dBm and
the operating frequency was 1.6 GHz. The size of antenna system is 30 cm × 33
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cm, the position of the transmitting antenna was in the middle of two symme-
trical receiving antennae, and the leakage between antennae was −26 dB. The
schematic diagram of the experimental setup is displayed in Figure 5.4.

The receiving signal at 5m distance is presented in Figure 5.6. In comparison

Figure 5.4: Experimental setup

Figure 5.5: Measurement setup for proposed system

with the reference signal, the measured signal is quite noisy. This signal is then
put through the Fast Fourier Transform (FFT ) to find the spectrum [183]. The
receiving signal in frequency domain is shown in Figure 5.7. From this Figure, the
peak of spectrum is considered as the breathing rate. In this case, the reference
breathing rate is equal to the measured respiratory rate, but the receiving signal
consists of some noises at different frequencies.
The breathing rate of a person was measured in five minutes continuously with

a sampling frequency of 256. The total samples in five minutes are 76800. The
DC value in the raw data is then removed before being applied FFT with the
window size of 30 seconds, the window moves forward every second. In each FFT
window, the frequency at the peak of spectrum is considered as the breathing
rate. The power of signal is calculated as the mean power value for the range ±4
beats around the central frequency. The power outside this range from 5 to 40
beats/minute is considered as the noise power [26]. The error detection occurs
when the power of the receiving signal is lower than the predefined threshold
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Figure 5.6: Receiving signal in time domain

0 10 20 30 40 50 60 70 80
Beats/minute

0

1

2

V
ol

t

10-5

Reference signal

0 10 20 30 40 50 60 70 80
Beats/minute

0

0.5

1

1.5

V
ol

t

10-3

Receiving signal at 5m distance

X: 16
Y: 1.971e-05

X: 16
Y: 0.00127

Figure 5.7: Receiving signal in frequency domain

value. In this work, the threshold value was −90 dBm, and this value is the
mean of the measured noise of the radar system. The error detection probability
is determined as the proportion of error detection over the total trials. The error
probability of the system is presented in Figure 5.8. At different distances the
measurement results match properly with the developed theoretical model. This
measured result suggests that the derived theoretical model is reliable and can
be used as a good reference for hardware development.

As mentioned in the Introduction section, the proposed system is auspicious
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Figure 5.8: Error probability of system vs distance of measurement

for 3D detection. In this work, the initial measurement was set up to check this
capability. The measured objects were on the left side of the antenna system, and
the angle (person-transmitting antennae-middle line) was 15 degrees. The SNR
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of breathing rate is estimated based on the spectrum of the receiving signal as
in [177]. As can be seen from Figure 5.9, signal on the left side are always larger
than the right side. The difference of SNR also increases proportionally with the
distance because when the human position is far away from the antenna system,
the difference between d1 and d2 is expanded. This Figure shows that the person
is on the left side of the system at various distances.

The directional detection capability of the system in terms of time at the dis-
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Figure 5.9: SNRleft − SNRright at different distances when the
object is in the left side

tance of 3m is given in Figure. 5.10. Around 90 percent of the time, the proposed
system gives the correct indicator. At certain times, the indicator was wrong
due to the environmental noise. Besides the directional ability, the system also
showed high accuracy in detecting the human respiratory rate. The results of the
breathing rates measured by the proposed system are displayed in Table 5.2.

The breathing rate measured by the proposed system is the mean values of
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Figure 5.10: Directional detecting capability of the proposed system

respiratory rate at receivers 1 and 2. In almost all positions, the proposed system
gives a similar result to the reference signal. However, at the distance of 5 m,
the difference of the measured breathing rate and the reference value of object 4
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is 2.5 beats/minute. This inclined value is due to the weakness of the receiving
signal at the longer distance of measurement.
As can be seen from the measurement result for the error detection probability

Table 5.2: Respiratory rates from five objects at different distances

Object Breathing rate (Beats/Minute)
Ref 1m 2m 3m 4m 5m

1 16.4 15.2 16.8 16.7 16.1 16.8
2 14.8 13.8 13.2 12.0 14.6 13.8
3 16.8 15.9 16.6 17.5 16.7 16.0
4 15.6 15.7 15.1 17.5 16.1 18.1
5 12.0 12.2 13.8 12.7 12.6 13.8

and the breathing rate, the deviation is not a significant issue. Obviously, the
remote radar sensor system may be affected by other wireless equipment in the
electronics laboratory. Moreover, during the measurement process, the object
could move to create the cluster noise.

5.6 Conclusion

This chapter has proposed a novel vital sign detecting radar sensor system inspi-
red by the microbat. In this research, the theoretical model to calculate the error
probability of the system is investigated. The analytical result of error probabi-
lity has a good match with the simulation and measurement results. The error
detection of the proposed system is lower than the conventional one. Moreover,
due to two symmetrical receivers, the directional ability of proposed system was
enhanced significantly. The measurement was set up to validate with 90 percent
reliability. If the antennae system is enlarged with the advanced technique, the
3D directional detection capability of this system will be improved and show a
better result.
Moreover, the proposed system needs two symmetrical receivers; this means that
the components in the radar circuit increase. However, with the development of
the current integrated circuit, the cost and the entire size of the system could be
reduced. This makes a portable system possible.
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Chapter 6

Smart Radar Sensing System for
Vital Signs Detection

6.1 Introduction

We propose a model to the end users in order to make a more intelligent ra-
dar sensor system. This model is to be built, based on an AI technique. The
specific machine learning model for the breathing sign detection radar is utilized
to categorise different subjects such as humans or pets under the debris, or to
diagnose the respiratory disorder of the end user. Based on the training data set,
the proposed system can give the instruction to the radar operator to classify
the subjects under the debris in a search and rescue application. For example,
when the system detects alive creatures under the debris of a collapsed building,
the system should tell us that it is a person or a pet (dog or cat). Since the
breathing rate, tidal volume and amplitude of chest wall movements of the pets
and human are different, the detected signals from them are also distinctive. If
we can collect the data of measured signals from various pets and people by the
microwave radar sensor, and using this data to build the machine learning mo-
del, this model can then be used to classify detected subjects of the radar sensing
system. For the medical application, this smart system can give a warning to a
person, such as whether they have a high/low/normal breathing rate. This kind
of warning is useful for the person to go further in checking out health problems.
Moreover, the model could be extended to diagnose different types of respiratory
disorders. For example, a person has a dysrhythmic breathing problem when
their respiratory system has irregular rhythm of rate and amplitude. This type
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of breathing problem relates to a brain stem issue. The rhythm and amplitude
of this type changes with the time, and it is difficult to estimate the breathing
rate of a person who has this breathing disorder [184] (see Figure 6.1).
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Figure 6.1: Simulation for Dysthymic respiration.

An other example of breathing disorder is the central apnoea respiration. This
problem occurs when a person’s breathing stops for a duration lasting from 10 to
30 seconds. The apnoea duration corresponds with the time that the brain stops
sending signals to the breathing control muscles [185].
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Figure 6.2: Simulation of Cheyne Stokes Respiration signal.

The two above examples show that the breathing disorder can not be clas-
sified by simply estimating the peak frequency spectrum of the receiving signal.
Therefore, the machine learning technique should be used to diagnose breathing
disorder issues.
The measured data was also used to build the machine learning based model.
The breathing rate measured by the CW radar sensor system is compared to the
reference measurement by the five-point touching Shimmer sensor. The results
of the breathing rate are compatible. Two main time-frequency (TF ) extraction
feature methods, short time Fourier transform (STFT ) and continuous Wave-
let transform (CWT ) were implemented in the proposed system. Under these
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extraction techniques, some classification approaches were employed and have
shown high accuracy in categorizing the respiratory types. The research shows
the possibility of building an Artificial Intelligence (AI) module for a non-contact
radar sensor system to make this system more intelligent.
In addition, this work collected data from 31 people when they perform high/lo-
w/normal respiration by CW radar sensor. This work assists further research in
the field by publishing our data set.

This chapter is structured as follows. Section 6.2 presents the discussion on
the proposed system diagram and functions of each module in the proposed sy-
stem. Section 6.3 describes the experimental setup and Section 6.4 discusses the
measurement results. The final Section 6.5 is the conclusion and consideration
for future work.

6.2 Proposed system

The block diagram of the proposed system is presented in Figure 6.3. The system
consists of three main modules, a radar sensor, an AI module, and a personal
device.

Figure 6.3: Block diagram.

A continuous wave (CW ) is sent toward the human position through the trans-
mitting antenna of CW radar sensor, and the reflected signal from the human
chest goes back to the sensor system through receiving antenna. The arctangent
modulation is applied to the sensor system; the output signal at the sensor is
proportional with the chest displacement. This signal is sampled at a frequency
of 256 Hz before being sent to the AI module. At the AI module, signals are
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processed to provide useful information to the person through their personal de-
vices.

6.2.1 Operating principle of CW radar sensor

In the CW radar sensor, a single sin wave is transmitted toward the human
position. Neglecting the amplitude, the transmitting signal is given as follows
[93,177].

YT = cos (2πft+ φ (t)) (6.1)

where f is the operating frequency of the radar sensor and φ (t) is the phase noise.
When the transmitting signal reaches the chest of the person, this signal is then
modulated by the displacement of the chest and reflects back to the receiving
antenna of the sensor [93,177]. The receiving signal can be written as:

YR = cos
(

2πft− 4πd
λ
− 4πx (t)

λ
+ φ

(
t− 2d

c

))
(6.2)

where d is the distance from the sensor to the human location, λ is the wavelength
of the sending signal, x(t) is the chest displacement of the human, and c is the
speed of light. The receiving signal is then down-converted into the intermediate
frequency (IF ) signal. Two mixers are used in the down-converter to get in phase
(I) and quadrature (Q)signals. At the base band, I and Q discrete signals are
given as [152]:

BI(n) ≈ cos
[
θ + 4πx(n)

λ
+4φ(n)

]
(6.3)

BQ(n) ≈ sin
[
θ + 4πx(n)

λ
+4φ(n)

]
(6.4)

where θ is the constant phase shift due to the distance from the human position
to the radar, and 4φ(t) is the phase noise. At the receiver, the arctangent
demodulation is applied and the output signal of the radar sensor system can be
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calculated as:

ψ(n) = arctan

[
BQ(n)
BI(n)

]
= θ + 4πx(n)

λ
+4φ(n) (6.5)

The output signal ψ(n) of the radar sensor is processed by the AI module to
extract the breathing rate and classify the breathing problems.

6.2.2 AI module

The framework of the AI module is presented in Figure 6.4. The AI module
consists of three main steps; data processing, feature extraction and classification.
All the steps are implemented using Matlab R2018b on Intel Core i5, 16 GB

memory configuration hardware running with Windows 7 OS. In this module,
the raw signal is reprocessed to remove the DC value and be filtered by an
appropriate filter. The next step is to extract features based on a time frequency
technique. Finally, data is classified into different categories.

Figure 6.4: The steps implemented in the AI module.

Data preprocessing and feature extraction

After visual inspection, five-minute data (i.e. 76800 data points because of 256
sampling rate) was extracted from the six-minute recording. Firstly, the DC va-
lue of the measured data was removed. The data was further bandpass filtered by
[0.1 to 2] Hz Butterworth. We used the two most popular time-frequency (TF)
methods [186]: short time Fourier transform (STFT ) and continuous wavelet
transform (CWT ) to extract time-varying spectral properties of the breathing
signal as our features for the classification model. TF features are used for clas-
sification and also give an instantaneous breathing rate of the user in the time
domain.
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In the STFT , first, a whole signal is divided into portions of equal window size,
then the Fourier Transform (FT ) is applied to each portion, respectively [187].
The STFT F (τ, ω) of the measured signal ψ(t) is defined as:

F (τ, ω) =
∞∑
−∞

ψ(n)h(n− τ)e−jωn (6.6)

where h(n−τ) is a window function. Based on Equation. 6.6, the power spectrum
density (PSD) of the signal is determined as:

PS(τ, ω) = |F (τ, ω)|2 (6.7)

The above equations interpret that FT of each portion is captured with the
window moving along the time axis of the entire signal. Correspondingly, PS(τ, ω)
is a two-dimensional vector that stores power of the input signal according to
time and frequency. PSD of STFT has a fixed resolution, because the width
of window function is constant for all segments of input signal. Specifically, a
wider window function brings a better frequency resolution, while a better time
resolution [187] is brought about by the narrow size of window function.
CWT is an alternative feature extraction method to get TF of a signal. This
signal processing technique is able to build up time-frequency representation of
an input signal with a great time and frequency resolution [188]. The CWT

coefficients WΨ(a,b) signal ψ(n) at a scale a(a > 0) and position b are expressed
as follows [188].

WΨ(a,b) =
∞∑
−∞

ψ(n)Ψ(n− b
a

) (6.8)

Ψ(n) is a basis or mother wavelet with zero average and Ψ(n) is its conjugated
values. PSD Pw(a,b) of the CWT can be defined as follows:

PW (a,b) = |WΨ(a,b)|2 (6.9)

Classification

The output signal of the feature extraction block goes through the classification to
separate the signal into different categories. There are many classifying techniques
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used to allocate signals into various groups. The most popular classifying techni-
ques are support vector network (SVM), artificial neural network (ANN), hidden
Markow models (HMM), fuzzy logic (FL), linear discriminant(LN), decision tree
(DTree), Bayesian classifier (BC) and K- nearest neighbor (KNN) [189]. In
these, SVM is kernel-based access and quite popular for non-linear data [189].
KNN is primarily acknowledged for the pattern-recognition approach [190]. The-
refore, in this study SVM , DTree and KNN are employed to classify the bre-
athing patterns of people.

SVM

Support Vector Machines (SVM) is a supervised machine learning algorithm
which is used for both regression and classification problems. The main concept
of SVM is to find the optimum decision boundary to separate two classes [191].
This decision boundary (hyperplane) maximizes the margin between different
classes. In SVM , support vectors are the data points nearest to the hyperplane
that help in obtaining the optimal position of the hyperplane. The hyperplane,
margin support vectors for classification problems are demonstrated in Figure 6.5.
In this Figure, two features are chosen to apply the SVM algorithm. The pro-
blem to separate different classes becomes finding an optimized hyperplane. The
hyperplane decision function for the binary problem is:

f(x) = sign

(
N∑
i=1

αiyiK(xi, x) + b

)
(6.10)

where α represents Lagrange multipliers and is given as 0 ≤ αi ≤ C and i =
1, 2, . . . N , C is a penalty parameter, which regulates the trade-off between the
imposed margins and allows training error. The Kernel function is represented
as K(xi, x) and xi are the support vectors. Multi-class SVM can be generated
using binary SVMs.

99



Chapter 6: Smart Radar Sensing System for Vital Signs Detection.

Figure 6.5: Linear Support Vector illustration.

Decision Trees

Similar to SVMs, decision tree (DT ) is one of the vigorous algorithms. DTs

have a tree-like structure, and are simple and close to the logical thinking of
humans. The DT is a crucial element of Random Forest - the most compelling
algorithm nowadays [192,193]. The DT model consists of different types of nodes
as mentioned in Figure 6.6. The starting node is called a root node, the internal
nodes are the set of nodes Child1 to Child3, and the bottom nodes are class
labels or leaf nodes. [194]

100



Chapter 6: Smart Radar Sensing System for Vital Signs Detection.

Figure 6.6: Decision tree model.

In the DT model, to construct a reasonably good tree and to define attributes
for each root note, Grini impurity (cost function) is given as follows: [194].

G(i) = 1−
n∑
k=1

p2
i,k (6.11)

where G(i) is the Gini score of ith node, pi,k is the ratio between class k instances
and training instance of ith node. In the two-class problem, the best separation
is achieved when G(i) = 0.
Another alternative to determine the cost function is to calculate the Entropy
(H(i)) as follows.

H(i) = −
n∑
k=1

pi,klog (pi,k) ; pi,k 6= 0 (6.12)

Both methods, Entropy and Gini impurity tend to point to analogous trees. There
is not a big variation between the two methods.

K Nearest Neighbours

K nearest neighbours (KNN) is called a lazy algorithm that stores all establis-
hed vectors and class label correlated with each vector and classifies new cases
based on a similarity measurement. This algorithm is widely used for practical
problems [195, 196] KNN was first mentioned in the 1970s as a non-parametric
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method [197]. In the KNN , the input vector is classified/ predicted by deter-
mining the similarity between this vector and the training instances (neighbors).
Distance functions are used to measure the similarity between a new sample and
the training data set. Those distance functions are Euclidean, Manhattan, Min-
kowski, and Hamming distances. The data used in KNN should be re-scaled
before processing to achieve a high accuracy result [198].

6.3 Experiment and Data

6.3.1 Measurement set up

The laboratory equipment - N5244A PNA − X Microwave Network Analyzer
plays the role of the radar sensor system. The internal transmitter and receiver
of N5244A PNA − X are utilized for this application. Two antennae are con-
nected to two ports (transmitting and receiving ports) of N5244A PNA−X. A
volunteer is sat in front of antennae as shown in Figure 6.7, and the distance from
the antennae to the human position is 1 m. The transmitting power is −8 dBm,
the operating frequency is 1.6 Ghz, and the sampling frequency is 256 Hz. The
same sampling frequency is set for a reference five-point touching Shimmer sensor.
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Figure 6.7: Measurement setup.

Thirty-one able-bodied participants (20 males and 11 females, average age
25.4 years) completed three sessions, each of which was approximately six minu-
tes in duration. All sessions occurred on the same day with three-minute break
between each session. The procedure of each session is described in Figure 6.8. In
the first session, participants were asked to breathe at their normal rate (i.e. 0.2
to 0.33 Hz) while, in the remaining two sessions, they were instructed to breathe
at high ( > 0.33 Hz) and low (< 0.2 Hz) rates respectively. Participants pro-
vided written informed consent, and the experiment was approved by the Head
of School of Electronics and Telecommunications, Hanoi University of Science
and Technology, Vietnam. The breathing rate of four random participants was
measured by the touching-probe Shimmer sensor at the same time they were me-
asured by the remote sensor system in order to check the accuracy of the remote
sensor. The remaining participants were only measured by the remote sensor to
make sure that the natural signals were obtained.

103



Chapter 6: Smart Radar Sensing System for Vital Signs Detection.

Table 6.1: Data set description

Data Sets Segmentation
(in seconds) Trial Size Train Test

No. of Subjects: 31 Sampling Freq.: 256 Hz

Data set I 60 15360 348 117
Data set II 30 7680 697 233
Data set III 15 3840 1395 465

Figure 6.8: Experimental procedure.

6.3.2 Data sets

The five-minute data for each individual per session was slotted into one minute,
thirty seconds, and fifteen seconds’ recording. Based on the different segment
lengths, three data sets were built as shown in Table 6.1.

• Data set I: From each individual, we obtained 15 data samples belonging to
low, high and normal ( 5 for each category). Each data sample has 15360
data points( 60 sec × 256 Hz sampling rate). The total data set size is 465
× 15360 having 465 cases of all categories.

• Data set II: Similarly, 30 data samples were obtained from each person and
the total data set size is 930 × 7680

• Data set III: This data set has the highest time resolution (15 seconds in
each segmentation). The size of data set III is 1860 × 3840

Data sets are labelled into three categories; low, high and normal. Spectral
density in the frequency band from 0.1 Hz to 2 Hz is used as a feature. After
feature extraction, the data set was divided into two sets; 75% for the training
set and 25% for the testing set. The size of train and testing sets in each data set
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is displayed in Table 6.1. To avoid the over-fitting problem, 10 × 10 ×fold cross
validation is used for the classification of the training set.

6.3.3 Evaluation Metric

In this chapter, classification accuracy is utilized as an evaluation metric. The
accuracy in the three classifications case can be determined as follows.

Accuracy = Pcr
Pcr + PIcr

(6.13)

where

• Pcr is the number of correct predictions.

• PIcr is the number of incorrect predictions.

6.4 Results

The measured breathing rate by remote radar sensor system in time and fre-
quency domains are displayed in Figures 6.9 and 6.10.
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Figure 6.9: Measured signal in the time domain.

The frequency domain signal can give the respiratory rate of a person. In
this approach, the corresponding frequency at the highest absolute magnitude
of spectrum is considered as breathing frequency. This technique is called peak
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position detection [26]. The absolute spectrum of each segment signal can be
calculated by STFT as shown in Figure 6.10. Figure 6.10 gives the breathing
rate of 18 beats/minute, and the signal from the remote sensor is coincided with
the signal from the reference touching sensor. From both Figures, one can see
that the remote sensor system introduces more noise than the touching sensors,
however, the remote radar sensor gives a similar result of breathing rate to the
five-probes Shimmer sensor.
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Figure 6.10: Measured signal in the frequency domain.

Figure 6.11 and Figure 6.12 illustrate the relationship between two features
in the feature vector of data set I and data set III. It is clear that in data set
I (Figure 6.11), three classes are separated properly, while in Figure 6.12, there
are some overlaps between classes. This phenomenon comes from time resolu-
tions of each data set. Data set I has the lowest time resolution (60 seconds
segmentation), while data set III has the highest time resolution (15 seconds seg-
mentation). The increase in time resolution is compensated to the accuracy of
the system as mentioned in Table 6.2.
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Figure 6.11: Relationship between Feature # 2 and Feature # 66
in the Data set I.
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Figure 6.12: Relationship between Feature # 62 and Feature # 65
in the Data set III.

Table 6.2 compares the accuracy of the proposed remote sensing system in
classifying breathing rate problems into three categories (fast, normal, and slow)
with the conventional method (based on peak position detection). Different clas-
sifying techniques are applied and results are shown in Table 6.2. From this Table,
we can see that data set I gives very good results (above 99%) with KNN and
SVM classifiers. DTree introduces lower accuracy (around 95%). In data set II,
the segmentation is half of the segmentation in the data set I. However, SVM
and KNN classifications still produce similar results under CWT and STFT

extraction methods. For DTree with CWT extraction method, the accuracy is
similar to the data set I. There is a large reduction (14%) in accuracy under the
DTree classifier when the features are selected by STFT . When the segmenta-
tion of data reduce to the size of 15 seconds in the data set III, the accuracies of
the system under the SVM and KNN techniques do not change much. Notwit-
hstanding, DTree delivers a significant reduction of accuracy. In DTree method,
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Table 6.2: Classification accuracy of proposed system

Data Sets Extraction methods Classification Methods Conventional method
(Peak position detection)

SVM DTree KNN

Data set I STFT 99.89 % 94.51% 99.11 % 64.09 %CWT 99.95 % 96.58 % 99.88 %

Data set II STFT 99.85 % 80.68 % 99.15 % 63.76 %CWT 99.87 % 96.13 % 99.45 %

Data set III STFT 99.12 % 75.81 % 99.11 % 35.48 %CWT 99.67 % 83.01 % 99.55 %

under STFT and CWT extraction methods, the accuracies of test set III are
75.81% and 83.01% respectively.
The conventional method introduces lower results; for data sets I and II the
results are comparable with the recent work of [199]. The accuracy of modified
STFT in reference [199] is around 80%, while our results are around 64%. There
are several reasons behind that difference. Firstly, the transmitting power of
their system was eight times our transmitting power. Their system operated at
much higher frequency (around 24 GHz) while the proposed system operated at
1.6 Ghz. The result is that our system is fifteen times less sensitive than their
system .
The length of segmentation has a significant effect on the accuracy of breathing
rate estimation when the peak position detection method is used. As discussed in
the reference [136], this method introduces high accuracy when the segmentation
is larger than 60 seconds. Data set III introduces very low accuracy (35.48%)
because of the low frequency resolution. In this data set, the 15 seconds’ ob-
servation window corresponds to 1/15 = 0.067 Hz frequency resolution. This
frequency resolution equals to 4.02 beats/min, therefore, the peak position de-
tection method shows a very poor result (just 35.48%).
Generally, the CWT extraction technique presents better results than STFT .
The performance of machine learning based methods outperforms the conven-
tional method (peak position detection) because our proposed system used the
whole CWT or STFT vector (including peak spectral and its harmonics) for clas-
sification, while the conventional method used only one element (peak spectral).
The result in Table 6.2 gives a good suggestion for further applications.
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6.5 Conclusion

From the measured results, the remote radar sensor system can accurately capture
breathing rate, and is more comfortable for the measured person. The remote
radar sensor system has high potential to inform the user of their instantaneous
breathing rate by the TF feature extraction techniques. Moreover, the AI techni-
que that was applied on the data obtained by the remote radar sensor system,
makes this system smarter and gives useful information to the end user. The aim
of the proposed machine learning model is to classify the measured signal from
the radar sensor system in different categories. This model is then integrated
with the radar sensor system and gives a warning to people, for instance, if their
breathing rate is abnormal. The system can also be used to predict the type of
alive subject under the debris for the search and rescue application. The accuracy
of our proposed approach is far greater than the conventional method. The SVM
and KNN classifications gave good accuracy on three types of data sets of 31
measured people. The measurement results suggest an alternative high accuracy
method in three category types of breathing rate.
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padhyay, and Nguyen Duc Minh. ”Combination of Artificial Intelligence
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4th International Conference on Research in Intelligent and Computing in
Engineering (RICE 2019) - Accepted paper
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Chapter 7

Conclusion and Future work

7.1 Conclusion

The microwave Doppler radar sensing systems, which have been developed, show
strong potential in search and rescue and health care applications. Such systems
can detect live people under debris and obtain health information (breathing rate)
without contact and predict the location of the person. The experimental study
on the operating of radar sensing systems at different frequencies, is presented in
Chapter 3. The extra wide band 3D structured antenna system was investigated
with high gain, small size and low cost. The performance of the antennae was
tested through LOS/NLOS transmission links. The antenna system can operate
in five range frequency from L to the X band width.
The lack of a theoretical model to predict the accuracy of the radar sensing sy-
stem leads the authors to the work presented in Chapter 4. In Chapter 4, the
false alarm/ detection probabilities of the radar sensing system in different envi-
ronments are derived. Moreover, the SNR value is also considered carefully in
the various situations from LOS to NLOS transmission links. The analytical
results in this chapter are close to the simulation and measurement results. This
means that the proposed mathematical model is profitable for the hardware de-
velopment of a radar sensing system. Based on this model, the performance in
distance, power, and accuracy of this system can be estimated in advance.
When it comes to the hardware development, inspired from the Micro Bat animal,
the nature-inspired radar sensing system is proposed in Chapter 5. This radar
sensing system mimics the physical structure of the Micro Bat animal which uses
an echo to detect the position of its prey. In comparison with the conventional
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system, the inspired radar sensor system performs better in locating the position
of subjects in 3D space, improving detection probability and reducing the null
point problem. The theoretical model to determine the error probability of the
system was investigated and matched properly with the simulation and measure-
ment results. This work took a critical step to develop a sensing system to detect
a human position in 3D space.
Chapter 6 presents the novel combination between the radar sensing system and
AI block to enable the classifying function of the radar sensing system. The ma-
chine learning models were built on different algorithms such as SVM , KNN ,
and DT . The accuracy of the proposed model was higher than 90 %. The Doppler
sensor system can be combined with machine learning/deep learning techniques
to enable more capabilities such as early warning of a heart attack or asthma at-
tack in medical applications. In addition, smarter and adaptive sensing systems
for search and rescue purposes can be built based on the AI technique. The data
can be collected when the radar sensor operates in different environments. This
data can then be used to build an AI model to enhance the accuracy and reduce
the calibration complexity which leads to a smarter radar sensing system.

7.2 Future studies

It is obvious that there are many challenges in the research field of microwave
radar sensing system. The research presented in this thesis considered hardware,
theoretical models, system configurations and more improvements are expected.
For instance, the signal processing techniques/algorithms could be enhanced to
improve the quality of the radar sensor. First, the null point problem in the
microwave radar sensor appears when the phase shift due to the distance from
the target to the sensor is an even multiple of π

2 . In this case, the received signal
approximates to zero value. To overcome this problem, the I/Q microwave ra-
dar is a good solution. Droitcour et al. [153] showed in their work that the null
points’ issue can be reduced by using a quadrature receiver in the radar sensor
system. Moreover, other methods that can be used to dispense with this problem
are double-sideband transmission [200], complex signal demodulation [127] and
arctangent demodulation [201].
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Secondly, the vital sign detection quality of microwave radar sensor is affected ne-
gatively by the motion artifacts’ noise or multiple subjects’ interferences. Multiple-
input, multiple-output (MIMO) or single-input, multiple-output (SIMO) met-
hods could be used to alleviate these problems [72,202,203]. The SIMO/MIMO

antenna system was combined with the SIMO/MIMO signal processing techni-
que to differentiate between multiple subjects. Moreover, the random body mo-
vement and motion artifacts’ noises can be cancelled by using two detecting
transceivers [203]. To enhance the detecting multiple targets and the sensiti-
vity of the radar sensing system, a hybrid system which has two operation modes
was proposed. In this system, the Doppler mode was used to detect the vital
signs and FMCW mode took the responsibility to find the absolute range of the
target [204]. The shadowing effect is another large issue of the radar sensing sy-
stem. This problem was diminished by applying a proposed algorithm based on
Wavelet Entropy in bistatic UWB radar [205]. In this algorithm, the difference
between periodic respiration and random noise and the entropy of human target
are utilized to detect two people at the same time. One person is closer to the
radar and one person is in the shadowing region. This method can be combined
with the multiple channel system to detect multiple subjects under the debris/-
ruble at the same time.
It is obvious that a more efficient signal processing method is needed, which can
reduce multiple types of noises and interferences of the radar sensing system.
Moreover, this technique should concentrate on the real time application.
As mentioned in Chapter 6, the radar sensing system can combine with the AI
technique to make it more intelligent. To make that combined system works
perfectly, the radar sensor, itself, should be optimized in the hardware develop-
ment. There is a design hardware in the reference [206] which tried to reduce
the interferences that the microwave search and rescue sensor have to deal with.
Those interferences are caused by an operator around the radar antennae and the
noise in the shadowing area. Reference [206] introduced a dual-frequency CW

radar operated at 5.57 and 35 GHz frequencies to suppress the interference from
the radar operator. The radar sensor consists of two transceivers operated at
two frequencies at the same time. The lower frequency signal of this system can
penetrate through rubble while the higher frequency signal cannot go too far and
is used to detect the breathing rate of the operator. The receiving signal at the
higher frequency transceiver was used to remove the operator interference in the
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lower frequency part. This system showed high potential application for search
and rescue purposes because it showed efficient suppression of interference from
the operator. However, there are several issues that the hardware developer for
the radar sensing system still have to deal with simultaneously, such as antennae
isolation, power consumption, detecting distance, and cost. Further investigation
could be carried out on optimizing the hardware structure of the radar sensor.
New algorithms based on machine learning/deep learning is a direction to process
signals of the system more precisely, and in a shorter time.
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