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Summary

For pervasive healthcare monitoring and potential disease diagnosis, biosensors
which can be deployed massively with compact size, low power consumption, and
efficient and effective near-sensor processing capabilities are required. Synergetic
optimizations on multi-physical sensing mechanisms, circuits, and efficient signal
processing algorithms are needed to enable the efficient and effective operation. In the
intricate and noisy scenarios, current sensor devices are usually limited by the detecting
accuracy, low specificity, and large power consumption. Moreover, current sensors
realized by discrete blocks are usually with bulky size, which is inconvenient for the
massive deployment for pervasive healthcare monitoring applications.

With the rapid development of CMOS technologies, biosensors are on the way to
be monolithically integrated into a single chip to enable the highly efficient data
acquisition and effective signal processing with low-power consumption and small size.
The sensor data is acquired and processed at the edge near-sensor; thus, the data
movement's power consumption is eliminated. Moreover, multi-physical sensing
mechanisms can be utilized to enhance the biosensor’s capability, achieving multimodal
sensor fusion by leveraging the advantages of complementary physical mechanisms,
demonstrating enormous potential to be used for global COVID-19 pandemic.

The CMOS-integrated radar sensor is a suitable candidate to monitor multimodal
vital signs and detect specific movements like falling in a noncontact way utilizing
electromagnetic (EM) waves. To further enable multimodal biomedical sensing for
pervasive healthcare applications, considering that photoacoustic sensor is realized
based on light excitation and acoustic sensing, which can be used to achieve the non-
invasive monitoring on the in-depth blood core temperature and in vivo imaging on the

target tissues.
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In the thesis, a CMOS-integrated phased-array radar sensor prototype fabricated in
the GlobalFoundries 65-nm CMOS process for wide field-of-view (FoV) multimodal
vital sign monitoring and falling detection is presented. The co-design of integrated
circuit blocks and effective signal processing algorithms is implemented to enable the
accuracy, low power consumption, and reliability of the radar sensor for noncontact
health applications. Furthermore, to enable the in-depth blood core temperature
monitoring and in vivo imaging, a high-precision CMOS-integrated mixed-signal
coherent lock-in photoacoustic sensor prototype is fabricated in GlobalFoundries 65-nm
CMOS process, achieving potential disease diagnosis and health monitoring with
compact size. Moreover, a four-channel photoacoustic system-on-chip (SoC) was
fabricated in TSMC 65-nm process, which includes the analog front end (AFE), analog-
to-digital converter (ADC), digital-to-analog converter (DAC), and the digital
processing module implementing coherent lock-in and accurate beamforming on-chip
to achieve accurate detection on in-depth target photoacoustic signals with an enhanced
signal to noise ratio (SNR), improved sensitivity, and high specificity for the first time.

By the optimizations on the mixed-signal integrated circuits (ICs) design, energy-
efficient sensor signal processing algorithms, and the multi-physical sensing
mechanisms including EM, acoustics and optical techniques, the CMOS-based radar
sensor and photoacoustic sensor prototypes have verified their capabilities on accurate
multimodal noncontact vital signs monitoring, falling detection, non-invasive
temperature monitoring, and in-depth in vivo vessel imaging. The thesis explores the
CMOS-integrated mixed-signal circuits and systems leveraging multi-modal sensing
techniques for efficient and effective versatile sensing, pervasive healthcare monitoring,
and potential disease diagnosis for the current COVID-19 pandemic as well as for the

incoming intelligent Internet of Everything (IoE) era.
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Chapter 1

Introduction

Through the global aging, the percentage of seniors becomes higher and higher. It
is estimated that 15% of people will be aged over 65 by 2040 [1], among them, many
elderlies will face chronic diseases like diabetes, etc. Moreover, it is estimated that
0.85%-1.5% of total healthcare expenditures are related to falling [2]. It is essential to
achieve the pervasive monitoring on healthcare indicators in an easy and convenient
way, where in-time detection of the falling and the monitoring on multimodal vital signs
like respiration rate and heartbeat rate variations are realized with low cost, high
efficiency, high sensitivity and specificity.

As the radar sensors are immune to light interferences and have capabilities of long
detection range, high accuracy, as well as high-level protection on the privacy of the
subject, it is one of the most promising candidates for noncontact multimodal vital signs
monitoring and falling detection [2], [4]-[8]. Besides detecting the macro movements
like falling and micro-movements like respiration rate and heartbeat rate based on the
radar sensors, it is also essential to monitor blood core temperature and realize accurate
imaging on vessels in a convenient and easy-deployable way, which is critical for
portable potential disease diagnosis in the current global COVID-19 pandemic. As the
photoacoustic (PA) sensor demonstrates the potential for wearable disease diagnosis due
to its characteristics of non-invasive, fitness, compactness, and imaging ability, a chip-
based PA sensor is designed, where blood core temperature monitoring and vessel
imaging can be achieved simultaneously. Leveraging the advancement of
complementary metal-oxide-semiconductor (CMOS) techniques, sensor circuits and

systems are to be realized with small size and low power consumption.



The thesis presents the novel CMOS-integrated radar sensors and chip-based
photoacoustic sensors for biomedical applications, including the design of the analog
front-end (AFE), radiofrequency front-end (RFFE), the digital processing module, and
efficient signal processing algorithms. Mixed-signal coherent sensor data processing
method is proposed to enable accurate capturing of the target signal, precise target signal
reconstruction, and feature extraction, where the interferometric phase processing
algorithm is used for the CMOS-integrated radar sensor for multimodal vital sign
monitoring. The novel mixed-signal coherent detection method is used for the
photoacoustic sensing and imaging with improved signal to noise ratio (SNR) and

enhanced interference suppression capabilities.

1.1 Background and Motivation

Healthcare sensors have been developed rapidly, and the quality of people’s lives
has been improved significantly over the past several decades with the advancements of
semiconductor techniques and the sensor technologies [1]-[4]. To enable the pervasive
healthcare, the sensors need to monitor the health indicators such as respiration rate,
heartbeat rate, blood core temperature, and detect the possible risky accidents like falling
accurately in real-time [3]-[8]. Moreover, it would be promising to implement the
imaging on in vivo objects with compact-sized devices, enabling the potential disease
diagnosis in a portable or wearable way [44]-[52].

The chip-scale radar sensors can provide real-time high-resolution ranging and
high-fidelity detection by transmitting the frequency modulated continuous waveform
(FMCW) and detecting the micro doppler shift caused by the specific movements like
falling or gestures, etc. [11]. The radar sensors leveraged the micro-doppler effect and

implemented the imaging on motion, where the two-dimensional high-resolution



imaging of the target is processed for real-time monitoring [9],[10],[12]. Besides falling
detection, the coherent radar sensors can be used to monitor the respiration rate or
heartbeat rate by coherently processing the phase information.

Besides the integrated bio-radar sensors implemented for noncontact falling
detection and multimodal vital signs monitoring, the photoacoustic effect has
demonstrated its potential to monitor the blood core temperature and achieve in vivo
imaging in a non-invasive way [45]. Moreover, there is a great need to bring efficient
signal processing algorithms near the wearable sensors to achieve accurate sensing with
ultra-low power (ULP) consumption. Portable PA sensors can be developed to ensure
the non-invasive temperature monitoring and in-depth in vivo vessel imaging.

Nowadays, the sensor data is mainly processed by specific processing units like
CPU, FPGA, DSP module, etc., which dissipates much power and has a high
requirement on the devices’ computation capability and is unsuitable for pervasive
healthcare applications. For pervasive healthcare monitoring, the sensor data needs to
be acquired and processed at the edge near the sensor node, requiring real-time
processing with low power consumption. The specific waveform patterns related to
health status need to be extracted and recognized accurately in real-time. In the thesis,
CMOS-integrated radar sensors are used for noncontact locating, monitoring on specific
movements like falling, detection on multimodal vital signs like respiration rate and
heartbeat rate. Moreover, the chip-based photoacoustic sensors are deployed in a
portable or wearable way to enable the non-invasive monitor physiological signs and
diagnose diseases based on the specifically featured PA waveforms [45],[46].

Through the optimizations on CMOS-integrated radar sensors, chip-based
photoacoustic sensors, novel transducer design, and efficient sensor data processing

algorithms, the continuous personalized pervasive healthcare monitoring and potential



disease diagnosis with low power consumption, compact size, high accuracy, and high

specificity can be achieved.

1.2 Objectives

This research aims to solve the critical issues in the design of CMOS-integrated
sensor circuits and systems for pervasive healthcare monitoring and potential disease
diagnosis in the incoming Internet of Everything (IoE) era. Firstly, a CMOS-integrated
phased-array radar sensor was implemented for the compactness and robustness of the
multimodal vital sign monitoring and falling detection in a wide field-of-view (FoV).
Secondly, the Vernier-based delay-locked loop (DLL) which enables the wide-
bandwidth beam steering with wide steering range and fine steering step. Thirdly, the
low-power analog front end (AFE), the photoacoustic transducer, and coherent detection
techniques have been implemented to enable a compact-sized wearable photoacoustic
sensor for blood temperature monitoring and in vivo vessel imaging. Fourthly, a four-
channel photoacoustic system-on-chip (SoC) has been implemented, including the AFE,
ADC, DAC, and the coherent processing module on-chip. The SoC enables accurate
beamforming, coherent lock-in on target photoacoustic signals, and highly precise
reconstruction on the target signal masked under interferences and noise, allowing the
highly precise vital signs sensing and biomedical imaging. Fifthly, MEMS-based ultra-
low-power (ULP) frequency shift keying (FSK) receivers are implemented to enable

highly efficient short-range communication between biomedical sensor nodes.

1.3 Major Contributions of the Thesis

To achieve accurate non-invasive healthcare monitoring and disease diagnosis,

synergetic optimizations on circuits, sensors, and efficient signal processing algorithms
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need to be implemented. In the intricate, dynamic, resource-constrained, and noisy
scenarios encountered in the real world, current sensor approaches face the limitations
on the accuracy, power consumption, and size, etc. To address such limitations, the
thesis presented several highly integrated chip-based mixed-signal sensor systems for
adaptive and accurate multimodal vital signs monitoring, specific movements detection,
and imaging, which include: 1) CMOS-integrated radar sensors for multimodal vital
sign monitoring and falling detection; 2) a chip-based mixed-signal coherent
photoacoustic sensor system for accurate blood temperature monitoring and in vivo
imaging; 3) a 4-channel photoacoustic sensor SoC with I/Q based coherent detection for
early-late loop tracking and highly accurate imaging; 4) a MEMS-based ultra-low-
power (ULP) FSK receiver for highly efficient short-range communication for internet-
of-everything (IoE) devices.

A series of work on CMOS-integrated radar sensors and chip-based photoacoustic
sensors aiming at realizing the seamless pervasive healthcare sensing is presented,
where the phased-array chip-scale radar sensor is deployed in the room to monitor
multimode vital signs continuously, and the chip-based photoacoustic sensors are
designed in a compact size to enable the portable disease diagnosis and physiological
signs monitoring, where the work from 9 paper(s) published in the following prestigious
peer-reviewed journal(s) and conferences are listed. Among which, I am listed as the
first author in 2 prestigious IEEE transactions. The phased-array radar sensor for
multimodal vital sign monitoring published in [IEEE T-MTT, and the mixed-signal based
photoacoustic sensor published in IEEE T-BioCAS. My work has also been published
as three first-author conference papers, including 3 ISCAS papers and 1 SOCC paper. |
am listed as a co-corresponding author in 1 SOCC paper, where the presented radar

sensor was used for motion detection. The thesis presents the critical ideas initiated by



me on implementing the coherent I/Q detection and multi-channel beamforming towards
improving the signal-to-noise ratio (SNR) based on the SoC, which will lead to further
publications in prestigious IEEE journals and conferences.

To conclude, the thesis presented the key innovative ideas and the explicit
implementations of the CMOS-integrated radar sensors for multimodal vital signs
monitoring. Also, a series of chip-based photoacoustic sensor circuits and systems are
presented, which have demonstrated their capabilities on continuous temperature
monitoring, multimodal vital signs monitoring, and in vivo vessel imaging for healthcare

monitoring as well as potential disease diagnosis.

1.4 Organization of the Thesis

The remainder of the thesis is organized as follows.

In chapter 2, the literature review on biomedical sensor systems for pervasive
healthcare is presented, which includes various kinds of CMOS-integrated radar sensors
for multimodal vital sign monitoring, falling detection, and related algorithms for
physiological feature extraction. Moreover, the photoacoustic and ultrasound sensors
for temperature monitoring, physiological signs monitoring, and imaging are reviewed.

Chapter 3 demonstrates an X-band CMOS-integrated phased-array radar sensor for
wide field-of-view (FoV) locating and multimodal vital sign monitoring, including radar
front-end for noncontact signal detection and the interferometric time-phase analysis
(ITPA) method for accurate vital sign monitoring in the phase domain. The two-stage
beam steering technique enabled by the DLL and phase shifter on-chip is presented, by
which the wide FoV detection can be realized. The experimental verifications and the
discussions are given. A Vernier delay-locked-loop (DLL) design is demonstrated for

the wideband beam steering with fine resolution, containing the circuit blocks, test



results, and the related analysis of the DLL for the chip-scale phased array radar sensor.
Moreover, chip-scale Ku-band radar sensors are demonstrated for respiration
monitoring and falling detection, including the transceiver front-end and the
interferometric phase algorithm for respiration and falling pattern extraction. Moreover,
the Ku-band radar sensor was leveraged to recognize the gestures based on the Doppler
effect, exploring its potential usage in a noncontact seamless human-machine interface.
Furthermore, an //Q based coherent radar sensor architecture is proposed for tiny
movements detection. The experimental verifications and the discussions are presented.

Chapter 4 demonstrates the design of a chip-based photoacoustic sensor, which
includes the research on the low-power analog front end (AFE), the photoacoustic
sensor, and coherent detection techniques for enabling a compact-sized wearable or
portable PA-based healthcare solution. The system testing setup and experimental
results on blood temperature monitoring and in vivo vessel imaging are fully presented.
A four-channel photoacoustic system-on-chip (SoC), which has been designed,
including AFE, ADC, DAC, and coherent processing on-chip. The SoC enables accurate
beamforming, coherent lock-in, and early-late tracking on target photoacoustic signals,
and highly accurate reconstruction on the masked signal in interference and noise, where
the enhanced sensing and imaging can be enabled. The system demonstration and key
circuit blocks, including the DAC and multiplier, are discussed explicitly.

Chapter 5 presents the conclusion, discusses the potential challenges and
recommends future research toward fully enabling the pervasively connected, highly
efficient, personalized healthcare system with CMOS-integrated biosensors and

MEMS-enhanced ULP communications circuits and systems design.



Chapter 2
Review of the Bio-Radar Sensor and Photoacoustic

Sensor Techniques

To achieve the compact-size healthcare sensor system, innovations on the
integrated circuits, systems, and algorithms are required. Radar sensors and
photoacoustic sensors are the promising techniques, where the chip-scale radar sensor
is used for noncontact multimodal vital sign monitoring, and the photoacoustic sensors
are used for noninvasive physiological signs monitoring. Moreover, highly efficient and
effective signal processing methods are required to enable the high specificity and
sensitivity for feature recognition realized near-sensor. Section 2.2 reviews general radar
sensor techniques for healthcare monitoring, where the section 2.2.1 reviews the
biomedical radar techniques and section 2.2.2 reviews on the algorithms for radar data
processing to realize specific movement detection, multimodal vital signs detection, and
localization. Section 2.3 reviews the circuits and systems techniques for photoacoustic
sensor applications, which can realize in-depth blood core temperature monitoring and

in vivo imaging. The summary of the review is presented in Section 2.4.

2.1 Biomedical Sensor Techniques for Pervasive Healthcare

With the rapid development of integrated circuit and efficient signal processing
techniques at the edge, compact-size biosensors are expected to be deployed massively
in the future to achieve seamless and efficient monitoring on the subjects. There are
several types of sensor techniques in use for indoor healthcare monitoring. An acoustic

system uses microphones to detect vibrations that indicate a fall, which is implemented
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Fig 2.1. Illustration of the proposed pervasive healthcare monitoring solution enabled
by noncontact radar sensors and portable noninvasive photoacoustic sensors.

in a relatively noncontact way [16]. However, it is not as effective as other technologies
on detecting fallings considering that the accuracy is limited with the acoustic wave. A
visual system is effective where the monitoring camera is deployed in various positions
to identify the falling in a wide field of vi. However, this method may lead to the
invasion of privacy to the users. Also, physiological signs such as respiration rate and
heartbeat rate cannot be monitored by the camera. Moreover, the cameras can only
monitor the condition within its view, which is easily affected by the possible obstacles
existing in the scenarios.

Compared to the sensor techniques based on acoustic or camera. The radar sensor
has demonstrated its capability on detecting specific movements like falling and
monitoring vital signs like respiration rate and heartbeat rate. By leveraging the micro-
doppler effect and imaging, which will generate a two-dimensional high-resolution
image of the target, the accurate monitoring of the falling’s dynamic process can be
detected [14],[15],[17],[43]. Compared to the visual system, the radar-based solution is
not intrusive on privacy, and it is much more accurate on movement detection. By

transmitting the FMCW waveforms, radio frequency (RF) radar sensors can enable real-



time high-resolution ranging and high-fidelity detection in various kinds of scenarios
where the micro-Doppler shift is detected and the corresponding imaging induced by
specific movements like falling is obtained [18], [19]. The micro-radar sensor for fall
detection and prevention is easy to implement under various room conditions, which is
demonstrated in Fig. 2.1 and can protect privacy by only detecting the signs related to
the ongoing falling process such as gaits variations [15].

The rapid development of integrated circuit techniques pushes sensor systems’
transition from being realized in bulky size by discrete components to the portable or
wearable way enabled by mixed-signal ICs. The photoacoustic (PA) effect demonstrates
the enormous potential for the continuous sensing of in-depth blood core temperature as
the optic and ultrasound sensing methods are combined to enhance the accuracy and
specificity for accurate in-depth in vivo imaging and accurate physiological signs
sensing [45]. The sensor transmits near-infrared (NIR) and middle infrared (MIR) light
into the target blood vessel, which will absorb the light energy and generate specific
acoustics waveforms [51]-[55]. By detecting the generated acoustic signal by the
transducer, the blood core temperature monitoring and the vessel imaging are achieved.

Through the synergetic combination of the noncontact CMOS-integrated radar
sensor and chip-based photoacoustic sensors, the pervasive healthcare monitoring can
be achieved; the proposed scenario is demonstrated in Fig. 2.1, where the wearable PA
sensors will continuously monitor physiological parameters related to health statuses,
such as in-depth blood core temperature, blood glucose level, and oxygen saturation
(SO2). Moreover, the continuous in vivo vessel imaging can also be achieved for
potential disease diagnosis based on the chip-scale mixed-signal PA sensor IC. The

CMOS-integrated radar sensor systems can be implemented in different locations to
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realize the noncontact multimodal vital signs monitoring, falling detection, and potential

gesture recognitions for cognitive human-machine interfaces with a wide FoV coverage.

2.2 Introduction to Biomedical Radar Sensors

The respiration and heartbeat rates are essential biomedical metrics, which can be
used for various kinds of applications, including personalized healthcare, early-stage
disease diagnosis, baby monitoring, elderly care, etc. Currently, most commercial
cardiopulmonary activity monitoring devices are realized in a contact way where pads
are attached to the skin, which is inconvenient for the people. To overcome the
limitations of inconvenience, radar sensors demonstrate the potential for monitoring
multimodal vital signs in a non-contact way. The vibration of the chest caused by
cardiopulmonary activities will modulate the phase of the transmitted EM signal. The
information such as respiration and heartbeat rates can be extracted by specific signal
processing at the receiver. After demodulation and filtering, the features related to
cardiopulmonary activities can be attained [2], [4]-[15].

For typical biomedical monitoring scenarios, radar sensors need to detect the target
subjects in a few meters range; such radar sensor systems need to be realized in a
compact size with low power consumption to enable the long-time operation. Thanks to
the development of semiconductor techniques, CMOS-integrated radar sensors have
demonstrated the potential to meet the IoE healthcare monitoring requirements with low

cost and easy deployment [26]-[31].

2.2.1 Comparison of Radar Sensor Architectures

In general, radar sensors can be categorized as narrowband Doppler radar [105],

[116], frequency modulated continuous wave (FMCW) radar [106], [110], [114], [115],
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and ultra-wideband (UWB) radar [107]-[109], [111], [112], [118]. The block diagram
of the single-frequency continuous wave (CW) radar is shown in Fig. 2.2, where a
continuous sinusoidal wave generated from an oscillator with a constant frequency is
transmitted toward the target. The returned signal contains the micro-doppler induced
frequency shift proportional to the corresponding physiological micromovements such
as heartbeat and respiration, or macro movements like falling or specific gestures. The
demodulation of these doppler induced frequency shifts or phase differences at the

receiver can be used to extract the heartbeat and respiration rate information [15]. The
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CW biomedical radars for vital sign detection primarily used phase-locked oscillators
due to better phase noise [2], [3]. The development of range correlation theory makes
free-running oscillators applicable only for short-range vital signs monitoring because
the signal-to-noise ratio (SNR) will degrade rapidly with the increasing of the detection
distance [4]. Moreover, the flicker noises from the mixers in the conventional Doppler
radar receiver further degrade the detection sensitivity [5]. The major limitation of the
CW radar is that it cannot realize the range detection; thus, it is unavailable to achieve
the localization on the subject. The detection of the Doppler frequency shift has found

usages in weather sensing, positioning, life detection for rescue, cardiopulmonary
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Fig 2.7 Schematic of an SoC UWB pulse radar sensor [28].
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Fig 2.8 Schematic of an impulse radio radar sensor for vital sign monitoring [26].

monitoring, and human vital signal detection such as heart rate, respiration rate, throat
movement, and vessel flow, etc. [1]-[4], [26], which is useful for the scenarios such as
surgery, rehabilitation, and home healthcare.

An alternative approach is to employ the UWB pulse to monitor the heartbeat and
breathing [28]. The block diagram of the narrowband CW radar is shown in Fig. 2.3,
where the transmitter sends very short and repetitive pulses toward the chest. The echoed
pulse will be received by the receiver and has a round-trip time delay with respect to the
transmitter pulse. The receiver will then capture this delay time that is proportional to

the movement of the heartbeat and breathing. Obviously, this time delay is also

14



RF_RX3 RF_RX1 RF_RX2 RF_RX4

60GHz Transceiver IC

' Lo
.f'; Y, Buffer
AN
3-Way
GBI DAC L) Wilkinson GBIt DAC
Power | Power Splitter Pawear

contral - 4 L E e control

< H 3 '::j:a- -

RF TX1p ! e El g f‘ :' = WX\ RE_TX2p
RE_TX1n "1 La Lo [ : RF_TX2n

1 Buffer LO Buffer 3 l
k.
Peak P Buffer Peak
Detector Detector
Sensor L
r
P Frequency \Eﬂ
17 ) -
5PI e Divider
60 GHz VCO [FLO)
T T
L0ty rpapatar | yoll
SPI IF1 iF2 1F3 IF4  Viune Divider Out: Mux BPSK

FLO/16 &FLO/E192 oy

Fig. 2.9 Schematic of the FMCW radar for gesture recognitions [106].

dependent on the distance between the transmitter (TX) and the receiver (RX), which
needs to be calibrated when measuring only the heartbeat rate and respiration rate. The
ultra-wide bandwidth can enable the high spatial resolution on the target objects. Since
UWB occupies a large bandwidth, high data rates can be achieved. However, the
inherent problem of the UWB-based method is its limited range owing to low power
transmission, multipath effects, and interference effects, which can be addressed to some
extent by leveraging the phased-array techniques.

On the other hand, the FMCW radars are capable of monitoring various kinds of
vital signs, including heartbeat rate and respiration rate [22], [23], [106], [110], [114],
[115]. The block diagram of the FMCW radar is shown in Fig. 2.4, where the frequency-
modulated waveform is generated from the frequency synthesizer and the coherent
demodulation is implemented at the receiver, where the ranging information can be

obtained. Considering that the phase of the FMCW radar signal at the receiver is
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sensitive to micro-movements of the subject, the tiny displacements induced by
respiration or other physiological movements can be extracted accurately by the
coherent processing on the echoed signals at the receiver [22]-[24]. Moreover, phased-
array radar sensors demonstrate capability on high-resolution imaging [31], [126].

A phase tracking CW radar sensor for noncontact respiratory and heartbeat
monitoring has been developed by IMEC, the architecture of which is shown in Fig. 2.5,
where the phase-locked loop (PLL) is leveraged to achieve accurate phase tracking. The
reflected signal from the chest-wall is with phase modulation proportional to the micro-
movement caused by heartbeat or breathing movements of the chest wall. Through the
demodulation of this phase in the receiver, the heartbeat rate and respiration rate signal
can be recovered [26]. However, it needs to assume that the body is not moving. When
the body moves relative to the transceiver direction, the Doppler frequency shift is
decided by both the macro movements and micro-movements like heartbeat or
respiration, leading to the inaccuracy of vital signs monitoring [27]. The effects caused
by body movements can be calibrated by further digital signal processing.

A UWB chirp-based chip-scale radar sensor for vital signs monitoring has been
presented by IMEC [107], [119], where the digital controlled oscillator (DCO) with
embedded Domino chirp generation is used for fast chirp generation [28]. The
transmitted pulsed chirp signal and the receiver output signal are shown on the right side
of Fig. 2.6. The received echoed radar signal is processed by the de-chirping, filtered by
both the high-pass filter and low-pass filter, and digitized by the ADC. An SoC UWB
pulsed radar sensor is presented by University College Cork, Ireland, the diagram of
which is demonstrated in Fig. 2.7, where the pulse generator transmits the pulses, and
the received signal is processed by coherent mixing and integration by the AFE of the

receiver. The system can achieve ranging and respiration monitoring. A 4-channel
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Fig. 2.10. Geometry of radar and target with translation and rotation [42].

sampling CMOS impulse radio radar sensor was developed by Electronics and
Telecommunications Research Institute, Korea, which is illustrated in Fig. 2.8, where
the transmitter, the 4-channel receiver, and the embedded digital control module are
integrated on a single chip. The system can achieve improved SNR by the multi-channel
sampling; moreover, a 100-ps resolution can be enabled by the triple-DLL [28].

A highly integrated 6-channel FMCW radar sensor with the antenna-in-package
for gesture recognition and short-range communication has been developed by Google
and Infineon Inc [106]. The diagram is illustrated in Fig. 2.9, where the RF front end,
analog front end, serial peripheral interface (SPI), and sensor control units are integrated
on-chip. Moreover, the high bandwidth communication can be achieved simultaneously
with the radar. The patch antennas at the receiver have a combined antenna gain of
around 10 dBi, while each transmitter antenna is with a gain of about 6 dBi. The
transceiver on-chip contains an integrated VCO wide tuning range, which achieves a

measured phase noise lower than —80 dBc/Hz at 100 kHz offset. The acquired radar
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signal is further processed by the artificial intelligence (Al)-assisted algorithms in the

digital domain to achieve precise gesture recognition and classification [106].

2.2.2 Radar Signal Processing Methods for Healthcare Monitoring

It is observed that the Doppler frequency shift will happen when the objects move
away or toward the radar. However, if the target or any structure on the target has micro
vibration or rotation in addition to its bulk transition, as shown in Figure 2.10, it will
induce a frequency modulation on the returned signal. From this modulation, sideband
signals are generated from the main bulk Doppler frequency shift, which is called micro-

Doppler shift. Here the total Doppler frequency shift can be represented as

f=£[l7 +OXF ] where 7, &, and 7 represent translation velocity with respect to the
C

radial

radar, rotation angular velocity, and range location, respectively. The first term is the
Doppler shift due to the translation, and the second term is the micro-Doppler due to the
rotations of the object [42]. The accurate expression for the induced micro-Doppler
frequency due to the different micro-movements such as rotation, vibration, tumbling,
etc. can be rigorously derived. Generally, the returned signal phase includes the
information of the distance between the radar and the object, radical velocity, and micro-
Doppler frequency shift caused by movements. The Doppler effect is used to realize the
detection and recognition of the falling. Although multiple dimension parameters can
be detected and estimated, the complexity of the system configuration and signal
processing increases greatly with many high-speed high-power circuits, making real-
time monitoring more difficult and less accurate. To reduce the power consumption and
improve the accuracy, the coherent detection FMCW radar sensor enabled by the on-

chip frequency synthesizer and mixer is usually used.
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For accurate tiny movements monitoring, such as detecting the heart rate variation,
specific algorithms need to be developed to extract the weak target signals. In [6], the
Gaussian pulse train model and frequency-time phase regression (FTPR) algorithm are
leveraged to detect heart rate variability. The flowchart of the algorithm is demonstrated
in Fig. 2.11. The recorded in-phase (I) and quadrature (Q) channels of the CW Doppler
radar will be fed into a computer for processing. The dc offset cancellation is
implemented at each channel, which will remove the dc component by subtracting their
corresponding mean values from each of the I and Q signals. The I and Q signals are
then passed through a filter bank consisting of a set of low-pass and bandpass filters.
The data after LPF is used for respiration recovery. The data for heartbeat analysis is
generated by the bandpass filtering of I and Q channels, which removes the breathing

signal and the higher frequency noise signals. The filtered signals are merged to form a
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complex time-domain signal. The complex signal is then processed with the FTPR
analysis, FFT on the complex signal’s autocorrelation, peak detection, IFFT, and phase
regression to obtain the desired frequency corresponding to the heartbeat movement [6].

The UWB impulse radar sensor can be leveraged for accurate heartbeat detection,

where an experimental UWB setup is demonstrated in Fig. 2.12 (a) to realize healthcare
monitoring through a wall. The principal component analysis (PCA) algorithm is

leveraged to analyze the time series data and extract the heartbeat information through

the phase variations in the time domain, where the recovered heartbeat waveform by the
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PCA algorithm is illustrated in Fig. 2.12(b) [109]. The impulse-radio UWB (IR-UWB)
receiver can also be realized with time-correlator implemented by the analog technique,
where at the receiver, the energy collected by the antenna is amplified by a low-noise

amplifier (LNA) and a variable gain amplifier (VGA). Then the amplified signal with a
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TABLE 2-1.
Comparison of Features of Different Radar Sensors

Feature FMCW UWB Pulse Single
Frequency CW
Detection High Middle to High Middle
Accuracy
Ranging Long Middle No
Localization Yes Yes No
Frequency Flexible FCC mask High
Doppler Detection Very Good Good Yes
Tiny Motion Excellent Good to Good
Detection Excellent
High SNR Yes No Yes
System Complexity Middle Low to Middle Low
Power Middle Low to Middle Low
Consumption

suitable level is passed through a time-domain correlator realized by mixer and
integrator. The template generator is leveraged to realize the demodulation, relaxing the
requirements of the constituent ADC and reducing the overall power consumption [111].

A typical FMCW radar sensing experimental setup for precise indoor localization
and versatile life activity monitoring is illustrated in Fig. 2.13, where (a) demonstrates
the board-level radar system realized based on commercial blocks, (b) demonstrates the
synchronization setting for the signal generator and the data acquisition module (DAQ),
and (c) shows the block diagram of the prototype hardware and the signal processing
blocks for realizing ranging, tiny movement detection, and gesture recognition. Fig. 2.14
demonstrates the signal processing flow, starting from the baseband signal, the beat
signal is used for ranging and the interferometry signal is processed to obtain tiny
movements. The antenna is controlled to focus the beams on the target’s direction.

The comparison and summary of the features of different kinds of radar sensors are
presented in Table 2-1. Potentially, combining the advantages of the full bandwidth and
the micro-doppler radar can detect tiny physiological signals with high range resolution

as well as time resolution. The FMCW radar sensor realized by advanced CMOS
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TABLE 2-2.

Summary of Chip-Scale CW and FMCW Radars

ISSCC TMTT TMTT JSSC 2016
Propertics ISSE(I: 42]019 2018 2020 | 2020 [106]
[115] [116] [117]
DAC+Mixer+
MPS+Tx Peak
Integrated Tx+Rx + TxtR ArraviR Detector+VC
Functions on Tx+Rx Control xTRR ay’ X O+SPI+Frequ
. ) +SPI
Chip Logic ency
Divider+Mux
+Buffer
Modulation CW Sawtooth
Method FMCW FMCW Doppler FMCW Modulation
Tx Output 1 GHz
Bandwidth 13 GHz 4 GHz n.a. 1 GHz.
Center Frequency 145 GHz 79 GHz Cl}(})I:Sz 10 GHz 60 GHz
) Horn Vivaldi | Patch Antenna
Antenna Type On chip In Package Antenna | Antenna
Technolo 28-nm 45-nm 65-nm 65-nm 350nm SiGe
gy CMOS CMOS | CMOS | CMOS
Power 3500+ 262 900 mW
Consumption >00 mW mW mW 262 mW
IF Bandwidth
(MHz) 17 15 15 10 0.01-1
Active Channel | ITx+IRx | 3Tx+4Rx ITXX“R ATx+IRx | 2TXTARX
Two-
Beam-Steering na na na Stage na
Methodology ' ' ' Beam- '
steering
Sienal Processin Filterin Ranging/Com
& & FFT FFT g& ITPA | munication
Method
FFT
Localiza na YES na. YES YES
tion
. Respirati n.a n.a YES YES n-a.
Functi on
ons Heaitbea YES na. YES YES n.a.
Hand YES n.a. n.a. YES YES
Gesture

techniques can be leveraged to enable real-time, accurate monitoring on multimodal

vital signs like respiration rate or heartbeat, gaits, and accurate detecting on specific

movements like falling based on specified algorithms processing in both the time
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TABLE 2-3.

Summary of Chip-Scale UWB Radars
) ISSCC IS5C ISSCC 2019 | ISSCC 2011 | JSSC 2017
Properties 2010 2014 [119] [28] [30]
[118] [26]
Pulse
Generator +
Inteerated Tx+Rx+ | ADC+LPF+ Delay
Fun(?t%o?l : o, | Tx*Rx+SP | DLL+ | HPF+LNA/ | Generator + | TX/RXFE+
Chi I Control | Mixer+DC Shaper ADC
p Logic O+PA +LNA
+Mixer+
Integrator
Modulation OOK/BPS }
Method K UWB Burst Chirp | UWB Pulse | UWB Pulse
Measured Tx
Output 1 GHz 2 GHz 0671_{02'8 n.a. 11' 452%?
Bandwidth ) ’
Center 7.29 GHz,
Frequency 4 GHz 4GHz | 6.8-8.2 GHz | 2.8-5.4 GHz 2,748 GHy
Architecture UWB Impu} ¢ | Burst Chirp | UWB Pulse | UWB Pulse
Impulse Radio
Horn
Antenna Type n.a. Antenna n.a. n.a. n.a.
Technol 180-nm 130-nm 40-nm 90-nm 55-nm
CenoiogY | cMmos CMOS CMOS CMOS CMOS
Tx:
0.92nJ/Bit
. fovgfrﬁ i Rx: 2fln:1\1?]/lc 19mW | 732mW | 118mW
onsumptio 5.3nJ/Bit anne
@1Mbps
Sensitivity
(dBm) -82t0-90 -70 n.a. n.a. n.a.
Active Channel | 1Tx+1Rx | 1Tx+4Rx | 1Tx+1 Rx 1Tx+1 Rx 1Tx+1Rx
Signal Ranging & Fourier ii?lglgg/gé Rance-
Processing  |[Communicati| Transfor FFT £y £
and Doppler
Method on m
Integrator
Communicatio
1 Rate 1 Mbps n.a. n.a. n.a. n.a.
Logahz YES n.a. n.a. YES n.a.
ation
Func | Respira | - YES YES YES YES
tions tion
Heartb n.a. n.a YES n.a. YES
eat
domain as well as in the spectrum.

The summary of the state-of-the-art chip-scale bio-radar sensors is shown in Table
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2-2, where the critical parameters like bandwidth, carrier frequency, power consumption
are presented [106], [114]-[117]. It is clearly demonstrated that the FMCW radar can
achieve localization on subjects while it is hard for single-frequency CW radars.
Moreover, FMCW radars can enable communication within the bandwidth
simultaneously when operating for health sensing. With the increase of the center
frequency, the antennas can be integrated in-package, further reducing the system’s
volume. To obtain the healthcare information, the received radar signal can be processed
by FFT in the frequency domain as well as specific processing in time domain to attain
real-time monitoring on heartbeat and respiration variability.

A summary of typical chip-scale UWB radar sensors is presented in Table 2-3,
where the UWB frequency band is between 4 GHz to 9 GHz [26], [28], [30], [118],
[119]. The impulse UWB architecture can be used for ranging and vital signs monitoring
at the same time. Moreover, the UWB radar has the potential to realize communication
with the FCC standard at the same time. It is promising to leverage the advantages of
UWB and FMCW techniques to achieve precise localization and accurate multimodal

vital signs monitoring at the same time based on one integrated radar sensor [28].

2.3 Photoacoustic Sensor Systems for Noninvasive In Vivo

Physiological Signs and Imaging

Besides the radar sensors for noncontact multimodal vital signs monitoring and
specific movement detection, portable biomedical applications like temperature
monitoring and in vivo vessel imaging for potential disease diagnosis are required for
pervasive health applications, where sensors leveraging multi-physical mechanisms are
used. Photoacoustic and thermoacoustic effects refer to the acoustic generation induced
by a pulsed electromagnetic wave, such as laser, microwave, or recently proposed
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magnetic mediation due to the thermo-elastic characteristic [51],[52]. In the recent
decade, the photoacoustic technique demonstrates its significant potentials for
biomedical sensing and imaging applications. Although photoacoustic imaging could
break through the optical diffusion limit by converting photons to ultrasound and
sustaining high spatial resolution in deep tissue, the sensitive detection of the weak
photoacoustic signal is a long-standing challenge, especially for deep tissue imaging
[53]. Due to strong optical scattering and absorption, it is hard to achieve high energy
conversion efficiency from optical to acoustic energy. Moreover, it is necessary to be
implemented with strict ANSI safety standard limit (<20 mJ/cm?) [54].

A pulsed laser will illuminate the sample to induce the transient acoustic emission
in a typical photoacoustic sensing system, which will be detected by ultrasound
transducers. The photoacoustic effect can be leveraged to monitor various kinds of
physiological signs non-invasively, showing the potential to be harnessed conveniently

for pervasive healthcare monitoring and potential disease diagnosis in the IoE era.

2.3.1 Photoacoustic Principle

The photoacoustic effect refers to the acoustic wave generation of the tissue
through the thermoelastic mechanism when illuminated by intensity-modulated light.
As illustrated in Fig. 2.15, a pulsed laser illuminates the blood vessel that contains the
target, such as red blood cells, to be detected. The target absorbs part of the laser energy,
undergoes thermal expansion, and then launches acoustic waves detected by the external
ultrasound transducer. The multi-wave sensing technique has shown its potential for
various kinds of biomedical applications considering its capability to enable high-
resolution in-depth in vivo imaging, which can detect the target in several-centimeter

depth utilizing the rich optical characteristic. Moreover, the flexibility in configuring

26



Data Acquisition

Laser pulse Thermal Acoustic Wave Ultrasound
& Absorption Expansion Generation Detection for f;l:gl?fgand
Pulsed Laser e -
'//’::::\\\\\
@ \ T / ’///// \\ \\ \\
II / / \| [
> < > y ! ]
AN ,'//I )/ Ultrasound DAQ
'

\ ~
/ ~— W N T~—---_7 7  Transducer
| N ~ < -
~

S_——-

Fig. 2.15. Photoacoustic phenomenon and the sensing and imaging on target.

the photonic and ultrasonic parameters allow it to be customized in vastly different
applications scenarios with target scales varying from organelles to organs and
penetration depth from several millimeters for the superficial layer to the depth of
several centimeters for in-depth in vivo tissue imaging and sensing [51]-[54], [68].

Nowadays, several kinds of photo-acoustics systems have been demonstrated. A
functional photoacoustic microscopy system with compact size has been developed,
enabling a 15-um imaging resolution with a 3 mm penetration depth. The PA endoscopic
probe with an outer diameter of 3.8 mm and an intravascular PA probe with an outer
diameter of 1.2 mm was designed to realize the PA sensing and imaging with compact
size and convenient deployment [51], [53], [55]. Moreover, a photoacoustic tomography
system has been presented to achieve the in vivo imaging of a rat's whole brain with the
skin and skull intact in a non-invasive way [58]-[60].

The spectroscopic nature of the PA effect can be further leveraged to quantify the
concentrations of specific chromophores via their spectral signatures, where the
spectroscopic measurement of blood oxygen saturation (SpO2) can be achieved with
high accuracy [62]. Also, the in-depth blood core temperature can be obtained by the
PA sensing in a non-invasive way, demonstrating the potential to enable non-invasive

and accurate temperature monitoring for COVID-19 disease diagnosis and monitoring.
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2.3.2 Photoacoustic Sensor for Non-Invasive Temperature Monitoring

Non-invasive temperature measurement solutions generally depend on using
various kinds of waves that can penetrate a material to sense specific physical
parameters in a direct or indirect way. Different sensing mechanisms can be used, which
include mechanical waves like ultrasound, electromagnetic waves like radiofrequency
and light waves, and thermal waves [68]. Each sensing mechanism is with its own
advantages and limitations. Portable and low-cost diagnostic ultrasound-based methods
can penetrate deep into the human body and provide real-time temperature information.
However, the accuracy of this method is limited due to its weak sensitivity to
temperature. Magnetic resonance thermometry is currently the most accurate method in
measuring in vivo temperature, considering its excellent detection sensitivity and high
spatial resolution. However, it is only suitable for scenarios where the temperature
variation is relatively slow due to the high cost and large size for generating the magnetic
fields, preventing the usage in portable or wearable sensor applications with low cost
and low power consumption. Infrared thermography can enable continuous temperature
monitoring with better than 0.1 Celsius accuracy, but it can only sense the temperature
at the surface of an object with a depth smaller than 0.5 mm. As pure optical methods
are sensitive to tissue physiological parameters, including temperature, it owns the
potential for temperature monitoring. However, the strong scattering of light within in
vivo scenario precludes it from achieving high-resolution in-depth temperature
monitoring on the carotid or pulmonary artery [68].

The methods mentioned above are all with significant limitations as they only
leverage one specific physics sensing mechanism. None of them can enable heat strain
monitoring, which is essential for in vivo temperature monitoring. Considering that

photoacoustic sensors leverage the multi-physical sensing mechanism where the
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Fig. 2.16. Schematic of a typical photoacoustic sensing device for blood temperature.
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signal and the PA response signals; (d) Final system setup and illustration of each
part. FC: fiber coupler, LD: laser diode, MMF: multimode fiber, PD: photodiode, Tx:
Transmitter, VGA: variable gain amplifier, LNA: low noise amplifier, DSP: digital
signal processor, ADC: analog to digital converter [68].

advantages of both optical and acoustic are achieved. The high contrast and sensitivity
are enabled by optical sensing while a fair resolution is achieved based on ultrasound
sensing, enabling non-invasive in-depth blood core temperature measurement with
excellent accuracy, which 1s promising for Covid-19 monitoring recently.

Several researches on photoacoustic temperature sensing in various applications
scenarios like monitoring radio frequency (RF) ablation and high intensity focused
ultrasound therapy, etc. The reported temperature measurements vary in accuracy and
resolution, depending on the applications. The temperature in a single cell had been
measured with an accuracy of 0.2-degree Celsius. A temperature monitoring system for
cancer therapy can achieve 0.16-degree Celsius accuracy when ignoring the laser energy
fluctuations. It was reported that an improved temperature sensitivity of 0.15 Celsius

degree was obtained in a 2-second temporal step and 0.015 Celsius degrees by summing
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Table 2-4.
Comparison of Features of Different Non-Invasive Temperature Monitoring Sensor

Types [68]
Technology | Penetration | Sensitivity System Power Real
Complexity | Consumptio | Time
n
Photoacous | Middle to High Middle Low to Yes
tic High Middle
Ultrasound High Middle Middle Low Yes
MRI High High High High No
Pure Low High Middle Low Yes
Optical
Infrared Low High Low Low Yes

and averaging on the detected signals, while the temporal step is 200 seconds in this
case. The measurement accuracy is highly scalable corresponding to the sampling
periods. Table 2-4 demonstrates the comparison of features of different non-invasive
temperature sensors. The main advantage of the PA sensor is its middle system
complexity, low to middle power consumption, middle to high penetration, and the
configurable accuracy to meet the requirements of various kinds of temperature
monitoring scenarios [68].

A typical photoacoustic sensing system for blood core temperature monitoring is
demonstrated in Fig. 2.16. The block diagram is illustrated in (a), the control unit is
realized based on FPGA to set the laser driving circuit as well as process the received
PA signals by the AFE formed by LNA, VGA, filter, and ADC [68]. The acoustic sensor
and optical sensor are illustrated in (b), where the polydimethylsiloxane (PDMS) layer
is used for coupling between the object and the sensor. The trigger signal and the PA
response are demonstrated in (¢). The system setup, including FPGA, laser driver, laser
diode, and LNA are illustrated in (d). The whole system is realized by commercial
blocks implemented on PCB; although it is claimed in [68] that the system is portable

or wearable, there is still room to further reduce system’s size using CMOS techniques.
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2.3.3 Photoacoustic Sensor for In Vivo Imaging

Besides in-depth temperature monitoring and physiological signs sensing, another
essential application of the PA sensor system is in vivo imaging. Nowadays, medical
ultrasound imaging contributes to a more critical role in disease diagnosis and healthcare
monitoring [44]-[50]. Compared to cross-sectional imaging techniques such as magnetic
resonance imaging (MRI), X-ray-computed tomography (CT), and positron emission
tomography (PET), etc., ultrasound imaging does not need the ionization process, which
requires an expensive, bulky system to realize the function, and the ionization process
is usually harmful to the human body. Compared to conventional US imaging system,
the magnitude of the acoustic pressures induced by the PA effect is much smaller, where
a typical clinical US scanner can produce focal peak pressures greater than 1 MPa while
the PA-induced pressure amplitudes are typically less than 10 kPa; thus, the nonlinear
acoustic propagation is avoided. The low PA pressure amplitudes also indicate fewer
hazards compared to US exposure [68].

To miniaturize the volume of the imaging devices and avoid potentially harmful
ionizing radiation, ultrasound technique is preferred to produce a real-time image output
with a higher temporal resolution [1]. Moreover, with the development of software-
based imaging techniques and the miniaturization of commercial electronics devices,
nowadays, some kinds of ultrasonic sensor systems with compact sizes have been
developed [45]-[50]. However, such a sensor system's overall cost is still high,
considering that a commercial GPU, CPU, or FPGA is needed. To further miniaturize
the volume and decrease the power consumption of the system, it is necessary to achieve
the co-design and coordinated optimizations of the customized integrated circuit and

systems with specific signal processing algorithms.
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Fig. 2.17. PA imaging with ultrasound imaging probe. (a) Two-dimensional array
probe and (b) Linear array probe for dual mode PAT-US imaging [89].

For PA or thermoacoustic imaging, modulated pulsed electromagnetic radiation is
used to irradiate the target tissue and generate the ultrasound waves [51]-[54], where the
optical wavelengths with the spectrum between 550 and 900 nm in the visible and near-
infrared (NIR) part are usually used. The NIR spectral range 600-900 nm can provide
the maximum penetration depth extending to several centimetres. By optical excitation,
specific tissue chromophores such as haemoglobin, melanin, water, or lipids will absorb
the optical energy and produce a rapid conversion to heat, which will induce a
temperature rise of less than 0.1 K [89]. The temperature rise is well below the level
that can cause physical damage or physiological changes. The heating induces the
increase of pressure, accompanying the relaxation of the pressure, the emission of
broadband low-amplitude acoustic waves within tens of megahertz frequency range, and
less than 10 kPa pressure will occur. The acoustic wave will propagate to the surface
and be detected by a mechanically scanned single ultrasound receiver or by a receiver
array. Imaging can be formed directly or to be implemented with a reconstruction

algorithm based on the back-projection method or multi-channel beamforming
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Fig. 2.18. Experimental setup of the coherent PAUS correlation and imaging. ConL,
condenser lens; FC, fiber collimator; MMF, multimode fiber; ND, neutral density;
BS, beam splitter; PD, photodiode; US, ultrasound transducer [58].

techniques [89], by which the resolution and contrast can be improved.

As sources of PA and US imaging are fundamentally different, the contrast of the
constructed images is different. The US image indicates the mismatch of acoustic
impedance between different tissues, where the contrast of the US image 1s determined
by the mechanical and elastic properties of tissue. The PA imaging is determined by the
initial distribution of the pressure induced by the exciting laser, reflecting the tissue’s
properties of optical absorption and scattering. A typical solution is to vertically offset
the array from the tissue surface, fill the intervening space with an optically transparent
acoustic coupling, then the laser light is delivered obliquely to the tissue surface beneath
the array [89], the process is illustrated in figure 2.17(a). A linear array is used for two-
dimensional imaging where the laser beams are delivered in orthogonal to the array's
length axis. However, the requirement for a spacer puts a limitation on the dimensions
of the two-dimensional array that can be used—the larger the area, the greater the
required spacer thickness. Thus, the effective detection aperture and the image quality

are decreased. Figure 2.17(b) demonstrates a specific implementation in which a
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commercially available diagnostic linear array probe and a pair of fibre bundles are
integrated to form a hand-held dual-mode US-PA imaging head. The system can realize
real-time two-dimensional PA and US imaging at 10 frames per second and can enable
relatively deep tissue imaging applications [89]. Furthermore, the PA imaging and US
imaging can be leveraged in a synergetic way to enable the enhanced imaging
performance, where a photoacoustic-ultrasound correlation coherent detection method
was proposed in [58]. As demonstrated in Fig. 2.18, the PA signal and US signal are
acquired and processed by a coherent correlation method, which is realized in an easy
and relatively compact form based on commercial devices. However, the main
limitation is that the system is built up based on discrete devices, leaving the room for
further integration within a smaller volume and lower power consumption.

Figure 2.19 demonstrates a typical PA imaging technique, where the excitation
light sources are implemented around the receiver so that the excited PA signals from
all directions can be collected. The system reduces the large PA signal generated at the
surface, usually obscuring the in-depth tissue signals. The system is implemented with
a motor control system enabled by the personal computer (PC) and the DAQ. The x-y
imaging of the scanned forearm is presented in Fig. 2.19(b) and (c). The vertical x-z
slice image taken along the vertical line of Fig. 2.19(¢c) is shown in Fig. 2.19(d) [90].

Furthermore, 3D imaging can be achieved based on PA sensor systems where both
the transducer and the excitation beam are mechanically scanned over a planar surface
to detect the target. The transducer detects the induced PA signals, and the imaging is
achieved at each step to generate a sequence of images. The PA signals are processed
by rectification, envelope detection, spatially resolution, and is mapped to greyscale to
realize three-dimensional imaging for disease diagnosis, such as identifying melanomas

via the morphology and composition [90].
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imaging the skin vasculature. (a) System schematic, (b) region of forearm scanned, (c)
lateral x—y MIP image, (d) vertical x—z slice image taken along vertical line in (c) [90].

It also needs to be mentioned that FPGA can now support efficient backend
processing for US imaging or PA imaging in a configurable and convenient way [113].
As demonstrated in Fig 2.20, a low-cost, compact, high-speed, and programmable
imaging system based on FPGA is used for dual-mode forward-looking vascular US and
PA imaging. Fig. 2.20 (a) demonstrates the PA/US system's schematic where the FPGA
is used to control the laser, and the imaging process is achieved by the FPGA backend,
where the system is implemented in the register-transfer level. The FPGA, ADC board,

and CMU sensing front-end used in the system are demonstrated in Fig. 2.20(b) [113].
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2.4 Summary of Review

In this chapter, the design considerations and the challenges for the efficient
compact-sized biosensors for the IoE era are presented by reviewing the papers on the
radar sensors for noncontact health status monitoring and the photoacoustic sensor
platforms for non-invasive physiological signs detection such as temperature monitoring,
vessel imaging for potential disease diagnosis. Moreover, effective and efficient
algorithms for sensor data processing are reviewed. The thesis will present a chip-based
solution towards seamless pervasive healthcare monitoring and accurate potential
disease diagnosis, leveraging the radar sensor and photoacoustic sensor's advantages.
The CMOS-integrated radar sensors are deployed to monitor multimodal vital signs and
detect specific movements like falling. The chip-based photoacoustic sensors are
designed in a portable or wearable format for blood core temperature monitoring and in
vivo vessel imaging, which is essential for the potential disease diagnosis. The
healthcare monitoring with low power consumption and efficient near-sensor signal

processing capabilities can be realized in an integrated edge sensing chip platform.
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Chapter 3
CMOS-Integrated Radar Sensor Design for
Multimodal Vital Sign Monitoring, Falling Detection,

and Versatile Sensing

The aging of the world’s population leads to increasing requirements for healthcare
monitoring [1]. Through the global aging, chronic diseases are becoming the world’s
critical health problem; where, according to the World Health Organization (WHO), the
number of deaths caused by cardiovascular diseases is estimated to be 17.9 million per
year [1]. Continuous health monitoring meets the great interest of doctors and healthcare
practitioners for a long time as physiological signs can be used as critical indicator
disease conditions. Moreover, continuous monitoring of multimodal vital signs can be
preventive to many severe life attacks [2], which is essential for the elderly or patients
care. The vital signs related to abnormal respiration, heartbeat rate, and falling are
expected to be monitored continuously to prevent possible disease-induced accidents,
which are complementary to the clinical settings [2], [3]. In the COVID-19 pandemic,
it is more essential to realize pervasive and convenient health status monitoring.

Among the possible sensor solutions for pervasive healthcare, considering that
radar sensors are superior in detecting range and movements, it is suitable to be used to
monitor various kinds of health indicators, including micro physiological signs like
respiratory ailments [4], [5], heartbeat disorder [6], [7], and human activities like falling,
etc. Moreover, as radar signals can penetrate through plastic, the radar sensors can be
mounted behind a fagade, enhancing the aesthetics of the solution for pervasive

healthcare monitoring [7]-[9].
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This chapter is organized as follows; the radar sensor techniques for healthcare
applications are illustrated explicitly in Section 3.1. Section 3.2 describes the system
architecture of the novel CMOS-integrated phased-array radar sensor and the algorithms
used for subject localization and physiological signs monitoring. The accurate beam-
steering (ABS) is enabled by the two-stage phase tuning at the transmitter (Tx), and the
steered signal is transmitted via the Vivaldi antenna array. The interferometric time-
phased analysis (ITPA) algorithm is implemented to monitor various kinds of
physiological signs. Section 3.3 illustrates the experimental verifications of the system’s
capabilities to locate the subject, detect the falling, and monitor various physiological
signs, including respiration rate and heartbeat rate at various beam-steering angles.
Comparison and discussion are shown in Section 3.4. The 1TX-1RX Ku-band radar chip
applications are explored in Section 3.5. A vernier DLL based clock generator design
for phased array is demonstrated in Section 3.6. A mixed-signal //Q based radar sensing

method is discussed in Section 3.7. Finally, the summary is given in Section 3.8.

3.1 Chip-Scale Radar Sensors for Healthcare Application

As illustrated in Fig. 3.1(a), conventional healthcare sensors consisting of one-
transmitter one-receiver radar need to be deployed at various positions to cover the wide
monitoring angle range [10]. However, this method requires many radar sensors,
introducing complex networking, over-sampled data, low efficiency, high power
consumption, and high cost. Furthermore, it remains challenging to design a radar sensor
that can be applied for ubiquitous health monitoring with a wide coverage range, low
cost, compact size, and easy deployment.

In general, there are several kinds of radars for monitoring vital signs. For the

narrowband Doppler radar technique, a continuous sinusoidal wave is sent to the subject
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person [11]-[13]. The reflected signal from the subject’s chest surface contains the phase
modulation, which is proportional to the micro-movements induced by heartbeat and
respiration. Through demodulating this phase at the receiver, the vital signs like heartbeat
and respiration signatures can be extracted and recovered [9], [12]. Another approach is
to employ the ultra-wide bandwidth (UWB) pulses to detect the heart rate and breath rate
by sending very short and repetitive waveforms toward the target person’s chest surface
[14]-[19]. The echoes will be received carrying a round-trip time delay proportional to
the movement of the chest surface with respect to the transmitted waveform, which can
focus on the phase information introduced by the modulated time delay, acquiring both
high-resolution range profile and Doppler characteristics, enabling accurate multi-modal
vital sign monitoring [20], [21], [35]. On the other hand, frequency-modulated
continuous-wave (FMCW) radars are capable of monitoring various kinds of
physiological signs, including heartbeat rate and respiration rate [22], [23]. Since the
phase of the FMCW radar signal at the receiver is extremely sensitive to micro-
movements of the subject, the tiny displacements induced by respiration or other
physiological-relevant movements can be extracted and monitored precisely by
processing the phase variations of the echoed signals at the receiver [22]-[24].

With the development of complementary metal-oxide-semiconductor (CMOS)

technology, essential electronic components of the radars can be integrated into a single
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chip [26]-[31], [92]. Radar sensors with a high-level integration can be embedded in a
large quantity in the ceilings, walls or corners at various scenarios [25]-[27], boosting the
cost-efficient noncontact solution for healthcare monitoring. Moreover, it is imperative
to deploy the beam-steering technique to monitor the subjects, where the noncontact
devices and algorithms are optimized jointly to enable the efficiency and effectiveness
on healthcare monitoring in a wide field-of-view (FoV) [19], [31], [32], [36], [81].
Leveraging the advantages of the FMCW radar to enhance the spatial and temporal
resolution for detection as well as the CMOS phased-array technique, a chip-scale
phased-array radar sensor is presented, which is shown in Fig. 3.1(b). The radar sensor
can achieve the localization on subjects, monitoring on physiological signs, and detection
on falling within a wide FoV with low power consumption and compact size compared

to conventional radar sensors realized by bulky and discrete instruments.

3.2 CMOS-Integrated Radar Sensor Design

For healthcare monitoring, considering the signals related to physiological signs are
usually very weak, and some specific displacements need to be discerned accurately, a
radar sensor with electronic beam control is preferable to align the beams to the subject,
which enhances the signal-to-noise ratio (SNR) at the selected spatial direction [30]-[32].
Besides, the chirped signal transmitted by the radar is suitable for detecting the
physiological signs with improved range resolution. Hence, the CMOS-integrated
phased-array radar, which can generate a chirped waveform on-chip, is adopted to realize
broad spatial coverage with fine steering precision. Fig. 3.2 demonstrates the architecture
of the proposed CMOS-integrated phased-array radar sensor, where the four-channel
transmitter and the one-channel receiver are integrated on-chip. Deep N-wells and metal

fence walls are used as shielding wall to isolate RF building blocks from the substrate-
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Fig. 3.2. CMOS-integrated phased-array radar sensor for vital sign monitoring and
falling detection [117].

coupled noise. Combined with the ITPA algorithm, the chip-scale phased-array radar
sensor can enable a high-performance solution on subject localization, multimode vital
sign monitoring, and falling detection.

The CMOS-integrated phased-array radar occupies only 5.8 mm? silicon area and
can cover 60° FoV with 740.7 mW power consumption. To generate fast chirp signal
with high linearity, a DDS is typically adopted considering its open-loop nature for fast
response. However, it normally works at low frequency from several tens to several
hundred megahertz (MHz) with narrowband chirp for enabling the low power
consumption [94], [95]. Therefore, the output frequency and bandwidth of DDS are
multiplied by using a PLL-based chirp synthesizer converting it into the RF frequency
range. By the phase control on-chip, the four transmitters send signals simultaneously
with the coherent superposition; thus, the amplitude of the transmitted signal is enhanced.
To obtain spectrally efficient chirps, transmitters need stringent linearity and low noise
across the process corner, supply voltage, and temperature (PVT) variation.

X-band chip-scale radar sensors have been explored widely nowadays [96]-[103].
The broadband Vivaldi antennas are employed for transmitting and receiving the X-band

chirped signals. By using the four-antenna array, the signal gain is enhanced by the array
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factor. With the echoed waveforms from the subject being received, the coherent de-
chirping is firstly performed to the signal. Then the de-chirped signal, which is coherent
to the RF signal, is amplified by an intermediate frequency (IF) amplifier and processed
by the ITPA algorithm to realize localization on the subjects, monitoring on various kinds

of vital signs, and detection on the falling movements [104], [117].

3.2.1 Link Budget Analysis for the Proposed Integrated Radar Sensor

The link budget analysis for the radar system is illustrated in Table 3-1. According

to radar theory [40], the returned power to the receiver antenna is expressed as

P G.G, Ao
= 3.1)
P (4n) R'L,

where the estimated parameters are listed in Table 3-1. Pr and Pr represent the
transmitted power and the power returned to the receiver antenna. Gr represents the
transmitter antenna gain and G represents the receiver antenna gain. Ly is the term
accounting for the total system loss, which is estimated to be about -5 dB. < is the radar
cross-section of the chest. The range R is 1.5 m, and the wavelength A of the transmitted
signal is 3 cm corresponding to the 10 GHz center frequency. The echoed power Pk is
estimated based on the parameters in Table I and is calculated according to (3.1), which
is about -70 dBm when detecting vital signs where the signal is reflected from the chest.
The noise figure of the receiver is around 6 dB. Considering that the receiver bandwidth

B is about 10 MHz, the thermal noise floor is estimated as [39]

P, = =174dBm + NF 4+ 10log,¢o(B) = —98dBm. (3.2)
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Table 3-1.
Link Budget Calculations.

Transmitter Output (Pr) 0 dBm
Center Frequency (f.) 10 GHz
Tx Bandwidth (BW) 1 GHz
Rx Bandwidth (B) 10 MHz
Average Tx Antenna Array Gain (Gr) 12 dBi
Average Rx Antenna Gain (Gg) 8 dBi
Thermal Noise Floor (P,) -98 dBm
System Loss (L) -5 dB
Radar Cross Section (o) -15 dBsm for the chest
* Received Power from Antenna (Pr) Min: -70 dBm
Noise Figure (NF) 6 dB
De-chirping Gain (Gpe) 20 dB

*Estimated based on the distance of one-side range at 1.5m.

The compression gain of the de-chirping process realized by the mixer on-chip is

estimated as G,, =10/log( % )=20dB . The gain Grg of the receiver frontend, which is

composited by the VGLNA and the mixer, is tunable up to 25 dB. A programmable gain
amplifier (PGA) is employed after the mixer as an output buffer, which can provide a
variable gain Gir between 0 dB and 42 dB to boost the IF signal to a suitable level for

further signal processing. The amplified de-chirped output signal Ppis estimated to be

PD :})1€+GFE+GDe+GIF

. 33
=P+ (GVGLNA + Gmixer ) + GDe + GIF (33)

As the receiver frontend can provide the gain Gre with 25-dB dynamic range, the
de-chirping gain Gpe is about 20 dB, and the PGA buffer at the receiver output can enable
the gain G;r with 30-dB dynamic range, the total gain provided by the receiver can be
tuned to detect the minimum echoed signal Pr of -70 dBm. The echoed signal is amplified

to around 0 dBm by the tunable receiver frontend and the buffer amplifier.
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3.2.2 Accurate Beam-Steering Technique for the Subject Localization

in a Wide Field-of-View (FoV)

The ABS technique is realized by the two-stage beam-steering in the CMOS-
integrated phased-array radar. Based on the architecture illustrated in Fig. 3.2, the two-
stage beam-steering is achieved by configuring both the true-time delay in the delay-
locked loop (DLL)-based multiphase synthesizer (MPS) as coarse-tuning and phase
delay in the RF phase shifter as fine-tuning [30]. In the MPS, two DLLs are used to lock
for the cell delay of AT, and AT,,, respectively, by setting the corresponding number
of voltage-controlled delay cells (VCDCs), which is illustrated in Fig. 3.3 (a). The control
voltages of the VCDCs of two DLLs, V¢, and Vc,, are used to tune the two groups of
identical VCDCs in the Vernier delay matrix as the ones in DLLs to generate the true-
time delay. Hence, four channels of reference clocks with delay difference of
ATyps (i.e. ATy, — AT44) between two adjacent channels are generated, and this delay
will be preserved after going through the DDS and the phase-locked loop (PLL) [93]-
[95]. The circuit of the basic delay cell in the voltage-controlled delay lines (VCDLs) is
shown in Fig. 3.3(b). The gate voltage Vune is utilized to regulate the tail current to
perform different time delay. In the locked loops, Viune 1s provided by a low-pass filter
(LPF) that is charged or discharged through a charge pump (CP), which is determined by
the cell number in VCDLs. In this implementation, a 400-MHz reference clock is used.
The measurement results show that the operating voltage is from 0.4 to 1 V with delay
time from 884 to 47 ps, which achieves a wide tuning range at a coarse time resolution
and provides an overdesign to tolerate the fabrication uncertainties. Note that although
the absolute delay of the individual cell in the DLL VCDL is nonlinear as shown in Fig.
3.3(b), the difference in two delays (i.e., the Vernier delay) generated by two DLLs

individually is linear as the cell delay of each DLL can be digitally configured to
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coordinate with the other DLL of certain delay. Also, in the implementation, the two
DLLs are configured accordingly for the linear Vernier delay in operation, hence the
beam-steering is controlled linearly [129].

The effective beam-steering angle @ is related to ATyps, the antenna pitch and the
light speed [37]. For example, to generate AT),ps for 30° beam-steering of the chirp
signal at 10 GHz center frequency, the MPS needs to generate clocks with ATyps =
25ps in the Vernier delay matrix. Similarly, MPS provides four channels of reference
clocks with a delay of adjacent channels up to 43.3ps to cover the field of view of £60°.

On the other hand, phase shifter (PS) is employed for the fine-tuning of the RF phase to
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Fig. 3.4. (a) X-band phase shifter. (b) Circuit of the //Q current generator. (c) Measured
phase shifter gain. (d) Phase shifter phase state. (e) Relative phase [129].

enable the precise beam-steering. In the fine-tuning implementation with a 6-bit phase

shifter, the phase shifter resolution is expressed as ¢ps = 22—7; = 0.031257, which can

enable the beam-steering resolution of around 1° at 0° steering angle. The circuit of the
phase shifter is demonstrated in Fig. 3.4(a) and the circuit implementation of the 1Q
current generator is illustrated in Fig. 3.4(b). In this implementation, a 6-bit current-
steering PS 1s implemented to provide a 5.625° phase-shifting resolution for the RF signal.
A compact 6-bit binary-weighted current source array associated with a 3-bit current
bleeding current source array is implemented for constant-current calibration and phase
trimming. The output phase is configured by the difference of I and Q current sources
rather than the absolute values of them, where Iiv and Ign are 6-bit tuning DC bias current
and Iip and Ign are 3-bit fine-tuning DC bias current for I and Q path respectively, where
the 3-bit current source serve as trim bits to improve the root mean square phase error
when required. The measured phase shifter gain, phase state, and relative phase are

demonstrated in Figs. 3.4(c)-(e). Voltage-controlled MOSFET resistors are adopted in
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parallel with each resistor to compensate for the resistance variation and process
variations [129]. The RF signal is then sent to the antenna through the power amplifier
(PA) on-chip. A 1.7° beam-steering precision can be attained when the beams are focused
on the 0° direction [38]. The derivation of the fine-tuning is illustrated below

a) Derivation of delay requirement for beam-steering resolution

To achieve certain beam-steering resolution, the phase delay to be fulfilled by

phase shifter can be derived by

AT, = ATy ()~ ATy ps (8) = p- Sin(¢,-+1)c— sin(4,)

b) Derivation of phase shift requirement for generating the fine delay

For a chirp signal, where «, is the chirp starting frequency, and £ is the chirp rate,
the phase change rate is expressed as: w=w, +k. @ is considered as 2nx10 GHz for
derivation, thus the corresponding phase change is

Ap=w-AT, »

In the implementation using a 6-bit phase shifter, the phase shift resolution is

0.031257 , which represents the phase shifter resolution. When A¢ = ¢pg, the AT,y is
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1.5ps, corresponding to 1.7° beam steering resolution at 0° steering direction, meaning
that the phase shifter can enable the beam-steering resolution of 1.7°. Note that as ATmp

is proportional to cos(¢), the achievable beam-steering resolution may vary under

different beam steering angles.

As illustrated in Fig. 3.5, the delay configuration between the adjacent chirps is set
by both the MPS and the phase shifter to achieve the accurate true-time delay beam-
steering, which can finally enable the localization on the subject and monitoring the
micro vital signs and specific macro displacements. The chirp signal is configured at the
transmitter with a tunable duty cycle, where the signal can be configured as the FMCW
mode or the pulsed chirp mode, enabling the enhanced time-phase resolution for
detecting the target signals. Considering that the beam is steered to the subject by the
phased-array radar, the transmitted power is focused to sense the target’s vital signs;
thus, the detection efficiency is enhanced. Compare to the MUSIC [2], where the
direction of arrival (DoA) is ensured at the receiver side, in our method, the target
direction is selected by the initiatively accurate beam-steering of the phased-array radar
sensor [117].

For the chirp waveform, the beam-steering pattern at the desired steering angle 6

1s formulated as

T,

s

1 5 j(m—1) 7 sin
P (0)=10-log(— [ |3, (0™ 0™ ) 3.4)

s t=0 m=l

where s, (t)=cos2x [ Sy (14 AT s +(m—=DAT, ) +k, I(r +AT g +(m=1)AT,q )dt} represents  the

generated chirp signal from the m" transmitter when m is greater than one, k; is the chirp
rate, 7y is the chirp sweeping time, and fy is the starting frequency of the chirp. The

Atyps + (m — 1)At, is the time delay at the m™ transmitter, which is set by the DLL
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in MPS and the phase shifter to be equal to (m — 1) d sin(8)/c, where d is the distance
between the antennas, and @ is the steering angle.

The beam-steering pattern is shaped by the antenna array, in the form of the
multiplication of the power spectrum between beam-steered signal and the antenna array
pattern. Since the transmitted signal is pointed to the subject direction, the antenna at
the receiver acquires the superimposed echoes from the subject. The received echoed

signal from the angle 6 can thus be formulated as [40]

T,

s

1 2
Pr (0) =10-log(— j r(2,0) dt) (3.5)
s t=0
where the term 7(t,0) = 0 Y =1 Sm(t — T, 0) represents the received superimposed
echoed signals from the four transmitters steered at @ direction. o is the amplitude of the
received signal normalized to the transmitted signal. - is the time delay between the

transmitted signal and the received signal, which can be represented as

2R

C

T : (3.6)

where R is the range between the subject and the radar, by finely configuring the MPS

and the phase shifter, the echoed signal from each transmitter is approximately same.

3.2.3 Vivaldi Antenna Array for Broadband Radar Transmitter Beam-
Steering

The broadband antenna element is a Vivaldi antenna with an exponentially tapered
slot, which can be employed in the system to support the X-band ABS technique with

improved gain [82]-[88]. As shown in Fig. 3.6(a), the elements are respectively

fabricated on the substrate of Rogers RO4350B with a size of 3.07 cm X% 4.1 cm and
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GHz [117], and (c) Geometry of the antenna element, left: front view, right: bottom
view, and (d) antenna size (top left) and measured S11 (bottom right) [31].
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Fig. 3.7. Antenna array patterns at 10 GHz with steering angles from -30° to 30° with
10° interval [117].

located with a distance of 1.5 cm between adjacent ones, corresponding to the half a
wavelength at 10 GHz in the free space. The antenna array operates at the X-band range

[33]. Fig. 3.6(b) demonstrates the three-dimensional radiation pattern at the frequency
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of 10 GHz, which is the center frequency of the radar, and the corresponding gain is

8.43 dB. The phase shift Ag,, at the m*" port relative to the first port is expressed as

A¢m=—?-(m—l)-d~sin9’ 3.7
where d is the antenna pitch, ¢ is the light speed in the free space, f is the operating
frequency, and 6 is the steering angle. The geometry of the antenna is shown in Fig.
3.6(c). The antenna size and measured S11 are demonstrated in Fig. 3.6(d) [31].

The value of the phase at each port is configured according to equation (3.7). At 10
GHz centre frequency, the simulated antenna array patterns versus the steering angle
from -30° to 30° with 10° angle interval are demonstrated in Fig. 3.7. By the
simultaneous adjustments on the phases of the four ports, the EM beams are steered to

the dedicated directions with the antenna array, where the peaks of gain appear at the

corresponding steering angles.

3.2.4 ITPA Algorithm for Discerning Multimodal Vital Signs

The working principle of a chirped radar is illustrated in Fig. 3.8, where the term ¢
is the time interval between the transmitted chirped signal and the echoed waveform from
the object to the receiver. The intermediate frequency f;r is generated by mixing the local

chirp with the echo as the coherent de-chirping process, which is obtained by [23]

BW.

Jr = TC'T, (3.8)

A

where T is the time span for chirp sweeping. The chirp rate is expressed as ks = BW./ T,
where BW, stands for the bandwidth of the received signal; thus, the transmitted chirp

waveform in one chirp period is approximately expressed as
s, (8) = cos| 27 fit + mk t* + ¢, | . (3.9)

The received waveform from the target is expressed as
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se () =cos| 27 [y (t =)+ Tk (t =) +4) |, (3.10)

where the different value of @ and @, can be set to a constant A@ ~ O when the radar

system 1is finely configured to the optimum coherent working status through the serial
peripheral interface (SPI), thus the phase noise of the transmitted signal and received
signal are correlated and eliminated in the mixing process for short-range monitoring.
The four transmitters operate simultaneously to transmit the waveform to the target
direction @ through phase-shifting and true-time delay between the channels.

The range resolution, qualifying the radar’s capability on separating two objects, is

decided by ZBCW = 15cmunder the 1 GHz bandwidth at the center frequency f. of 10

GHz of the chirp, which is too coarse to be leveraged directly to detect the micro
physiological movements [25]. However, the phase differences between the chirps,
which are the time-domain integration of the frequency shift, are highly sensitive and
indicative of the physiological-related micro-movements and displacements of the
subjects [34]. In the presented radar system, the four-channel transmitter is used for
accurate beam-steering. The one-channel receiver is used to acquire the echoed signals,
which are then processed by the ITPA algorithm to realize the accurate monitoring on
the vital signs in the time-phase domain.

The flow chart of the ITPA algorithm is shown in Fig. 3.9. The de-chirped signal
at the receiver, which is expressed as B(t), firstly undergoes the phase alignment to form
a 2D matrix. Then the fast Fourier transform is applied to the de-chirped signal to extract
the intermediate frequency fir, which equals to 2ksR,/c. R, is the normal range between
the subject and the radar. The localization of the subject is realized by the range and the

direction determined based on the ABS technique.
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Fig. 3.9. Flowchart of the ITPA algorithm for ranging and vital sign monitoring [117].

When monitoring the micro-movements, the time delay between the transmitter and

the receiver under this circumstance is expressed as

2(R, +AR(1))

c

T=

where the term 4R(?) represents the micro-movements of the subject, indicating the

time-varying physiological signs related displacements in our cases.
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After the de-chirping, the de-chirped signal at the receiver is approximately
expressed as [39]
B(t)=ocos [27rf02' +k (2tr -7 )]
N Gco{zﬂ[(zks (R, +AR(r>)]t+ 2/y(R, +AR<r))ﬂ , (3.12)

C C

where the second order term is ignored considering the small value of r under the short-
range biomedical radar sensing scenario. For example, when the subject is at 1.5 m
distance, the corresponding 7 equals to 10® second and the second-order term rk ¢2is

10° times smaller than the first-order term 2z f,r .The phase information at each chirp

interval can be utilized to monitor the corresponding physiological signs like heartbeat
rate and respiration rate or to detect specific movements such as falling. The motion of
the subject in the time domain can be represented as

AR(t)=R, (t)+R, (?)

R, COS(a),,t)Jrrr cos(a)’,t)+rM )" (3.13)

Where R, (1) represent the micro-movements induced by heartbeat and respiration, and
Ru(t) stands for the macro movements such as falling. When monitoring respiration
rates and heartbeat rates, Ry (t) is zero as the subject is still. The heartbeat and
respiration are approximately represented as sinusoids with amplitudes 73, and 7;., and
frequencies wy, which is usually between 1 Hz to 3 Hz, and w,, which is usually
between 0.1 Hz to 0.5 Hz, respectively [6], [12], [13]. When detecting the falling, R,,(t)
is negligible and Ry, (t) represents the range variation caused by the falling, which is
modeled as 1y, (t).

The interferometric phase variation is induced by the superposition of the
displacements from the subject, and the spectrogram of the signatures can be obtained

by applying Fourier transform to the time-domain interferometric phase. To extract the
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interferometric phase, the de-chirped signal will be correlated with a sinusoidal template
waveform. The template waveform is as the same length as the span of chirp sweeping

time 7§. The template waveform is expressed as

temp(ty=y." cos|2xf,,, (t=i-T,)+@,,, |-[utt—i-T)—u@t—G+1)-T)], (3.14)

where the frequency of the template is expressed as 7, = 2k R, and the initial phase of
C

temp

_ArfR,

the template is expressed as ¢,,, , which are same to the static frequency and

the static phase of B(?) in (3.12). Since the displacements AR(r) caused by heartbeat and
respiration are limited within a small time span of the detection, AR(¢)at the i chirp
period is considered as a constant AR(i-7,). Considering that the vital sign signal is
typically lower than 10 Hz, the low-pass filter (LPF) is applied to suppress the high-
frequency spurs. The cross-correlation result R (?7) with time shift 5 at the i period is

represented in continuous time domain as

A

P(n)= J‘I(HI)'T‘Y B(t)-temp(t+n)dt

T

~
~

%j'(_:% cos 27K, (ARGi-T,)t—R n)dt

(3.15)
drk

co . . 4rk
= s (R _ s (Rn—ARG-TT
SﬂkSAR(l.-TS)(Sln B (R,77)-sin P (R7 @T) S)j

To obtain the maximum value of the correlation result between the template and the de-
chirped signal of the i period. We make the partial derivation of P,(?]) to n, which is

expressed as

OP.
m__ o (cos47zks(AR(i-TS)Ts—RnU)—COSMZkS(Rnﬂ)j- (3.16)
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Fig. 3.10. Illustration of the interferometric time-phase analysis algorithm [117].

The maximum value of R(ﬂ) occurs when (3.16) is zero, and correspondingly

AR(i-T )T . . . .
n(i):%. We define the term interferometric phase, which is expressed as

2k TAR(T)

to demonstrate the phase shift corresponding to the

P D) = Simy 110 =

relative time shift (i) at the i’ period.

The amplitude of the extracted interferometric phase is linearly proportional to
AR(i - Ty), which is the displacement caused by the superposition of the movements
caused by the vital signs such as heartbeat and respiration, or macro displacements such

as falling during the i period. The phase shift at the i period induced by the Doppler

effect is expressed as ¢, ,, (i) = 47”AR(1'«TY ), where A is the wavelength of the chirp [39].

nt

Thus, ¢, ()= yqﬁwp,ﬁ, (i), indicating that the interferometric phase is consistent with
C

the Doppler phase. Information of the motion can be extracted accurately from the
interferometric phase, enabling the monitoring on the vital signs such as respiration and
heartbeat. Considering that the ITPA method is realized based on coherent detection on

phase, the sensitivity of the radar sensor is enhanced compared to the detection using
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Fig. 3.11. Experiment illustration: (a) Algorithm implementation in the experiment, and
(b) systematic configuration of the radar sensor [117].

Doppler frequency shift [41]. Moreover, the interferences and noise are suppressed in
the correlation process.

The algorithm is illustrated in Fig. 3.10. In the time domain, when the movement
is approaching towards the radar (e.g., inhale process), the interferometric phase
difference will increase with a positive value; when the movement is moving backward
from the radar (e.g., exhale process), the interferometric phase will decrease with a
negative value. When the subject keeps still, the interferometric phase will be at zero
value. Through monitoring the interferometric phase in the time domain, the time-
varying characteristics of physiological-related movements can be detected and based
on the frequency-domain processing of the interferometric phase series, the respiration

rate and heartbeat rate can be obtained.

3.3 Experimental Verifications and Analysis

For transmitter beam-steering, the chirp ramping 1 GHz per 1.2 milliseconds is
adopted, and the chirp repetition frequency is 800 Hz. The algorithms and the entire
radar sensor system in the experiments are illustrated in Fig. 3.11. By applying the ITPA

algorithms in Fig. 3.11(a), the collected de-chirped IF baseband signals are processed to
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realize the extraction and the monitoring of physiological signs. Imaging was realized
in the experiment to demonstrate the localization of the subjects in different directions.
The systematic configuration is shown in Fig. 3.11(b), which consists of the CMOS-
integrated phased-array radar, the power PCB, and the broadband Vivaldi antenna array.
A programmable gain amplifier with high input impedance (above kQ) and moderate
output impendence (several tens Q) is leveraged to amplify the de-chirped signal at the
receiver output as a buffer. In the experiments, the ABS control is realized by the
combined configuration on the phase shifter for the RF phase-shifting and the MPS for
the true-time delay through the SPI, which is illustrated in Fig. 3.11 The SPI on-chip
operates at 4 MHz for read/write, and each full configuration for the CMOS-integrated
phased-array radar sensor in the experiment will be done within 400 ps. The IF signal
after buffer is acquired at the 1 MHz sampling rate by the oscilloscope, which is
synchronized by a trigger signal generated in the phased-array chip indicating the start
of each chirp. Finally, the acquired raw data is transferred to a computer for processing.

With antennas placed 1.5 cm apart from each other, which correspond to A/2 of
the 10 GHz center frequency, the transmitted beams are steered to the subject angle by
PS and MPS, and the receiver can continuously receive the echoed signals from the
subject, enabling both the spatial resolution and the usability of the radar sensor. The
ABS technique is implemented to firstly scan the scene to acquire the angular directions
of the subjects. The measured spectrum of the transmitted chirp signal is shown in Fig.
3.12, given the transmitted signal is centered at 10 GHz with 1 GHz bandwidth. The
spectrum of the de-chirped IF signal after the mixer is shown in Fig. 3.13, where the
peak appears at 8.3 kHz, indicating a 1.5-m distance between the radar and the subject.
Through configuring the VGLNA and the PGA buffer, the IF signal is amplified to about

0 dBm for acquisition and processing by the ITPA algorithm.
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Fig. 3.13. Measured spectrum of the de-chirped IF signal after the mixer [117].

(a) (b)

Fig. 3.14. Experimental setup and environment: (a) Radar system and subjects in the
scene with illustration, and (b) localization of subjects in the experiment [117].

The experimental setup and the environment were shown in Fig. 3.14, where the
two subjects under monitoring were seated at the direction of 0° and 30°, respectively.
The radar sensor system is shown in the red dashed box in Fig. 3.14(a), where the
phased-array radar chip is mounted on PCB connected with the Vivaldi antenna array.
The location of the subject was determined by both the azimuth angle and the range.

The synthesized imaging of the subject localization adopting ABS technique is
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Table 3-2.
Phase Shifting Settings at Each Channel for Steering Angles of 0° and 30°.

% 0° 30°
JAY)! 0° 0°
Ao 0° -90°
A3 0° -180°
Agq4 0° -270°
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Fig. 3.15. Respiration and heartbeat measurement at 0°: (a) Phase pattern in time
domain, and (b) spectrum of the interferometric phase after ITPA processing [117].

illustrated in Fig. 3.14(b). In the experiment, the acquired data with the subjects in the
environment was calibrated by the prior background data so that the effects induced by
the clutters were suppressed. In the physiological signs monitoring experiments, the
beams were steered to the subject based on the prior location information. In the imaging
experiment, the subjects were in the directions of 0° and 30° in the FoV. Table 3-2
illustrates the equivalent phase-shifting at each channel output for the corresponding
steering angle, where the parameters were calculated according to (3.7).

The transmitted beam was firstly steered to the targeted direction of 0°, where a

human subject was seated in front of the radar sensor with the normal range of 1.5 m.
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The respiration rate and heartbeat rate of the subject were monitored, and experiments
were conducted multiple times to acquire the representative results.

The monitored subject in the experiments is a 24-year-old male with 184 cm height
and 75 kg weight. As shown in Fig. 3.15(a), the interferometric phase series extracted
from the ITPA algorithm reflect the micro-movements due to respiration and heartbeat,
where the inhale process, exhale process, and the breath period are indicated. The
amplitude of the recovered interferometric phase is proportional to the respiratory
amplitude. As shown in Fig. 3.15(b), the extracted respiration rate in the experiment was
21 beats per minute corresponding to the first peak frequency of 0.35 Hz. The heartbeat
rate was 73 beats per minute corresponding to the second peak frequency of 1.22 Hz.
When the respiration signature of the subject changes, the amplitude of the
interferometric phase at each period interval will change accordingly. Furthermore, the
analysis on the interferometric phase in frequency domain is performed to monitor the
respiration rate and heartbeat rate so that the variations on respiration rate and heartbeat
rate are recorded, which are indicative to the health status of the subject. When the
transmitted beams were steered to the subject at 30° direction, the vital signs were
recognized, as shown in Fig. 3.16(a). However, the extracted signatures were with some
distortions, which were induced by the clutters in the experimental environment as well
as the antenna pattern. The extracted respiration rate was 22 beats per minute,
corresponding to the peak frequency of 0.37 Hz, which was shown in Fig. 3.16(b). There
was a peak at the frequency of 1.2 Hz, corresponding to the heartbeat rate of 72 beats
per minute. Compared to the results at 0° direction, the heartbeat frequency was
relatively ambiguous at the direction of 30°.

Fig. 3.17 shows the continuous results of the monitored respiration rate and

heartbeat rate of the subject sitting at 0° direction, where the respiration rate and the
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Fig. 3.16. Respiration and heartbeat measurement at 30°: (a) Phase pattern in time
domain, and (b) spectrum of the interferometric phase after ITPA processing [117].
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Fig. 3.17. Tested respiration/heartbeat rate from radar system for the subject at 0°
direction, and standard measurement results [117].

heartbeat rate was obtained by a series of measurements and processing using the ITPA
algorithm. To compare intuitively with the standard value, the respiration rate and
heartbeat rate of the same subject were measured using medical appliances as the
references, which were reported as the dotted and dashed black lines in Fig. 3.17. The

heartbeat rate obtained with the radar sensor, which was illustrated as the solid green
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Fig. 3.18. Detected falling at 0° using the ITPA algorithm: (a) Signatures in time
domain, and (b) spectrum of the interferometric phase signature [117].
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Fig. 3.19. Detected falling at 30° using the ITPA algorithm: (a) Signatures in time
domain and (b) spectrum of the interferometric phase signature [117].

line in the figure, was around 73 beats per minute. The respiration rate illustrated as the

solid red line was around 22 beats per minute. The respiration rate and heartbeat rate
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obtained by the ITPA algorithm agree well with the reference respiration rate and
heartbeat rate, respectively.

In Section 3.3, the integrated radar sensor has verified its capability on monitoring
weak vital signs. Moreover, the monolithic system can be used to detect falling, which
is essential for comprehensive elderly care applications. The experimental fallings at 0°
were carried out, and the interferometric phase obtained from the ITPA algorithm was
shown in Fig. 3.18(a), where the abrupt phase change was observed occurring at 5 s to
5.5 s, indicating the experimental falling-forward process at the time. By the time-
frequency analysis, the spectrogram of the falling signature is illustrated in Fig. 3.18(b),
where the falling process was reflected in the time-frequency domain as an abrupt
change on the interferometric phase in both the time domain and the frequency domain.
For detecting the falling at 30° direction, as illustrated in Figs. 3.19(a) and 3.19(b), the
abrupt phase change was observed at 8 second, indicating the human falling-forward

process at that time.

3.4 Discussion and Comparison

As shown in Figs. 3.18 and 3.19, the detection of falling in a wide field-of-view
has been validated, demonstrating the potential of the proposed CMOS chip-scale
phased-array radar sensor to detect the anomaly such as falling. The performance
summary and comparison with prior art healthcare radar sensors are shown in Table 3-
3. Compare to [7], [8], [37], and [24], this work realized the integrated chip solution.
With the combined implementation of the accurate beam-steering technique and the
ITPA method, localization on the subjects in a wide FoV is achieved. Moreover, the
accurate monitoring of vital signs including respiration rate and heartbeat rate, and the

detection on the falling, are achieved based on the compact CMOS-integrated radar
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Table 3-3.
Comparison with the State-of-the-Art Radar Sensors.

Propertics IMS JSSC TMTT TMTT TMTT This Work
P 2013 [37] | 2014 [26] | 2017 [24] 2018 [7] 2018 [8]
BGT24 .
MTRI11 Pl\lf:sl:"
Tx+Rx+D (Commerc .
Integrated . Synthesizer+
. . n.a. LL+Contr n.a. n.a. 1al
Functions on Chip | Logi Product Tx Array +
o1 Logie ‘]’Dyuc Rx FE+ SPI
Infinion), Control Logic
Range of Digital
. . n.a. n.a. n.a. n.a. n.a. Tunable:0.5m
Modulation Period
s~10ms
Measured Tx 320
Output Bandwidth n.a. 2 GHz MLz n.a. n.a. 1 GHz
Center n.a. 4 GHz >-8 24GHz | 24 GHz 10 GHz
Frequency GHz
Single- Single-
Modulation UWB | Impulse FDI:)/IC\lzr/ Tone Tone FMCW/
Type Impulse | Radio pp Continu Continu | Pulsed Chirp
Mode
ous Wave | ous Wave
Series Broadband
Vivaldi Horn Patch Patch . Vivaldi
Antenna Type Antenna Antenna Antenna Antenna feed Patch Antenna
Antenna
Array
Discret Discret . Discret
e Discrete
e e
Technolo componen 130-nm | compone | componen combonen 65-nm
gy P CMOS ntsin | tsin PCB- | (P CMOS
ts in PCB- ts in PCB-
PCB- level
level level
level
. 1Tx+1 1Tx+4 1Tx+1 1Tx+1R 1Tx+1
+
Active Channel Rx Rx 1/Q Rx < 1/Q Rx 4Tx+1Rx
Beam-Steering Two-stage
n.a. n.a. n.a. n.a. n.a. Beam-
Methodology .
steering
Gaussia Lincari
Signal Synthes Fourier ISAR/ n zed In.terf:erom
. ized . Doppler etric Time-
Processing . Transfor Micro- Pulse
. Processin . Phase Phase
Algorithm m Doppler Train/ Demodul Analvsi
g FTPR emo ula nalysis
tion
Localiza
. YES n.a. YES n.a. n.a. YES
tion
Monit | Respirati YES YES YES YES YES YES
oring on
Functi | Heartbea na. na. YES YES YES YES
ons t
F;llm n.a. n.a. n.a. n.a. n.a. YES

sensor, enabling versatile sensing in chip scale compared to [26]. It needs to be noted

that the ITPA method doesn’t achieve the same performance in differentiating the
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Fig. 3.21. A testing setup of the phased-array chip-scale radar system [129].
characteristic dynamics of the falling process compared to a brilliant method presented
in [42] based on the technique, where the range-Doppler profile is fully utilized.
However, the specified chip-algorithm co-design enables both discerning vital signs and
alerting the falling when sudden phase changes are detected. For a more advanced
movement detection such as classifying various kinds of movement patterns (e.g., squat
and bend), specific signal processing algorithms and completed digital processing unit
are essential, which are not the focus of the current Chapter and will be discussed and
explored in the future work.

Generally speaking, the phase controlled in RX by beamforming and in TX by

beam-steering are equivalent. For example, using 4T1R is of same performance as 1 T4R
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theoretically. 4TIR is used here for two purposes, 1) to demonstrate the two-stage
beam-steering for wide field of view (FoV) localization and vital sign sensing, 2) to
avoid the mismatch between multiple RX channels as the phase of the de-chirp signal is
crucial in the vital sign sensing. 1TnR solution with digital beamforming would be a
good choice given all the baseband, such as VGA/Filter/ADC/interface to digital
baseband are integrated together. As our prototype bio-radar is currently a proof-of-
concept without full integration of analog baseband and digital baseband, to ensure there
is no issue on phase misalignment of the received signals of multiple RXs for vital sign
detection, 4T1R is adopted for this experiment. We have tested the digital beamforming
of 4TX-4RX phased-array radar sensor with 2A distance between the antenna at each
channel and demonstrated the imaging function [129]. The measurement result of the
digital beamforming of coarse scanning is shown in Fig. 3.20(a) and the digital
beamforming of fine beam control is shown in Fig. 3.20(b). A testing setup of the
phased-array chip-scale radar system is shown in Fig. 3.21, where each module is
indicated.

In this work, the beam-steering of the phased-array radar sensor is achieved
through manually configuring the SPI to control both the delay-locked loop (DLL)-
based multiphase synthesizer (MPS) and phase shifter (PS) on-chip to steer the beams
to the targeted direction, and then set to another direction after data acquisition. The
automatic and adaptive scanning hasn’t been implemented in the current radar sensor.
In the current radar sensor, the focus is on demonstrating the potentials of a CMOS radar
chip for locating the subjects and detecting the movement and vital signs of the subjects.
In the future work, the automotive and adaptive scanning can be implemented on-chip.
The performance is summarized and compared with the other published monolithic

phased-array or multichannel X-band radar TRXs in Table 3-4. It shows that the
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TABLE 3-4.
CIRCUIT PARAMETERS OF THE X-BAND PHASED-ARRAY PROTOTYPE AND COMPARISON

This
[83] [97] (98] [99] [0o] | (101 | [rozg | M
0.13- 0.13- 0.13-
m 0.18- 0.13- m 0.18- m
Technolog M ’ ’ 0.13-um ” pm H 65-nm
SiGe pm pm CMOS SiGe CMO SiGe CMOS
y BiCM | CMOS | CMOS BiCM g | BiCM
0S 0S 0S
Channel RX+T | 2RX+T RX+T | RX+T 4RX+4
No. X X 4RX 4TX X X RX TX
Operating 2.5-
Frequency | 9-11 | 10.5 : 7996 | 89 |85-10 8107 9.1-10.6
10.5
(GHz)
Modulation | ) | pview | NC AL | FMCW | FMCW | NL AL | N A, | Pulsed
method chirp
Modulation
\ N.A | NA | NA | NA | NA | NA | NA | 021
Period (ms)
TX chirp
output BW | N.A. | N.A. | N.A. 0.5 0.15 | N.A. | N.A. 1
(GHz)
Stretch
: N.A. | NA | NNA | NA. YES | N.A. | N.A. | YES
Processing
PS No. of 4 (+ 6(+3
bits S| NA S i | VA6 > | trim-bit)
RMS phase | 5 6o |\ A 4.5° 6° N. A. 20 90 3.1°
CIror
Bea‘;l;tee“ NA | NA | NA | NA | NA | NA | NA iéolo@
TX Pou
(@Bm) 28 1 N.A. 13.6 N.A | 115 | NNA. | ~10
Phase
Noise@ |\ A | 93 | NA | N.A | -114 | N.AL| NA | -1164
1MHz
offset
RXFE 10.7- 22.5-
Gain(@B) | 23 45 10.1 N.A. 47 12 11.5 "
RXFENF |, 115 34 | N.A. | 2445| 85 | 41 | 4862
(dB)
RxFE
IP1dB 24 29 2125 | N.A. -35 0 23 -33.6
(dBm)
Pomg E;m 3524 | N.AJ | 36/N. N. | 32633 | 67006 | 33/N. | 65.9/16
W 128 | N.A. A. A217 3 40 A. 22
nel (mW)
Total
Power 4480 | 350 144 870 659 | 1310 | 33 950
(mW)
DieSize 1 5.223.1 5 (.33 25%2.9 | 2.9x3.0 | 3.5x2.5 | #2383 4.0 65
(mm~) 0 9 5

implemented phased-array radar TRX chip prototype achieves the beam-steering angle

of £60° with the best 1° step at 2\ antenna pitch, the better TX chirp output BW up to
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1 GHz at 10 GHz, and the best power efficiency [129].

3.5 DLL-based Multi-Phase Clock Generator for True-Time-

Delay Wideband FMCW Phased-Array Radar Sensor

The CMOS-integrated phased-array radar sensor for multimodal vital signs
monitoring has been presented in detail, where Vernier-based delay-locked loop (DLL)
is served as an essential component to enable the wide FoV sensing. In this chapter, the
Vernier-based DLL design for multi-phase clock generation for the phased-array radar
sensor is presented in detail, where the TSMC 40-nm CMOS process is used to fabricate

the DLL-based clock generator as a separate circuit and block, and it is tested.

3.5.1 Principle of DLL

Delay-locked loop (DLL) can be served as an essential circuit component in
transceiver due to its stable structure, avoiding the jitter accumulation and achieving fast
locking. Most studies of DLL focus on achieving wide operating range, high time
resolution, low jitter, fast locking and flexible phase delay [43]-[46]. In addition, highly
integrated DLL-based architectures have been widely used for the generation of the on-
chip clocks and timing applications, such as reference clock generator, clock and data
recovery circuit and frequency synthesizer [47]-[49]. Phased array technique is widely
used in RF/mm-wave frequencies to compensate for high path loss and to suppress
interference from the undesired direction [50]. In a beam-steering system, multiple
wideband beams are essential for achieving high directivity transmission. Although
conventional phase shifters exhibit good performance in narrowband applications, a
wideband phased array transceiver (TRX) is needed to support multiple bands.

However, they are naturally not able to provide a constant time shift across a wide
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frequency range covering different bands, which is essential in wideband phased array
systems. The true-time-delay phase shifters, on another hand, offer variable time delays
over large bandwidth at the cost of structure complexity (e.g., micro-electromechanical
system (MEMS), optical, etc.), power consumption and chip area. Therefore, a clock
generator generates multi-phase signals with true-time delay based on CMOS process is
preferable. A 4-channel transmitter (TX) is shown in the Fig. 3.22(a), where the
proposed clock generator generates multi-phase signals serving as the reference by the
chirp synthesizer and then amplified by the power amplifier before transmission for
beam-steering. The clock signals with time delay of AT are reflected by the voltage and
frequency of the chirp signals in 4 channels, which is demonstrated in Fig. 3.22(a) and
the true-time-delay in multi-phase output is shown in Fig.3.22(b) [123].

As large bandwidth and configurable delay are highly required for the phased array
system. The Vernier DLL-based clock generator is proposed to generate multi-phase
clocks for the applications in true-time delay wideband FMCW phased array radar. The
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phase delay, time resolution and operating frequency are programmable to meet the

variable requirements of phased-array transceivers [123].

3.5.2 Vernier-Based DLL Architecture

Generally, a typical DLL consists of voltage-controlled delay line, phase/frequency
detector (PFD) and charge pump (CP). VCDLs are used to generate a series of delayed
signals. And then the phase difference between the reference clock and the delayed
signal at the end of the delay line is compared by PFD. According to the phase
difference, CP generates the corresponding voltage to control the delay of the delay line.
If a delay difference from one clock period is detected, the feedback of the loop will
tune the delay to ensure the locking status of the loop. The resolution of the DLL is
therefore limited by the delay time of voltage-controlled delay cells (VCDCs) in the
delay line. To obtain a better time resolution, the concept of an array of DLL has
therefore been proposed. The proposed chip implementing Vernier DLL architecture is
fabricated by TSMC 40nm CMOS process. The proposed design adopts the principle
and can be considered as an improved version of the topology. As shown in Fig. 3.23,
it consists of five DLLs with the same configuration and very small phase difference
between each other. One DLL works as the primary loop and the others are used as the
secondary loops. In each loop, the stage number of the VCDCs can be adjusted from 7
to 20 by the block multiplexer (MUX), which is controlled by digital bit SELo, SEL,,
SEL, and SEL4. Assuming the stage number in the primary loop is J and K, L, M, N in
the secondary loops, respectively. When the loops get locked, the corresponding delay

steps in the VCDLs are

TJ:Tref/J, TK:Tref/K, TL:Tref/L, TM:Tref/M, TN:Tref/N, (3.17)

where Treris the period of the reference clock. Equation (3.17) demonstrates the potential
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Fig. 3.23. The structure of the Vernier architecture DLL [123].

of the flexibility of the multi-phase generator design. For example, when the loops get
locked, the time delay between SSEC1,04, SSEC2,03, SSEC3,02, SSEC4,01 in the

secondary loops are provided as follows:

TD\=4Twt /K, (3.18)
TD2=3 Tret [L+Teet 1J, (3.19)
TD3=2Tret IM+2 Tres 1, (3.20)
TDy=Tret IN+3 Tt /. (3.21)

Therefore, the delay difference between two adjacent secondary loops is expressed as:

TD2-TD1= Tret /43 Tret/L-4Tret /K, (3.22)

TD}-TDZZTref /J+2Tref /M-3 Tref /L, (323)
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TD4‘TD3: Tref/J+Tref/N'2Tref/M. (324)

Equations 3.22 to 3.24 demonstrate the mechanism that high time resolution can be
achieved by adjusting the value of J, K, L, M, N and configuring reference frequency
fret. Specifically, to generate equally spaced 4-channel clock signals, the value of K, L,
M, N can be set the same. Then the delay difference between two adjacent channels is

expressed as
AT=TD2-TD=TD3-TDy=TD4-TD3=Tret /J-Tret /K. (3.25)

According to (3.25), when the reference frequency is 1GHz, the calculated relationship
between J, K, and delay time is shown in Fig. 3.26. By adjusting the values of J and K,

the delay time is configurable from 2.63 ps to 92.86 ps.

3.5.3 Circuit Implementation

The key circuit blocks including the delay cell and the charge pump are
investigated in detail in this section, where the simulation results are demonstrated. The
circuit of the basic delay cell in the VCDLs is shown in Fig. 3.24(a). The gate voltage
Vine 1s utilized to regulate the tail current to perform different delay time. In the locked
loops, Vine 1s provided by CP and is determined by the cell number in VCDLs. Fig.
3.24(b) presents the simulation results of Viune versus delay time, which exhibit a reverse
relationship between them. The operating voltage is from 0.4 V to 1 V with delay time
from 884 ps to 47 ps, achieving a wide tuning range with coarse time resolution. Fig.
3.25. shows the structure of charge pump in this work, which covers the operating
voltage of VCDC and exhibits good linearity between phase difference and output
voltage. Transistors MP1, MP2, MP3, MP4 and MN1, MN2, MN3, MN4 work as

current mirrors to provide currents lup, and Ilan, respectively. Four CMOS switches

73



900

8oo |

700 [

Voo Vo B 600]
o

o 500t
& 300}
S 200f
100
°04 05 06 07 08 09 10
- V(une (V)
(a) (b)
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Fig. 3.25. The circuit of charge pump [123].

reducing charge injection effect and a unity-gain feedback amplifier are composed of
bootstrapping circuit to remove charge sharing effect. A folded-cascode amplifier is
employed to enable enough gain, wide output voltage range as well as stability. To
extend the input common mode range, both NMOS and PMOS differential pairs are

used to provide high transconductance Gm, which is a combination of gup and gmn.

3.5.4 Testing and Measurement Results

The measured error from test ports caused by chip package and bonding wire of

the test PCB board is taken into consideration, which is about 9ps. Therefore, the
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Fig. 3.27. The simulated and measure delay time (a) at 400MHz, the simulated and (b)
measure delay time at 1 GHz [123].

calibrated delay time is 141 ps which highly meets the simulation results. Fig. 3.27 gives
the measurement results as well as simulation results when the frequency of reference
clock is 400 MHz and 1 GHz, respectively. When the operating frequency is extended
to 2.5 GHz, the measured maximum cell number working in the VCDL is 10 with a
minimum delay time of 40 ps.

For the application in real scenarios, the output signals of the 4-channel true-time-
delay for wideband FMCW phased array radar are measured. When the frequency of

reference clock is 1GHz, Fig. 3.28 shows the measured delay time of a single DLL with
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a 7-stage VCDL. When the frequency of reference clock is 400 MHz, the measurement

results with 7-stage VCDL in the primary loop and 8-stage in the secondary loops are

shown in Fig. 3.29. It is meaningful to calculate the delay time difference between the

adjacent channels, which is measured to be 50 ps. Therefore, the calibrated difference

is about 41 ps comparing to the simulated result of 42.5 ps, which agrees well. By

configuring the cell numbers in VCDLs and adjusting the reference frequency, the

measured delay time difference is in the range from 7 ps to 108 ps. When employed in

X-band phased array radar sensor applications, the true-time delay can be mapped into

a radiation pattern. The synthesized radiation pattern for a 10 GHz phased array system

76



Fig. 3.30. Die photograph of the Vernier DLL [123].

Table 3-5. Performance Comparison of the DLL Clock Generator.

Feature JSSC 1996 | JSSC 2012 | JSSC 2013 | This Work
[78] [79] [80]
Architecture DLL Vernier DLL with DLL Phased
Phased Delay Line | Interpolation Array
Array
Supply Voltage (V) n.a. 1.2 2.5 1.1
Power (mW) n.a. n.a. n.a. 20.9
Reference 65 200 1470 400-2500
Frequency (MH7)
Resolution (ps) 154 10 6 7@0.4GHz
Tuning Range (ps) Fixed 700 425 230@0.4GHz
400@ 1GHz
Multi-Phase output Yes Yes No Yes

with A/2 antenna pitch is shown in Fig. 3.29. To reduce the quantity of layout PADs on
chip, all digital bits are controlled by SPI. The die photograph is shown in Fig. 3.30. The
performance comparison of clock generators used in the transceiver is summarized in
Table 3-5 [78]-[80]. It has to be noted this is a preliminary prototype for verifying

functions of multi-clock generation for the phased-array systems.

3.6 Chip-Scale 1TX-1RX Ku-Band FMCW Radar Sensor for

Respiration Monitoring, Falling Detection, and Motion Recognition

In this section, the one-channel Ku-band FMCW radar sensors for respiration

monitoring, falling detection, and motion detection are illustrated. Compared to the
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phased-array radar sensors, one-channel radars do not need the Vernier DLL to generate
multiple clocks for different channels of the phased-array; thus, they can operate with a
reduced complexity, lower power consumption, and easier deployment. The main
tradeoff is that the detection FoV and the range of the one-channel radar is limited;

therefore, multiple radar sensors need to be deployed to cover wide FoV sensing.
3.6.1 Chip-Scale Ku-Band Radar Sensor Architecture

It is observed that the Doppler frequency shift will happen when the objects move
away or toward the radar [6]. As a rule of thumb, for a radar operating at 15 GHz (i.e.,
wavelength of 2 cm), a micro-movement of 2 cm maximum displacement with about 2

cm/s velocity can only induce a micro-Doppler frequency shift of 2 Hz, (according to the
equation: fy; = % ftV()), which is too tiny to be directly detected with high accuracy in

the frequency domain. However, such micro physiological movements induced micro-
doppler frequency shift will accumulate in the time domain, generating a corresponding
phase variation, which can be utilized to recover the corresponding micro physiological
movement information with high sensitivity compared to the micro-doppler frequency
analysis method. The returned signal phase contains the information of distance between
radar and object, radial velocity, and the corresponding micro-doppler frequency shift.
To extract these parameters simultaneously with high accuracy, the linear frequency-
modulated continuous-wave (i.e., FMCW) micro-radar in this design transmits the wide-
bandwidth (1 GHz) chirp signal with 15 GHz center frequency and receives the returned
microwave signals which possess different spectral contents. The signals are co-
registered to the same object, which can provide separate records [9] on the target
object’s parameters. However, the complexity of the radar front end and signal

processing unit increases significantly with the use of high speed, high power circuits
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working at several gigahertz. Such complexity results in difficulty on realizing the
accurate and real-time tracking of the micro-physiological signals. The returned chirp
signal is first mixed with the transmitter signal to de-chirp itself into an IF waveform
while still holding the phase information, since the transmitted and returned waveforms
are highly correlated. Then the blocks in the receiver front end will work at IF frequency,
reducing the design complexity of the RoC and the power consumption [35].

An FMCW micro-radar successively transmits chirps to the target and receives
echoes, followed by the dechirp process to extract IF beat frequencies, f5. The frequency
of the IF signal is proportional to the detecting range R. Practically, to make the RoC
work in optimum condition, several degradation effects need to be addressed. Since the
transmitter and receiver antennas are close to each other, one important issue is the
strong IF interference from the direct antenna leakage at de-chirped beat frequency. To
eliminate the effect, the de-chirped waveforms will first undergo a low-pass filter before
the phase analysis [35]. Another issue is the amplitude ripples of the RF signals at the
transmitter and the receiver front end, which will result in the deterioration of the
spectrum at the beat frequencies. The inferior ripple performance impedes the radar’s
ability on distinguishing tiny object movements. The ripple of the output chirp signal in
the radar chip is mainly caused by the accumulation of variations in the VCO output
voltage as well as the variations of PA gain at different frequencies of the chirp
waveform. In this work, the ripple effects are minimized through using the two-stage,
saturated driven amplifier power amplifier (DA-PA) in the Tx frontend and low noise
amplifier (LNA) chain circuits in the Rx frontend. A two-stage input-load peak-
staggering LNA is used in the radar RXFE to enhance the flatness of the signal [110].

The whole radar sensor architecture is demonstrated in Fig. 3.31, starting from the

VCO in the chirp synthesizer, the output signal is divided by eight from the three
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Fig. 3.31. Chip-scale FMCW radar sensor architecture [35].

cascaded current mode dividers [35]. Thereafter, the phase of the divided signal is
captured and digitized by the digital phase detector consisting of a counter and a
fractional time-to-digital converter. The phase difference is transformed into a
frequency word by a time-to-digital converter in the chirp synthesizer. Then the signal
is transmitted from the driven amplifier, power amplifier chain. The prototype radar
transceiver chip is implemented in 65 nm CMOS process. The chip was wire-bonded
onto a testing print circuit board (PCB) using chip-on-board technology. R4350B
material is used for the PCB substrate to ensure high-frequency performance for the
healthcare applications. As the physiological micromovements induced signal is very
tiny with low frequency, it is difficult to be detected directly using doppler frequency
shift or ISAR imaging [38]. Considering that the phase information, which is the
integration of frequency shift in the time domain, is highly sensitive and correlated to
the tiny movements of the objects [37], the phase information is analyzed in time domain

to recover the corresponding essential physiological signals.
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3.6.2 Experiments on Monitoring Breathing and Falling

The physiological signals like heartbeat and respiration,AR;can be approximately
expressed as a sinusoidal waveform with the same frequency to the period of
physiological signs, which is between 0.2 Hz to 0.5 Hz for respiration and between 1
Hz to 2 Hz for heartbeat. The de-chirped signal from the receiver by coherent mixing
will be further correlated to the sinusoidal signal generated from the DFS, which is at
the same frequency to the de-chirped signal’s center frequency. In the time domain,
when the micromovement is towards the chip-scale radar sensor such as inhale process,
the phase rate gradient will increase, when the micromovement is away from the radar
sensor such as exhale process, the phase rate gradient will decrease. In the experiments,
the chirp repetition rate takes 960 Hz and the chirp waveform takes 15 GHz center
frequency with 1 GHz bandwidth. The reference signal for the de-chirped signal is a
sinusoidal waveform whose frequency is same to the de-chirped signal’s center
frequency, taking the cable into account, which is 34.67 KHz, which is obtained by the
multiplication of the chirp rate and the time delay caused by the two cables. The
interferometry phase waveforms in time domain exactly correspond to different kinds
of vital sign induced micro-movements. To ensure the chip-scale radar to work in the
optimum status, an off-chip crystal oscillator is used to generate the 250 MHz reference
clock to the chirp synthesizer. With the setting of 15 GHz center frequency, the
measured TX output power is 9 dBm, where around 4.3 dB aggregate loss is estimated
from the PCB metal trace, the SMA connector and the coaxial cables used in this
experiment. The chip-scale radar sensor system setup is illustrated in Fig. 3.32, where
the wireless healthcare monitoring applications are verified. A pair of horn antennas
with 14 dBi gain and about 30° 3-dB beam-width were pointed towards the subject in

this experiment. A person was seated in front of the radar at 1 m distance to test the
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Fig. 3.32. Radar sensor experimental setup [35].
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Fig. 3.33. Preliminary results on respiration rate and falling monitoring [35].

Fig. 3.34. An illustrative indoor scenario of the one-channel chip-scale FMCW radar

sensors deployed for pervasive healthcare monitoring.

radar’s function on monitoring the heartbeat, respiration rate and detecting the falling.

The acquired de-chirped intermediate-frequency signal after the mixer in the receiver is

further processed by the interferometry phase analysis algorithm to extract the features

of micro physiological movements in real time. Clearly, the phase shift in Fig. 3.33 (left)

reflects the respiration micro-movements in the time domain where the circle in the

figure represents an example of the inhale process and the triangle represents an example

of the exhale process, which is shorter in time compared to the inhale process. The

respiration rate of the person in the experiment is higher during the period from the 4™
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second to the 7" second, which is reflected in the phase figure. The emulated falling
process can also be clearly seen from the time domain phase shift in Fig. 3.33 (right),
where the abrupt phase change occurring at 5.31 second to 5.61 second corresponding
to the experimental fall-forward process at that time. Particularly, the combination of
both the chip-scale FMCW radar frontend and the backend phase analysis algorithm in
our design realizes the wireless sensing on the micro physiological signals with high
accuracy and low power. Since the computation complexity of interferometry phase
analysis algorithm is relatively low, the algorithm can be further integrated into the chip-
scale radar system as a DSP module to further miniaturize the sensor system. Multiple
chip-scale radar sensors can be deployed in different positions in the room to achieve

wide field-of-view sensing coverage, where the scenario is illustrated in Fig. 3.34.

3.6.3 Chip-Scale Radar Sensor for Noncontact Motion Detection

Noncontact motion detection can be enabled by chip-scale radar sensor. In this
chapter, two radar transceivers operating at Ku-band are used for accurate noncontact
motion detection. These radar transceivers are of complete design employing blocks
from frontend to backend and support high-resolution synthetic aperture radar imaging,
aiming at the application in human activity sensing. Frequency-modulated continuous
wave scheme is adopted for both radar transceivers, free of range-ambiguity while
taking the advantages of narrow IF for low-power consumption.

The radar sensor can be leveraged to detect the motions, showing the potential on
seamless noncontact human-machine interface applications. The radar chip is mounted
on a PCB for evaluation. The blocks and chips were tested individually, and the results
are presented and discussed in [3]. The human motion detection experiment is setup as

in Fig. 3.35(a). The subject is located about 1.5 m away from the antenna of the radar
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Fig. 3.35. (a) The setup of the motion detection using the chip-scale radar sensor and
(b) The detection on the hand motions [121].

system prototype based on the chip presented above. The one of the arms is move
towards and away from the antenna. The Doppler information can be extracted from the
de-chirp IF signal, indicating the movement velocity. As shown in Fig. 3.35(b), the arm
moving in different velocity can be sensed. The phase change of the de-chirping IF
signal is mapped into the velocity versus time as the bright traces in the figures. A fast
move with a velocity about 0.18 m/s and a slow move with a velocity about 0.1 m/s are
observed, showing that the arm motions are correctly recorded by the chip-scale radar
system. The human motion experiments are conducted, where the Doppler information
of the motion is recorded and mapped to sense the motions. The recognizing on the two

different motion patterns was attained in the experiments with Doppler processing [121].
3.7 I/Q-based Coherent Radar for Enhanced Detection Capability

To enhance the radar’s capability on detecting tiny signals, a digital-enhanced chip-
scale radar sensor prototype is proposed in this section, where a novel quadrature
interferometric phase analysis algorithm is proposed to be leveraged to improve the
performance of the radar system. The radar sensor demonstrated the potential to achieve
localization on target subject and monitoring of multi-modal physiological signs

through the interferometric phase analysis method. In-phase and quadrature templates

84



are adaptively generated and correlated with the de-chirped signal at the receiver to
extract the micro physiological signs, which can be realized by an FPGA [122]. To
extract the phase information, the de-chirped signal from the receiver will be further
correlated with template sinusoidal and cosine waveforms respectively, where the
templates are with the same frequency to the intermediate frequency of the de-chirped
signal. Then, the processing of the correlation results of the received signal with 7 and
QO template are implemented every modulation period, which is indicative of the

interferometric phase information related to healthcare information.

1, () =cos(2zft), (3.26)
Oyenp (1) = sin (27zf1Ft) , (3.27)
o(t) = arctan(;((?)J , (3.28)

The phase information is obtained by processing the / channel and Q channel signal. In
the time domain, when the micromovement is approaching the radar, the extracted phase
difference after quadrature interferometric phase analysis algorithm will increase, when
the micromovement is moving away from the radar, the achieved interferometric phase
difference will decrease. Through the //Q detection, the effects from interferences and
noise would be further suppressed. It has to be noted that this is a proposed promising
direction for future mixed-signal chip-scale radar design while the complete mixed-

signal system hasn’t been completed [122].

3.8 Summary

A complete CMOS-integrated phased-array radar sensor for subject localization,
multimodal vital sign monitoring, and falling detection is presented. The accurate beam-
steering is realized by configuring both the true-time delay clock in MPS and the RF

85



phase shifters on-chip. As the radar sensor works in coherent mode for short-range
detection, the effect of phase noise is small. The broadband Vivaldi antenna array is
employed to support the high gain and the directivity of X-band chirp beam-steering.
The effective ITPA algorithm is leveraged to discern multimodal vital signs and detect
falling. The experiments with human subjects have demonstrated that the highly-
integrated coherent radar sensor can enable the localization of subjects and monitor
healthcare conditions in a wide FoV, paving the way for pervasive edge health status
monitoring applications in current COVID-19 pandemic and future intelligent IoE era.

A configurable DLL-based clock generator fabricated in TSMC 40-nm CMOS
technology with high resolution and wide operating range for true-time-delay wideband
FMCW phase-arrayed radar sensor is presented. The chip consumes about 20.9 mW at
a 1.1 V power supply. The measurement results demonstrate that the Vernier-based DLL
can operate from 400 MHz to 2.5 GHz. The DLL-based clock generator can enable a 7
ps resolution at 400 MHz operating frequency. By adjusting the cell numbers in the
VCDCs, the clock generator can be configured flexibly to cover the operating frequency
of the phased-array transceivers.

The 1TX-1RX FMCW radar sensor chip for vital signs detection and falling
detection is presented, which achieved 1 GHz chirp bandwidth at 15 GHz center
frequency. With a 1.2 V supply, the radar front end consumed 238 mW power
consumption. A simple interferometry phase analysis algorithm has been proposed to
accurately detect the micro-movements based on the signal from the radar sensor's
receiver. The experiments reveal that the prototype radar sensor chip can distinguish the

respiration rate, falling, and hand motions of the subject.
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Chapter 4

Digital-Enhanced Chip-Scale Photoacoustic Sensor
System for Blood Core Temperature Monitoring and

In Vivo Imaging

In Chapter 3, CMOS-integrated coherent radar sensor systems have been presented
to enable the noncontact detection on vital signs like respiration rate and heartbeat rate,
and the monitoring of specific movements like falling and gestures. Moreover, to ensure
the continuous, pervasive monitoring on health status and the potential disease diagnosis,
non-invasive sensing on blood cell temperature and in vivo imaging on vessels are
essential. Monolithic integration of photoacoustic (PA) sensor with compact size,
lightweight, and low power consumption is promising for realizing portable or wearable
medical devices. By the coherent detection techniques enabled by the proposed novel
mixed-signal ICs, in vivo blood temperature sensing and imaging with improved SNR
and suppressed interferences can be achieved.

This chapter is organized as follows: Section 4.1 presents the background of PA
sensor for physiological signs monitoring. In Section 4.2, the digital-enhanced silicon-
based PA sensor system's analysis and design considerations are elaborated. Section 4.3
shows the implementation of the photoacoustic sensor frontend, and the digital
algorithm realized on a field-programmable gate array (FPGA) is illustrated. In Section
4.4, the chip characterizations and the experimental results are presented. A coherent
quadrature I/Q tracking PA sensing system is demonstrated in Section 4.5. A 4-channel

fully integrated PA SoC is shown in Section 4.6. The summary is drawn in Section 4.7.
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Fig. 4.1. Illustration of photoacoustic effect.

4.1 Photoacoustic Sensor for Physiological Sign Monitoring

This chapter presents a miniaturized chip-scale mixed-signal photoacoustic sensor
system which can achieve coherent lock-in function to detect weak target PA signals
noninvasively at in vivo scenarios of poor signal to noise ratio (SNR) and strong
interferences. A low-noise amplifier (LNA), a 3™ order Butterworth low-pass filter
(LPF), and a variable-gain amplifier (VGA) chain with 10 MHz cutoff frequency are
implemented on-chip to attain a high-quality sensing performance with 50-dB dynamic
range. A Gilbert-cell type multiplier is integrated on-chip to fulfill the coherent lock-in
process on acquired PA signals in a closed-loop process with an embedded FPGA
system. Fabricated in 65-nm CMOS technology, the prototype PA sensor system
demonstrated 50 pV sensitivity. The functions of the chip-scale PA sensor system
enhanced by coherent lock-in process were validated through the experiments on
2

temperature monitoring and vessel imaging. The PA receiver chip occupies 0.6 mm

area and consumes 20 mW including testing buffers at a 1.8-V supply. For one-channel
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PA sensing operation, the minimum power consumption can be configured at 16.1mW.
For in vivo PA sensing and in-depth imaging applications, several specifications like
detection depth, sensitivity, specification, and the safety requirements need to be
considered seriously. Photoacoustic (PA) sensor technology is going to play a more and
more critical role on in vivo healthcare applications considering its capability to achieve
the high optical contrast based on the PA effect, which can enable the high-quality
imaging [44]-[56]. The PA effect is illustrated in Fig. 4.1, the absorption of the laser by
the target will induce a transient thermoelastic expansion with an associated ultrasound
emission. Photon absorption and subsequent nonradiative relaxation by chromophores
will induce a rapid rise in temperature inside the target. If using a pulsed laser with a
pulse duration shorter than the target’s thermal and stress confinement time, the thermal
energy exchanging with the surroundings will not happen. The energy deposition occurs
within a shorter timescale compared to the mechanical displacements, which are caused
by the strain within the target [44]. The isochoric heating will raise the pressure within
the target, which can be expressed by Ap = I'uuF, where I' is the Gruneisen parameter,
U 1s the optical absorption coefficient of the tissue, and F is the incident laser fluence
[53]. The pressure rise will lead to a thermoelastic expansion, and the emission of a
pressure wave called a photoacoustic wave. The broadband photoacoustic wave carries
the information correlated to the geometrical properties of the absorbing structures,

which can be expressed as the inhomogeneous wave equation expressed as

[vz-viijp}ﬁa_", (4.1)

where f is the thermal expansion coefficient of the target, v, is the propagation speed of
the ultrasound waveform, Cp is the specific heat capacity, and H is the function
describing the heating of the target in time and space [46]-[48]. The solution to the wave
equation is derived from the Green function, which is expressed as
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which describes the pressure from the sources at location » and time ¢ over a spherical

shell target centered at 7 with a radius of |r—r'|. Considering the ultrasonic scattering at

in vivo scenarios is about one thousand times weaker than optical scattering, PA sensor
can achieve images with the acoustic resolution at a depth beyond the limitation from
the effect of optical diffusion [51].

A conventional PA sensor system is shown in Fig. 4.2, where a tunable laser is
used to illuminate the target, an ultrasound transducer array is used to acquire the echoed
pulse signals and form the PA images, and a motorized stage is used to move the
transducer [51]. However, the imaging and sensing functions are implemented using
commercial discrete components in the system, which is bulky in size and is at a high
cost. To achieve the portable and configurable characteristics for compact-sized
wearable devices, a digital-enhanced chip-scale PA system with the coherent lock-in for
detection enhancement is presented in the paper. The pulsed laser is adopted in the
system to induce ultrasonic signals from the in-depth tissue considering that pulsed
excitation can generate much stronger PA signals. In the reported ultrasound/PA sensor

systems [45]-[50], [61]-[65], multi-channel circuits are leveraged to realize the detection
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Fig. 4.3. System diagram of the proposed chip-based coherent lock-in photoacoustic
sensor system for in vivo physiological signal sensing and in-depth imaging [120].

on the signal with beamforming, which requires a large area and is with high power
consumption. The sensor systems are working in an open-loop way where the analog
frontend and digital processing are designed separately.

Different from the reported techniques, a novel digital-enhanced coherent lock-in
technique is implemented in the proposed system, where the implementations of the
template waveforms are configurable in the digital domain to enhance the sensing and
imaging performances for different application scenarios. The proposed technique will
improve the sensitivity, specificity, and accuracy of the chip-scale PA sensor system.
The prototype mixed-signal PA sensor chip has been fabricated in 65-nm CMOS
technology with an area of 0.6 mm?, where most of the electronic functions of the PA
sensing system are integrated on-chip. At 1.8-V supply, the front end of the sensor chip
consumes 20 mW, which is configurable. Besides performance analysis on the circuit,
the prototype sensor system is validated through temperature sensing and in vivo

imaging experiments.

4.2 Chip-Based PA Sensor System Architecture

As illustrated in Fig. 4.3, the diagram of the proposed novel chip-scale PA sensor
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system contains the sensor analog front end (AFE), the FPGA board, the analog-to-
digital/digital-to-analog (AD/DA) board, the pulsed laser, and the PC. The coherent
lock-in and recovering on the target PA signals can be fulfilled in a closed-loop way,
demonstrating the capability of in vivo monitoring on various kinds of physiological
signs such as blood core temperature, oxygen saturation and imaging with improved

SNR and contrast, enhanced specificity and small form factor.

4.2.1 Sensor System for Coherent Photoacoustic Detection

A 1064 nm Nd: YAG laser is implemented to irradiate the target, and the emitted
photoacoustic waves were acquired with the ultrasound transducer connected to the PA
sensor chip. The transducer is attached to the tested tissue immersed in a water tank. For
example, in the experiments for imaging, the transducer is pressed against the hand
blood vessel. The interferences produced by tissues reflections and surrounding noise
are suppressed by a 3™ order Butterworth low-pass filter (LPF) considering its flat
frequency response characteristic within the passband. A variable gain amplifier (VGA)
is integrated on-chip to support up to the 50-dB dynamic range for input signals with
different amplitudes. The on-chip Gilbert cell multiplier reduces the system’s
requirement on bandwidth, sampling rate, and clock frequency in both the analog front
end and the digital processing enabled by the FPGA board.

The capturing and recovery on target PA signals are achieved by the mixed-signal
closed-loop processing, enhancing the SNR and specificity of the PA sensor for
detecting the weak target signals employing the coherent lock-in technique. The
coherent lock-in for photoacoustic signals is realized in two phases. The first phase is to
capture the target photoacoustic waveform, aiming at obtaining the initial and coarse

timing synchronization. The second phase is the tracking, aiming at fine-tuning the delay
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to locate the target signal position in the time domain continuously. In our design, the
coherent lock-in for the photoacoustic signal is realized based on the combination of the
analog front end and the digital algorithm implemented in FPGA through the high-speed
mezzanine card (HSMC) interface. The depth of the target is determined by the time
delay between the laser trigger and the echoed PA signals to the transducer. Practically,
the following design methodologies and parameters are addressed for the chip-based in
vivo temperature monitoring as well as imaging applications.

As derived from (4.2), 7 is the time interval from the moment that the induced
ultrasound signal is transmitted to the moment that the corresponding ultrasound

waveform from the target reaches the transducer, which is calculated as

T=— (4.3)

Here R is the range between the target and the transducer, v is the velocity of the
ultrasound waveform in the tissue. The photoacoustic signal p(t) after the transducer
can be considered as composed of three parts: the target PA signal, the interference

signal, and the noise, which can be modeled as
p(l) = ptarget (t) + pii1tetjference (t) + pnoise (t) . (44)

To extract the target waveform from the received signal, the template waveform is
leveraged for matched filtering. By multiplying the template waveform and the received
signal through Gilbert cell, the achieved waveform is expressed as

R(t) = p(t) * Temp(2), (4.5)
where Temp(t) is the template waveform stored in the random-access memory (RAM)
on FPGA. It has to be noted that the template waveform can also be stored in read-only
memory (ROM). Since a broad range of the target tissue depth leads to a wide dynamic

range of p(t). Also, various of vessel depths and physiological conditions of a subject
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lead to changes of p(t), thus the time delay 7 of the template waveform generation needs
to be adjusted adaptively to achieve the real-time alignment between the template and
the target signal. For PA sensing applications, a depth typically ranges from 1 mm which
corresponds to the skin surface, to 6 cm which corresponds to the in-depth target tissues,
is favorable and the corresponding time interval 7 is in the range from 0.64 us to 38.9
us. To provide a sufficient sampling rate to achieve the fidelity on the received signals,
the analog to digital converter (ADC) board operating at 50 MHz with 14-bit effective
number of bits (ENOB) is employed, which can provide sufficient timing and proper
signal resolution for the proposed sensor system.

As indicated from (4.5), the received signal R(?) after the Gilbert cell is determined
by both the photoacoustic signal p(t) and the template waveform Temp(?). Thus, the
overall dynamic range of the sensor is extended since the template waveform is
configurable at the digital side. To alleviate the requirement of the ADC sampling rate
and the data throughput, the highest frequency of the PA waveform after multiplication
with template waveform is determined as 10 MHz. In this work, an iterative RAM-based
lookup table (LUT) on FPGA is used to generate the template waveforms, which are
then coherently aligned with the target signals in different application scenarios. The
pulse repetition frequency (PRF) of the laser pulse is determined by the clock signal f.ix
generated from the FPGA, which is configurable from 10 Hz to 2000 Hz, covering the
range for different application scenarios including sensing and imaging on targets at

different depths. The calibration is implemented on the digital side.

4.2.2 In Vivo Digital-Enhanced Coherent Photoacoustic Signal

Detection Technique

The template waveform can be configured when the system works in the closed-
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loop form enabled by mixed-signal circuits for target signal capturing and recovery,
which is realized by the following three phases.

Phase 1 Template waveform extraction: To obtain the template waveform, the
received PA signal is processed by the CPU in PC through the open-loop PA sensor. By
summing N periods of the received pulsed PA signals, the weak target PA signal, which
is initially masked by noise, can be recovered with improved SNR. The template PA
waveform is stored in the RAM of FPGA. Considering the target signal presented
within the gate window is added coherently while the noise is added randomly as the

square root of the number of shots, the averaging with N shots will improve the signal-

to-noise ratio (SNR) by a factor of VN, which is derived as [132]

SNR, = S +8, +..+8, nS

= ~ = SNR, NN | (4.6)
JINF N2 4.4+ N2) (NP

where the term S; represents the target PA signal, and N, represents the noise within each
pulse period. After the summation and the gated function extraction, the unique template
window with enhanced specificity and sensitivity for personal physiological PA signal
is obtained. The critical issue related to the photoacoustic sensor system is the strong
interferences due to the unnecessary reflections from the objects.

A typical received PA signal is illustrated in Fig. 4.4, where the weak target PA
signal excited by a low-power laser is masked with noise and interferences. To extract
the target PA profile as the template waveform, a high-power pulsed laser is leveraged
to induce the PA signal from the blood vessel and the coherent summation of a tunable
number of pulses, which ranges from 50 to 200 pulses depending on the applications, is
implemented to obtain the template PA signal with enhanced SNR and suppressed
interference. A normalized template PA waveform profile is illustrated in Fig. 4.5. For

each application scenario, the template waveform needs to be acquired under strong
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laser excitation firstly, then the template waveform with high correlation coefficient to
the target PA signal is leveraged to achieve the capturing and recovering on the target
signal at in vivo scenarios.

Phase 2 Coherent lock-in on target PA signal: In real PA-based healthcare
applications at in vivo scenarios, continuous and in-depth monitoring on target PA
signals is required, where the digital-enhanced feedback needs to be implemented to
enable the adaptive target waveform capturing, locking and recovery as illustrated in
Fig. 4.6. For PA signal sensing applications, when the target’s position is ensured, a
processing window with configurable length is generated at a pulse repetition rate same
to the pulsed laser; thus, only the target PA signal will be captured and processed,
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decreasing the overall computation complexity of the algorithm and decreasing the
power consumption of the whole PA sensing system.

The continuous template waveforms are used for target signal capturing. After the
capturing, the pulsed template trains are used to lock the target pulsed PA waveforms
with the synchronized PRF. The FPGA and the PA sensor chip are implemented
coordinately to lock and recover the repetitive and weak target PA signals. In the
applications for sensing weak PA signals, a gate window with predetermined width
Tvindow 1s tuned with a delay to align the template waveform with the target PA signal,
which is of the pulse repetition interval (PRI) equaling to 1/PRF. A gated integrator
will amplify and integrates the signal within the time window while the noise and
interference which are out of the window are ignored; thus, the computation complexity
of the algorithms is reduced by PRI/T, inqow theoretically compared to traditional

methods which process all the points within the pulse interval. For example, if the
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Twindow 18 1 us, and the PRI is 0.5 ms, the computation complexity of the algorithm is
reduced by 500 times.

Phase 3: Target waveform recovery: To reconstruct the target waveform with
high fidelity and SNR, the adaptive reconstruction function is utilized, which can be
expressed as

R()

RI‘EC (t) = P (T )
target _norm \" window /. (47)

The reconstructed waveform after the decorrelation process demonstrates the
99.69% Pearson correlation efficiency to the PA waveform from the target tissue under
simulation when they are aligned accurately. Moreover, the value integrated within a
window time can be served as the intensity indicator of the target PA waveform where
the noise and interferences are suppressed during the integration process, which can

improve the detection sensitivity of the sensor system.

4.3 Photoacoustic Sensing Chip System Implementation

The design and implementation details of the PA sensor system, which consists of
the frontend integrated circuit and the digital algorithm implemented in FPGA and the

AD/DA module are presented explicitly in the subsections.

4.3.1 Analog Front-End (AFE) of the Sensor Chip

The schematics of the key analog circuit blocks for the chip-scale PA sensor is
shown in Fig. 4.7, where alternating current (AC) coupling is implemented between the
connection of the blocks. For detecting photoacoustic signals from deep targets with
poor SNR, high sensitivity and low noise figure are highly required for the AFE.

Meanwhile, considering the input signals may be very strong when the targets are
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Fig. 4.8. Schematic of the CMFB in the LNA [120].

induced by a high-power laser, the AFE needs a high dynamic range to meet the
requirements from different application scenarios.

Starting from the LNA, the output signal is amplified by 30 dB with 10 MHz
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bandwidth. The common-mode feedback (CMFB), which is illustrated in Fig. 4.8, is
used in the LNA to ensure the stable common-mode output hence the linearity of the
system. The amplified signal goes through the 3™-order Butterworth low pass filter,
which can provide the best flatness in amplitude within the filter passband and moderate
phase distortion compared with the other topologies (e.g., Chebyshef, Bessel, and
Elliptic, etc.). Then the waveform will be boosted by the variable gain amplifier which
can provide 0-30 dB gain in 10 MHz bandwidth. Active resistors are employed to
achieve a dB-linear wide-range gain for the VGA. Finally, the acoustic signal is
multiplied with the template waveform by the Gilbert cell on-chip. The multiplication
results of the received PA signal with the template waveforms will go through the ADC
to be further processed at the digital backend on FPGA to realize the target pulsed PA
signal capturing and recovery.

As demonstrated in Fig. 4.7 (a), to reduce the common-mode noise from the power
supply, fully differential topology is applied for the LNA. As the output resistance of
piezoelectric transducers is typically low, a common-source amplifier with high input
impedance is preferred. PMOS transistors implemented in N-Well are adopted as the
input pair to isolate the noise from the substrate. Furthermore, as the frequency of the
acoustic signal is from several Kilohertz to tens of Megahertz, the effect of flicker-noise
at low frequency dominates the noise characteristic of the LNA over the thermal noise
[66]. Thus, PMOS transistors are more attractive considering its characteristic of lower
1/f noise corner frequency compared to NMOS transistors. The noise simulation result
of the LNA is shown in Fig. 4.9. The input-referred noise density is about 1.58 nV/\Hz,
which contributes 5 uV noise in 10 MHz bandwidth.

The schematic of the 3™ order LPF is illustrated in Fig. 4.7(b), which is used to

reduce the out-of-band noise and unnecessary interferences in the acoustic signal. As
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the center frequency of the target PA signal is in the range of 1-10 MHz for different
applications, and the center frequency of the multiplication waveform of the template
and the target waveform is below 20 MHz, the cut-off frequency of the LPF can be set
digitally at 5 MHz, 10 MHz and 20 MHz for different application scenarios employing
transducers with different bandwidth. To provide enough DC gain, a two-stage
differential amplifier is used. The Miller capacitor compensation technique is adopted
to secure a sufficient phase margin. The LPF suppresses the harmonics caused by the
non-linearity of the LNA and ADC clock spurs via the low cut-off. The 3™ order LPF is
composed of op-amp cells with a transfer function of

1
1+2s+2s* +s°°

H(s)= (4.8)

where the values of Ri, R», and C in Fig. 4.7(b) can be derived from the required Q-

factor, center frequency fc and gain Ag, as

1
fc =
27RC,
26, = G,
R1 = Rz, Cl = Cz, C3 = C4,. (49)

The AC coupling causes the lower roll-off. The roll-off of the low cut-off is 60
dB/decade corresponding to the 3™ order LPF. The cut-off frequency can be tuned from
5 MHz to 20 MHz, where the post-simulation results of the LPF have validated the
design as illustrated in Fig. 4.10. The architecture of the VGA is illustrated in Fig. 4.7
(c), where the gain can be configured by adjusting the active resistors [67]. No common-
mode feedback circuit is needed in this resistor-load amplifier. Moreover, the VGA does
not need buffers as the VGA exhibits high input-impedance. The simulation result of

the gain versus control voltage of the VGA is shown in Fig. 4.11, when the control
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The measured overall gain versus the control voltage of the cascade of the LNA, LPF,
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and VGA is illustrated in Fig. 4.12, in which about 50 dB dynamic range is attained.
The Gilbert cell is served as the analog multiplier in the PA sensor chip, which is
demonstrated in Fig. 4.7 (d). It is comprised of a transconductance stage, a switching
stage, and a load stage. In the Gilbert-cell topology, the nonlinearity effects are mostly
dominated by the input transconductance. The linearization of the MOSFET
transconductance stage requires specific considerations. In this design, the length and
width of the transistors in the Gilbert cell are scaled up to reduce the mismatch effect as
well as to improve the linearity. The received PA signal from LNA, LPF and VGA are
properly amplified and multiplied with the template signal from the DAC by the Gilbert
cell on-chip. The multiplied signals will be fed to the ADC and then further processed
in FPGA to realize the coherent lock-in and precise recovery on the target PA signals,

enhancing the in vivo sensing and imaging performance.

4.3.2 System Level Implementation of the Mixed-Signal Coherent

Closed-Loop PA Sensor

The schematic of the coherent capturing loop is indicated in Fig. 4.3, where the
closed-loop detection is realized with the FPGA board (SCSXFC6D6 by Altera Inc.),
the AD/DA board (Terasic THDB_ADA), and the PA sensor chip. The illustration of
the template waveform generation for coherent lock-in and target waveform recovery
and gated integration is illustrated in Fig. 4.13. The analog circuits and the digital parts
are working coordinately to enable the capturing and recovery on the weak target PA
signals with enhanced SNR and specificity. The raw received PA signal induced by
extreme weak laser is shown in Fig. 4.14(a) and the profile of the reconstructed target
PA signal induced by extreme weak laser is shown in Fig. 4.14(b).

The ADC and the DAC in the system are realized off-chip by the THDB_ADA
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daughter board. The 14-bit ADC board is implemented to acquire the signals from the
chip-scale PA sensor and send the data to the DE-10 standard FPGA board for further
digital signal processing through the HSMC interface. For the chip-scale sensor system,
the ADC operates at 50 MHz, considering: 1) the sampling rate that is about twenty

times of the received signal frequency is enough for temporal and signal resolution; 2)
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the data throughput is moderate for commercial PCs. The reference clock of the ADC
and DAC is synchronized to that of the template generator by using the same external
crystal synchronized by the DLL of the FPGA board.

The prototype PA sensor chip is fabricated in a GlobalFoundries 65-nm CMOS
process. Fig. 4.15 illustrates the printed circuit board (PCB) and the microphotograph
of the chip. The connector to the transducer and the differential ports connected to DAC
and ADC board are identified in the PCB board in Fig. 4.15 (a). The key analog blocks
of the chip are identified in Fig. 4.15 (b). The chip was wire-bonded onto a PCB using
chip-on-board technology, where FR4 material is used for the PCB substrate to ensure
high-quality performance. At a 1.8-V supply, the sensor chip is within 20 mW power
consumption [120]. The system can be configured to operate under 16.1 mW for PA

sensing.

4.4 Experiments and Measurement Results

The setup of the chip-scale PA sensor system for the biomedical experiments is

illustrated in Fig. 4.16, where the pulsed laser, the PA sensor chip, the FPGA board,
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AD/DA board, and the transducer are connected. PZT transducer with 10 MHz
bandwidth is used considering the detection depth and losses under various potential
physiological conditions [120]. There is a layer of polydimethylsiloxane (PDMS)
between the transducer and the object to realize the coupling of light and sound. For the
PA-based in vivo imaging, considering the effects of attenuation and interferences, the
imaging resolution degrades with the increase of depth and the PA signal is very weak
from the in-depth target tissue.

The VGA was tuned to configure the gain of the front end to enable the system
working in a suitable situation. The amplitude of the template waveform from the FPGA
was also configured to enable the optimum sensing property of the whole system. The
detecting target’s depth was measured with the time delay according to (4.3), where the
v is 1540 m/s at in vivo environments and is 1480 m/s at the simulated environment in
the water. Four sets of experiments were carried out to validate the chip-scale PA sensor
system’s functions for in-depth temperature monitoring and enhanced in vivo imaging
under low power laser excitation conditions for various kinds of biomedical applications.

For the PA-based temperature monitoring experiments, since the intensity of the

PA signal is linearly proportional to temperature, the temperature can be derived from

[68]
p=uT(T)F, (4.10)
I'(T)=a+pT, 4.11)
P o o
TzFO(EvLZ))—E. (4.12)

Here u. is the absorption coefficient, F' is the laser fluence, /" is the Grueneisen
parameter, P represents the measured PA signal, Py is the PA amplitude at a baseline,

Ty, o and g are pre-calibration coefficients for different application scenarios [68].
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Fig. 4.16. Experimental setup of the chip-scale PA sensor system for the biomedical
experiments. (a) Schematic, and (b) test environment [ 120].
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Fig. 4.17. Temperature measurement results under the extreme weak laser illumination
using the chip-scale PA sensor system. (a) Conventional open-loop measurement
results. (b) Closed-loop temperature measurement results under lock-in state [120].
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Fig. 4.18. Invivo vessel imaging under weak laser illumination. (a) Conventional open-
loop imaging results. (b) Closed-loop imaging results under lock-in state [120].

Thus, the PA effect can be leveraged to non-invasively monitor temperature with a
theoretically linear relationship between the PA peak amplitude and the temperature

derived based on equations (4.10) to (4.12).

However, when practically monitoring the temperature with the illumination of a
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low-power laser, the induced PA signal is very weak with high noise. Thus, it is hard to
acquire the temperature information directly based on the peak values of the PA signal.
In the temperature monitoring experiments, the phantom in the water with different
temperatures was used to simulate the blood core temperature measurement
environment. The first experiment was to measure the temperature using the peak value
of the PA signal under the open-loop mode, and the results are illustrated in Fig. 4.17(a),
where X-axis is the temperature measured by the standard thermometer while the Y-
axis is the corresponding peak PA value measured from the LNA, LPF, VGA, and ADC.
The fitted linearity curve is shown as the solid blue line, which is with zero slope rate,
meaning that the peak PA value is masked by the noise and cannot be leveraged to detect
the temperature directly. The corresponding 80% confidence interval is illustrated as the
blue dashed line in Fig. 4.17(a). When the system operated under the coherent closed-
loop mode, the template waveform was leveraged to realize the coherent lock-in of the
target signal. Under the lock-in state, the multiplier output was integrated within the
time span of one template window length. The integration result was leveraged to
indicate the non-invasively measured temperature.

The integration PA sensing results under the closed-loop implementation versus
the temperature measured from the standard thermometer are illustrated in Fig. 4.17(b),
where the temperature trend can be obtained accurately. The corresponding 80%
confidence interval is illustrated as the blue dashed line in Fig. 4.17(b). Furthermore,
the root-mean square error (RMSE) of the closed-loop PA sensing will be reduced if the
PA signals are measured more rounds and processed with coherent averaging.

The function of in vivo imaging was validated in the experiments, where a
photoacoustic microscopy system was leveraged to implement the linear scan on the

vessel. The B-mode scan was achieved with a linearized motorized stage scanner (MT3-

108



Table 4-1.
Technology Summary and Comparison with Prior Arts.

JSSC T-BioCAS ISSCC JSSC This Work
2013 [49] 2015 [64] 2015 [63] 2017 [65]
Charge Charge
Pulser+LN Pump+Leve1 Pump+Leve TIA+LPF+V | LNA+ LPF +
Integrated A+Pulse Shifter+ 1 Shifter+
) . . . GA+ADC+D VGA+
Functions Shaping Preamplifier+ | Preamplifie ioital Multiplier
Logic Digital r+ Digital & P
Control Control
Laser Type Not Used Not Used Not Used Pulsed Laser Pulsed Laser:
P 20Hz-2000Hz
Bandwidth | 5.2MHz 0.5 MHz NA. 10 MHz 10 MHz
(Transducer)
Center 4.5 MHz 32 8 MHz 5 MHz 1 MHz
Frequency MHz
Tra?;f)‘écer CMUT PZT PMUT 2D CMUT PZT
Porble | o maging)
oy Ultrasonic Healthcare p 3D PA sing
Applications Imagin Monitoring/Im n Imagin Blood Core
ging agin & Measureme ging Temperature
ging nt Monitoring
2 2
Area 0.375mm?/ 2mm? ommz | 0062mmIE | 6 m2/Ch.,
Ch. lement
0.18 um 0.18 um 0.18 um 28 nm UTBB
Technology | c\jos CMOSHV | CMOSHV | Fp-sor | 85 nm CMOS
Temperature ~0.5° after
n.a. n.a. n.a. n.a. - .
Accuracy calibration
Signal FFT & 2D 2D . Mixed-Signal
Processing Velocity Beamsteering | Beamsteeri DBF/Imagin Coherent
Method Estimation Imaging ng Imaging & Lock-in
Power 143mW | 2.6u/Pulse | 2.6uiPulse | 20mW/ ~16.1mW
Consumption Pixel

The performance of the PA sensor system was summarized and compared with the
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imaging can be obtained simultanuously in a non-invasive way.

78, Thorlabs). The scanning step is 0.2 mm with a total length of 10 mm, and the
sampling rate is 50 MHz. The open-loop imaging on blood vessels was demonstrated in
Fig. 4.18(a), where the two blood vessels at a depth under the skin were vague. When
operating at closed-loop, the vessel’s position was captured firstly; then the vessel-
induced PA signal was enhanced by the template waveform and calibrated digitally. The
imaging quality on target blood vessels was improved, which is illustrated in Fig.
4.18(b). The color map indicates the target vessel. The system demonstrates enourmons

potential for COVID-19 monitoring applications as the temperature and in-depth in vivo




other photoacoustic or ultrasound sensor systems in Table 4-1. Considering few chip-
scale photoacoustic sensors were reported; several ultrasound-based probe sensors are
used for the comparison [49], [63], [64]. The laser is with about per-pulse fluence of 10
mJ/cm?, which is below the ANSI limitation for laser skin exposure [69]. Notably, the
dedicated design of the chip-scale photoacoustic sensor system with coherent lock-in
function is well suited for blood cell temperature sensing and in vivo imaging
applications with its capabilities on detecting extreme weak PA signals under the typical

in vivo environments with high noise and strong interferences.

4.5 I/Q-Based Coherent Lock-in Technique for PA Signal Detection
Based on Early-Late Tracking

For wearable biomedical devices, it is essential to detect target signals under high
noise and strong interferences. Moreover, it is critical to realize the system with compact
size and easy implementation. By leveraging the adaptive coherent lock-in technique
implementing early-late tracking, high sensitivity and specificity can be achieved for
detecting target signals. In-phase and quadrature PA templates are specifically designed
based on the profile of the target signal and are generated by the FPGA board and the
DAC boards. The received signal is correlated with the templates to capture, track, and
recover the target PA signal with a high fidelity [128].

To detect the PA signals under smaller than 0 dB SNR scenario, template
waveforms need to be specifically designed and leveraged. The template-based method
has been applied in photoacoustic sensing and radar-based vital sign monitoring [47],
[48]. Furthermore, leveraging the quadrature properties of the in-phase/quadrature (I/Q)
templates will further enhance the accuracy of discerning weak signals in the spatial and
temporal domain. Based on the quadrature mixed-signal coherent lock-in technique, the

PA effect, and the fast-growing CMOS technology, a chip-based sensor system called
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Fig. 4.19. Illustration of the proposed QuACL system: (a) Photoacoustic effect. (b)
Pulsed laser for inducing the PA signal at the object. (c) System diagram.

the QuACL is proposed, which is illustrated in Fig. 4.19, demonstrating its capability
on monitoring signals at scenarios with high noise and strong interferences based on
adaptive quadrature coherent sensing leveraging early-late tracking.

To obtain the template profile, a high-power pulsed laser is used to induce the PA
signal from the target object. Then, a coherent summation of a tunable number of pulses
is implemented to obtain the template profile. Considering that the noise and
interferences are un-correlated to the template signal, the correlation result with noise
and interferences are expected to be zero while the correlation result with the target
signal component remains, thus the target signal is extracted. In-phase templates and
quadrature templates are utilized to enable the coherent lock-in and early-late tracking
on the target PA signal. The in-phase and quadrature template waveforms are generated
by the FPGA and the DAC. The process of capturing and recovery on the target PA
signals is achieved by the quadrature mixed-signal closed-loop processing. The 7 and Q
templates are illustrated in Fig. 4.20(a). The spectrum of the PA template is shown in
Fig. 4.20(b), where the signal is within I0MHz range. The process is controlled by the

FPGA based on the discrimination curve. The process is completed by three phases.
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Fig. 4.20. (a) Ilustration of the / and Q templates. (b) Spectrum of the PA template.
(c) Hlustration of early-late tracking loop with discrimination curve indicated.

First, the target PA signal is captured with initial timing synchronization to the template
signal. Second, the I/Q templates, which are with a delay of half a target PA pulse width,
are generated adaptively to track the target signal in real-time early-late adjustment
determined by integration and subtraction of the received /-channel and (Q-channel
signals. Based on the I/Q templates, the early-late tracking on the target PA signal can

be implemented, which is illustrated in Fig. 4.20(c). Third, the acquired signal under the
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Fig. 4.21. Measured temperature under weak laser irradiating phantom in hot water.
(a) Measured result with direct amplitude-temperature mapping. (b) Measured results
using one-channel coherent PA detection. (c) Measured results using mixed-signal
quadrature coherent PA detection.

coherent lock-in state is digitized by the ADC and is processed by the FPGA to recover
the target waveform, obtaining the corresponding physical of physiological information
of the object and for the imaging applications.

The ADC operates at 50 MHz with the 14-bit ENOB to enable the required
sampling resolution. An iterative LUT on FPGA is used to generate the template 7/Q
waveforms. The pulse repetition frequency (PRF) of the pulsed laser is determined by
the configurable clock signal f.x from the FPGA, depending on the application scenario.
By multiplying the template waveform and the received signal through Gilbert cell, the

acquired signals R;(?) at the I channel and the Ro(?) at the Q channel are expressed as
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R, () = p(t) * Temp,(¢), (4.13)

Ro(t) = p(t) * Tempy(t), (4.14)

Discrimination(t) = R;(t) — Ro(t), (4.15)

where Temp(t) is the in-phase template waveform, Tempo(?) is the quadrature template
waveform, which is half a period lagged with the in-phase template in the time domain.
The target PA signal is discerned, tracked, and recovered based on the R;(?) and Ro(?) at
the digital side by the FPGA. Based on the Matlab simulation results, the target PA
signals can be discerned and recovered robustly under -10 dB SNR and can be tracked
and reconstructed at -15 dB SNR. The open-loop PA sensing on temperature is
illustrated in Fig. 4.21(a), where the temperature cannot be obtained. In Fig. 4.21(b), the
temperature was measured by the method in [120]. The QuACL system was verified by
temperature measurements with low-power laser excitation, where the results are shown
in Fig. 4.21(c). The X-axis represents the reference temperature measured by

thermometer, while the Y-axis is recovered PA signal amplitude after digital processing.

4.6 4-channel Coherent PA SoC Design

In Section 4.5, the chip-based mixed-signal coherent lock-in PA sensor for accurate
wake waveform sensing and imaging is presented. The main limitation of the prototype
is that the integration level of blocks is still relatively low, where the coherent signal
capturing loop needs to be realized with the help of off-chip DAC, ADC, and the FPGA
for signal processing. To implement the PA system into a more compact level toward
realizing portable in vivo sensing and imaging, a 4-channel photoacoustic sensor SoC
with the capability of early-late tracking on target PA signals is implemented, where
DACs, ADCs, and the digital processing module are integrated on-chip. For the first

time, the PA SoC realized the adaptive tracking and precise reconstruction on the in-
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Fig. 4.22. Block diagram of the 4-channel 7/Q based coherent PA sensor SoC with
early-late tracking function.

depth weak PA signal based on the mixed-signal early-late tracking loop, enabling the
PA imaging under in-depth in vivo scenario with high noise and strong interferences.
The system architecture of the 4-channel PA SoC sensor system is demonstrated in
Fig. 4.22, where the early-late tracking is realized by the analog front end and the digital
module on-chip. The laser is triggered by the clock controlled by an FPGA. Four PZT
transducers are used to acquire the PA signals; thus, in-depth PA signals, masked by
strong interferences and high noise, can be detected. The block diagram of the PA SoC
is demonstrated in Fig 4.22, where the analog part, the digital processing module, as
well as the AD/DA converters, are illustrated. Two 8-bit current-steering DAC and two
10-bit noise-shaping SAR ADC are leveraged to enable the early-late tracking loop
based on the coherent //Q templates in each channel. The early-late tracking process is
realized by the signal acquisition module and tracking module, which are indicated in
Fig. 4.20(c). The locked target 4-channel PA signals are summed coherently; thus, the
SNR is enhanced, and the interferences are suppressed. The system's circuits include the

analog part contained by the LNA, VGA, mixer, and buffer, the digital processing
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Fig. 4.23. (a) Circuit diagram of the Gilbert cell. (b) Layout of the Gilbert cell.

module on-chip synthesized based on Verilog, and the AD/DA converters. The essential

critical blocks are illustrated.

4.6.1 Gilbert Cell Implementation

The Gilbert cells are used in the PA SoC to realize the analog multiplication of the
template signal with the received signal from the transducer. The circuit diagram of the
differential active Gilbert cell is illustrated in Fig. 4.23(a). A buffer is following the
output of the Gilbert cell to boost the driving capability. The layout of the Gilbert cell

is illustrated in Fig. 4.23(b).

4.6.2 DAC

An 8-bit current steering DAC is used to generate the template waveform, where
the system architecture is illustrated in Fig. 4.24. Two 4-bit binary to thermometer
converters are used to control the current cells; the binary to thermometer converter is
implemented with standard digital cells from TSMC. The low-level bit 0 to bit 3 of the
DAC are implemented by controlling one current cell, while the high-level bit 4 to bit 7

are implemented by controlling 16 current cells; thus, the values of the summation of
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the 8- bit resolution current steering DAC can be realized.

The clock for the Decode 1% module is illustrated as CKB and the clock for the
Decode 2" module is illustrated as CKN, which is the inverse of CKB. The block
diagram of the Decode 1% module is illustrated in Fig. 4.25, where the inputs DO and
D1 are processed by the inverters, NAND gates, and output from the D flip-flops. The
block diagram of the Decode 2" module is illustrated in Fig. 4.26, where the inputs DO
and D1 are processed by NAND, input D2 is processed by inverter. Then the NAND

output and the inverter output are processed by a NAND. The output of the 2" NAND
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Fig. 4.27. Schematic of the 4-bit binary to thermometer converter.

DT1

then undergoes the D flip-flop, and two inverters and the final output DOUT is the and
output from the inverter. The outputs of the binary to thermometer converters will go
through the buffers implemented by the inverters and be transformed into the differential
form for further processing. The schematic of the 4-bit thermometer to binary converter

is illustrated in Fig. 4.27, where the 4-bit binary inputs DO, D1, D2, and D3 are converted
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Fig. 4.30. Layout of the 8-bit current steering DAC.
to thermometer outputs DT1 to DTI15 through the Decode 1% module and the

Decode 2" module. The buffer is implemented with 3 inverters from standard digital
circuit library in TSMC process, which is demonstrated in Fig. 4.28. The circuit diagram
of the latch synchronizer is illustrated in Fig. 4.29(a), where the buffers' differential
outputs represented as D and DN are going through the latch synchronizer controlled by
clock signal CK. The outputs of the latch synchronizer are used to control the current
cells to complete the DAC function. The DAC is designed to work at 50 MHz clock

frequency. The circuit diagram of the current cell is demonstrated in Fig. 4.29(b), where
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the current cell's value can be configured by the biasing voltages VB1 and VB2. The
current cell's output is either OUT N or OUT P, which is determined by the control
signals of S and SN, which is determined by the control signals of S and SN. The layout
of the whole DAC is demonstrated in Fig. 4.30. The I/Q correlation is realized based on
analog multiplication by Gilbert cell and digital summation implemented on-chip. The
1I/Q templates are controlled based on the discrimination curve determined by the
subtraction of //Q-channel correlation results, which would enable the adaptive early-

late tracking on target PA signal illustrated in Fig. 4.20 and equations (4.13) to (4.15).

4.7 Summary

In this chapter, the design of novel CMOS chip-scale PA sensor systems for in vivo
imaging and blood core temperature monitoring is presented. The details of the
prototype sensor system and the experiments have been presented. The strong
interferences and noises from tissues are suppressed by the 3™ order active-RC LPF. The
AFE attains a tunable 0-50 dB gain where the LPF can provide a passband bandwidth
from 0.1 MHz to 10 MHz. Directly bonding to a PCB, the photoacoustic sensor can
achieve 50 pV sensitivity, enabling continuous, portable blood core temperature
monitoring and imaging with enhanced precision. Additionally, the quadrature coherent
lock-in sensor chip leveraging early-late tracking has demonstrated its potential to be
widely adopted by PA/ultrasound system for wearable healthcare monitoring and
disease diagnosis. Moreover, a 4-channel PA SoC implementing early-late tracking and
adaptive beamforming is presented with analog front end, ADC, DAC, and digital
processing module integrated on-chip. The designs demonstrate the mixed-signal PA
sensor SoC’s potential for versatile health sensing in current COVID-19 pandemic and

future intelligent IoE era.
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Chapter 5

Conclusions and Recommendations for Future Work

In this chapter, the thesis's conclusions on coherent chip-scale PA and radar sensor
circuits and systems design for pervasive healthcare applications are presented.

Moreover, the recommendations for future work are discussed.

5.1 Conclusions

The thesis presents the research on the CMOS-integrated radar sensor for
noncontact multimodal vital signs monitoring and falling detection, as well as the chip-
based photoacoustic sensor for non-invasive temperature monitoring and in vivo
imaging, exploring the chip-based sensor systems leveraging multi-physical mechanism
to enable pervasive healthcare monitoring and potential disease diagnosis in current
global COVID-19 pandemic and for future intelligent IoE era.

A CMOS-integrated phased-array radar sensor prototype fabricated in the
GlobalFoundries 65-nm CMOS process for wide FoV multimodal vital sign monitoring
and falling detection is presented. The co-design of integrated circuit blocks and
efficient signal processing algorithms utilizing the interferometric phase is implemented
to enable the accuracy, low power consumption, and reliability of the radar sensor for
detecting tiny movements caused by heartbeat and respiration. Vernier-based DLL's
design considerations, which is an essential building block for the phased-array radar
sensor, are discussed in Section 3.5, where the DLL measurement results are presented.
Besides the radar sensors implemented for respiration, heartbeat, and falling monitoring,

to further monitor the in-depth blood core temperature and achieve in vivo imaging for
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potential disease diagnosis, a high-precision CMOS-integrated mixed-signal coherent
lock-in photoacoustic sensor prototype realized in GlobalFoundries 65-nm CMOS
process is designed to realize the compact-size sensor for potential disease diagnosis in
a portable way. Furthermore, a four-channel photoacoustic SoC was fabricated in TSMC
65-nm CMOS process, including the AFE, ADC, DAC, and the digital processing
module implementing coherent lock-in and accurate beamforming for precisely
detecting target photoacoustic signals with enhanced SNR, improved sensitivity and
specificity for in vivo subject monitoring as well as enhanced imaging.

To conclude, through the coordinated optimizations on the mixed-signal integrated
circuits, energy-efficient sensor signal processing algorithms, and the usage on multi-
physical mechanisms including the sensing based on EM, acoustics, and light, the
CMOS-integrated mixed-signal coherent radar sensors and chip-based photoacoustic
sensor prototypes have verified their capabilities on accurate multimodal vital signs
monitoring, falling detection, temperature monitoring, and in vivo imaging. The thesis
explores the route toward efficient versatile sensing for ubiquitous health status
monitoring in the current COVID-19 pandemic and furthermore, personalized potential

disease diagnosis for the future intelligent Internet of Everything (IoE) era.

5.2 Recommendations for Future Work

The thesis mainly presents the published work of the chip-based photoacoustic
sensors and CMOS-integrated radar sensors for healthcare applications, targeting at
sensing and imaging. Besides sensing and imaging, highly energy-efficient ultra-low-
power (ULP) communication systems are essential to realize the fully-connected edge

bio-devices for ubiquitous and connected healthcare monitoring applications.
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5.2.1 FSK Transceiver for ULP Communications

We have developed the MEMS-based ULP FSK transceiver techniques, where

several FSK communication chips have been taped out, which include a MEMS-based

FSK receiver and a MEMS-based subsampling FSK receiver working at industrial,
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Fig. 5.3. Measured parallel impedance R, of two different devices at the parallel
resonant frequencies of 911.9 MHz and 923.1 MHz [131].

scientific and medical (ISM) band [124].

The schematic of the AFS FSK receiver is demonstrated in Fig. 5.1. To enable the
low power consumption with high conversion gain, a current-bleeding RF input Gilbert
cell with single-ended RF input and differential LO input is used in the ULP FSK
receiver, which is illustrated in Fig. 5.2. There are two resonant frequencies in the
MEMS resonators, namely series resonant frequency f; where the impedance of
resonator Rs is lowest and parallel resonant frequency f, where the resonator has the
highest impedance value of Rp. For the MEMS-based cross-coupled oscillator, the
oscillation will happen at f;,. To start up oscillation with low power, larger R, is required.
Fabricated with different device dimensions, the measured R, of two MEMS resonators

are larger than 7000 at 911.5 MHz and 926.2 MHz, which are shown in Fig. 5.3 [131].

5.2.2 CMOS-Integrated UWB Radar Sensor for Accurate Multimodal

Vital Signs Monitoring

To further improve the resolution and power consumption of CMOS-integrated

biomedical radar sensors, a proposed chirped UWB chip-scale radar for future work is
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Fig. 5.4. Proposed coherent chirped UWB CMOS-integrated radar sensor with
turbo mode closed-loop tracking.

illustrated in Fig. 5.4, where the advantages of UWB and FMCW techniques are
leveraged together. The closed-loop chirp generation can enable high chirp linearity and
broader bandwidth, which will ensure a much better range resolution and improved
pulse phase coherence. The tracking PLL and turbo-mode DSP module will be
developed to ensure reliable and accurate heartbeat discerning and tracking with low
phase noise in the closed loop. The power consumption of the proposed radar sensor is
scalable to enable reliable performance under different application requirements.
Moreover, the UWB masked Chirp Radar (UWB-CR) technique is compatible with the
Federal Communications Commission (FCC) frequency mask, where the ranging and
bio-sign detection can be achieved concurrently in real-time. The turbo mode supported
by adaptive tracking loop is leveraged to enable enhanced data processing and effective

feature extraction in an efficient mixed-signal mode.

5.2.3 Efficient Sensor Signal Processing Techniques

The robust and high-resolution vital signs monitoring algorithm can be further
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explored to improve the detection sensitivity and accuracy of the radar system [125]. As
illustrated in Fig. 5.5, the algorithm will utilize FFT for range determination, the
interferometry processing for tiny movements detection, and the sPCA algorithm for
accurate biomedical features extraction; therefore, the precise healthcare monitoring can
be achieved. Moreover, the proposed algorithm can be easily implemented on-chip as a
digital processing module. To further improve the recognition accuracy on specific
movements like falling and different gestures, convolutional neural networks (CNN),
recurrent neural networks (RNN), and reinforcement learning can be explored to
improve the radar sensor system’s performance for intelligent precise recognition on the
target’s features, enabling near-sensor processing in an easily deployable way.

To further enhance the PA sensor SoC system's performance, artificial intelligent
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(AI) techniques can be implemented on-chip. AI models with local learning such as
biologically-plausible spiking neuron networks and restricted Boltzmann machine
models can be competitive candidates for radar bio-sensing applications, as the local
learning is more energy-efficient than the CNN deep learning based on the
backpropagation method with massive data movement across the network [127].

With a computation-in-memory architecture, the chip-scale sensor system’s
capabilities on cognitive sensing, imaging, and in-sensor signal processing have the
potential to be further enhanced, paving the way for the next-generation chip-scale
multimodal edge sensing, complementary healthcare monitoring, and personalized

disease diagnosis with improved sensitivity and increased specificity in the IoE era.
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