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“When wireless is perfectly applied, the whole earth will be converted into a huge 

brain, which in fact it is all things being particles of a real and rhythmic whole.” For 

almost a century, electrical engineers are endeavoring to approach what Nikola Tesla 

predicted in 1926 for a “World Wireless System”. However, as of today, many hurdles 

remain when we think of all things connected rhythmically with interaction and links 

between the cyber and the physical worlds, because sensing of the “things”, especially 

“living things”, is still heavily constrained. The location and shape of objects, as well 

as the vital signs of people and animals are critical information to the overall systems. 

I will first highlight the solutions of highly reliable and accurate indoor RF 

ranging, localization. The demonstrated radio frequency (RF) localization method 

bypasses the Uncertainty-Principle mathematical model commonly seen in the radar-

like system, so that the high temporal (kHz) and spatial (microns) resolutions can be 

achieved simultaneously with ~915 MHz signals which have deep penetration to many 

dielectrics of interests such as building materials and living tissues. Vital-sign 

monitoring is the second part from Chapter 4, including the heartbeat dynamics, 

respiration, and blood pressures of both central and pulmonary circulations, with the 

new near-field coherent sensing (NCS) approach, which not only provides 

unparalleled RF vital-sign signal quality and sensing capability, but also does not 



 

require skin touch or motion restraint to greatly improve the applicability to people 

and animals. The systems in my works can be implemented in the applications of high 

precision indoor locating, assisted living, RF bio-tomography, biometrics for security, 

wearable sensors, and clinical research. Finally, I will discuss some of the potential 

following directions and projects in the future works.  

All my works during the Ph.D. period are covered by the 27 research papers 

and 7 patents, which are listed at the end of this dissertation. 
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PREFACE 

In the later summer of 2015, I came to Prof. Edwin Kan’s research group in School of 

Electrical and Computer Engineering at Cornell University for the Ph.D. degree, 

where I embraced the broader topics of Internet of things, cyber-physical system and 

applied electromagnetics.  Looking back from the day I began my Ph.D., my research 

skills and experience have been improved to a new level, including formulating and 

solving problems independently, collaborating with others, guiding the junior 

members, and setting up plans to explore unknown domains. Meanwhile I obtained 

something I reckon more precious to the long-term future, which is the sense for new 

research directions. I believe this is also the necessary maturation step from a Ph.D. 

researcher to an independent research faculty. 

Cornell University gives me five years of colorful time, just as the beautiful 

four seasons in this upstate New York area. My campus life is filled with vitality and 

happiness. Works can sometime be tense but always satisfying. In my leisure time, I 

often go to the nearby state parks with my friends to relax in the spring breeze and 

enjoy the vibrant nature; I burn my extra energy under the summer sunshine in the 

soccer field, sharing the happiness and disappointment of my favorite sport teams.  I 

can later pick up the Fall colors with my camera to recover the puzzle and picture the 

dream of tomorrow. When the snow falls, I sometime sit by the fireplace with my 

guitar, playing the old song my father taught me and looking forward to the coming 

spring. Life has many fun and attractive parts: the warmth of the family and friends, 

the rich daily activities, and the excitement of a better future. As time goes by, it is a 

choice that I make every day worthwhile and enjoyable! 
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CHAPTER 1 

 

INTRODUCTION 

 “When wireless is perfectly applied, the whole earth will be converted into a huge 

brain, which in fact it is all things being particles of a real and rhythmic whole.” For 

almost a century, electrical engineers are endeavoring to approach what Nikola Tesla 

predicted in 1926 for a “World Wireless System”. However, as of today, many hurdles 

remain when we think of “all things” connected rhythmically with interaction and 

links between the cyber and the physical worlds: How to make the large amounts of 

everything with or without life known to the network? How to connect the small items 

such as keys, pens and rings online? How to monitor people’s wellness and emotional 

states continuously? How to make the civil structures like buildings and bridges have a 

nerve system? And more importantly, how to make human beings at the center stage 

and the beneficiary of the technology advancement?  How to evolve the humanity and 

technology together in the development of civilization? 

At the turn of the Millennium, ultra-high-frequency (UHF) radio-frequency 

identification (RFID) became mature and commercialized. During the past two 

decades, people realized that passive tags can be easily deployed, small items can be 

connected, and civil structures can have distributed “nerve” nodes with battery-free 

sensors which harvest their operational energy from ambient.  For a wireless unit 

without battery, packaging, maintenance, and disposal become much more 

manageable. A typical RFID system can easily manage hundreds of tags in the reading 

zone and versatile sensors can be integrated on the tag to offer intelligence. However, 
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the critical information of accurate tag location remains missing for many present 

RFID systems. 

When people think about centimeter or millimeter-level localization accuracy, 

X-band or above radar and LIDAR (light detection and ranging) are the first devices 

coming to mind, when the UHF system can only offer accuracy around deca-

centimeters. In contrast, in an RFID system, when a tag as a location marker is 

attached on the object or deployed at the specific points, the channel model is totally 

different from the radar-like system. Most of the radars would depend on the shorter 

wavelength and broader bandwidth to increase accuracy and resolution, meanwhile 

suffer from the Uncertainty Principle caused by the Fourier-transform mathematical 

model to trade off the spatial and temporal resolution. In an RFID system model, the 

ranging performance would be improved greatly for both resolutions if the system 

were properly designed with the high signal-to-noise ratio (SNR).  

To overcome the low SNR problems of the conventional RFID system, the 

harmonic RFID system is proposed with an on-tag harmonic converter to generate the 

uplink signal at the 2nd harmonic band, isolating the downlink and uplink channels. 

Because the uplink signal is no longer suffering the phase noise skirt of the high-

power downlink signal, the harmonic system provides much better SNR and phase 

sensitivity in comparison with the conventional RFID system. An RFID system with 

very high ranging accuracy as well as a high refresh rate was achieved [1]. The 

resolutions of 50 μm in air and 5 μm in water with 1 kHz refresh rate were presented 

by the 1 GHz RF sensing system. The relatively lower carrier frequency in the UHF 

(ultra-high frequency) band enables deep dielectric penetration and hence broadens the 
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possible applications.  In this work, the limitations of ranging accuracy and resolution 

were carefully investigated with corresponding implementation schemes and 

architectural changes for mitigation. Compared to the radar-based system which is 

limited by the Uncertainty Principle caused by the Fourier transform mathematical 

model, the demonstrated system can achieve much better performance at the same 

frequency band. The system can be expanded for the 3D indoor localization [2,3]. The 

real-time 3D localization system provides millimeters-level resolution and accuracy 

performance, and the coordinates refresh rate is demonstrated as 20 Hz [3]. The 

harmonic RFID system achieves such localization performance providing the 

potentials for various applications. However, the current time-division multiple access 

(TDMA) air protocol in Electronic Production Code (EPC) Gen 2 is the bottleneck for 

simultaneous multi-tag accessing. Because of the communication inefficiency, 

inherent channel blockage and antenna alignment as well as detuning, the read yield 

rate is low and the system suffers the protocol random delay. The problems can be 

solved by adopting the code division multiple access (CDMA) protocol to the 

harmonic RFID system after the initial TDMA polling. Two parts of CDMA protocols 

are included: tag CDMA [4] and collaborative reader CDMA [5]. The tag CDMA 

protocol explores the hardware architecture and synchronization algorithm to 

minimize the tag power consumption, maximize the allowable tags that can be tracked 

simultaneously, and improve localization performance by reducing tag interference. 

The collaborative reader CDMA protocol provides much higher tag read yield rate 

within the multi-static channels, eliminates the inter-reader collision problem, and 

reduces the period of the tag reading. Hitherto, the harmonic RFID system was 



 

4 
 
 

demonstrated as a useful, high-performance and reliable platform for the future cyber 

physical system (CPS) and Internet of things (IoT) applications.  

Wireless technology continues its evolution in the last hundred years. The 

Moore’s Law in the last sixty years has brought forth many new computing devices 

and communication networks that are both reliable and affordable. After all the 

endeavors during the first two decades of the 21st century on smart phones which 

fundamentally change the personal lifestyle and social culture, more attention has been 

directed to find new applications, particularly those focusing on the wellbeing of the 

end users. By extension from the high localization capability of the harmonic RFID 

system, if a harmonic tag is deployed on the human body, is it possible to detect the 

tiny skin surface motion caused by the heartbeat and respiration? As my research went 

on, an entirely new principle has emerged for the human and animal vital signs 

sensing.  Not only this principle does not rely on the body surface motion and can 

retrieve detailed internal organ movement not previously possible, but also the 

sensitivity, local specificity and deployment convenience improve at the same time. 

From the fundamental principle, the most direct, and hence reliable and 

accurate, sensing will couple a significant amount of energy to the signal source.  For 

vital signs, instead of using the mechanical motion of the thorax surface which can be 

interfered by other signals and body variations, we should couple the energy directly 

to where the heart and lungs move.  A new method is presented in this thesis work: 

Near-field coherent sensing (NCS) [6], which modulates the vital signs over 

multiplexed radio with unique ID. As the UHF signal can couple significant energy 

inside the body if the body is in the near-field region of an antenna, the vital signs 
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inside the body become part of the antenna characteristics to be detected at the antenna 

or at the far fields.  In contrast, for previous RF vital-sign sensors, the body is at the 

far-field region of the antenna where most of the impinging RF energy will be 

reflected instead of penetrating inside the body, so the sensing is limited to the minute 

body surface motion caused by the heartbeat and breathing. By our NCS technique, 

breath rates, breath efforts, heart rates and blood pressures for multiple person can be 

accurately retrieved due to the direct coupling to internal organs. The harmonic radio-

frequency identification (RFID) system is applied to realize the passive on-body RF 

sensor. The near-field coupling requires no direct skin touch. With the integration of 

the embroidered antenna in the future, the NCS system can be readily deployed on 

clothing, which makes this technology a strong candidate for vital-sign monitoring by 

wearables.  

NCS derives from the near-field coupling that can penetrate into many 

dielectrics, similar to the UHF ranging system in water. In the future, it can be applied 

not only for human vital signs, but also for the generic hidden-motion sensing such as 

internal organ motion in animals and mechanical vibration of motors inside a hard 

casing. This new design angle of RF sensing provides a broad area of applications in 

assisted home care, clinical facilities, animal housing, digital farms and factories. 

Imagine that the vital signs can be collected when a person sits on a chair in an 

emergency waiting room or in a car seat!  Imagine that the internal vibration of an 

equipment can be continuous collected remotely!  In addition to the broad application 

areas, the high SNR and spatial resolution of NCS also provide unprecedented sensing 
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capability such as the detailed heartbeat dynamics, including the motion from deferent 

part of the heart, the vascular pressure transients [7], and the heart sounds [8]. 

Because the wrist [6] and femoral pulses [9] of human can be readily detected 

by the NCS system, the vital signs of small animals are now within the range of 

detection that is previously very difficult. A new method to measure the vital signs of 

small conscious animals has been demonstrated in this thesis [10] with precision and 

convenience. First NCS is benchmarked with ECG for heartbeats of a laboratory rat 

for validation, and then demonstrated the new non-invasive method on our pet 

hamster, tortoise, parakeet, and fish, which are not only the species with high research 

values but also popular pets that may draw community interest. In comparison with 

the state of the art of small-animal vital-sign monitoring, this method can be totally 

non-invasive, and do not require any cruel and uncomfortable animal handling such as 

hair removal, Intramuscular electrode, and body implantation. The setup has minimal 

interfere to the daily rhythms of the animal under test, where most animals will not 

likely notice the on-going real-time measurement. This work not only provides an 

innovative tool to small animal studies, but also deliver the idea that lab animals, 

whenever possible, should be monitored without invasive cruelty such as unnecessary 

anesthetization, hair removal, forceful body stretch, drilling holes on shell, and 

surgical implants. The NCS monitoring of small conscious animals would allow the 

lab animals to “Live long and prosper”.  We have also successfully extended the NCS 

technology to wildlife and farm animals in addition to lab animals and pets.  When 

this sensing technology becomes mature and broadly deployed, we may have “Internet 

of Beings” besides “Internet of Things”! 
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As we refresh Tesla’s vision nearly 100 years ago, wireless technology has 

provided the links among people, the interactions of our lives to the environment, and 

the understandings from where we are to the future and beyond.  These are the steps to 

the goal of “all things being particles of a real and rhythmic whole”, as we look 

optimistically to the future connected global village: One World in rhythmic harmony. 
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CHAPTER 2 

 

CODE DIVISION MULTIPLE ACCESS IN CENTIMETER ACCURACY 

HARMONIC RFID LOCATING SYSTEM 

Introduction 

Many applications of Internet of Things (IoT) require item-level identification and 

localization for ambient intelligence [1-5]. When the number of local “things” 

increases, passive tags without the concerns of battery packaging and replacement are 

easy to deploy, free of maintenance and readily attachable to most “things” as the last 

layer in IoT [6]. Motion monitoring [7, 8], accurate object fetching and delivery in 

robotic feedback [5, 9] and posture/gesture acquisition in human machine interface are 

some examples that need accurate localization around or below the centimeter level. In 

comparison with camera-based methods, RFID-based tracking has the unique 

advantage of combining locating with digital identification to handle a large number 

of targets simultaneously and unambiguously. However, RFID locating based on 

received signal strength indicator (RSSI) suffers from poor accuracy and reliability 

due to multi-path interference [10-13]. On the other hand, phase-based methods also 

encounter major challenges in operation and deployment, such as the required relative 

motion [11] and anchor nodes [5, 14].  

The conventional RFID system employs Aloha or tree-based time division 

multiple access (TDMA) in the electronic production code (EPC) protocol to resolve 

inter-tag collision [15]. Benefits of TDMA include low complexity in circuits and 

protocols, ability to deal with a large and unknown number of tags, and low power 
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Fig. 1. Nonlinear backscattering based on passive second harmonic conversion. (LPF: Low 

pass filter, HPF: High Pass filter) 

consumption. However, the worst-case delay in TDMA scales linearly or sub-linearly 

with the number of tags and can result in sampling failure under constrained time, 

which implies difficulty in recovering the vibration spectrum and tracking fast 

irregular motion. To facilitate real-time localization of multiple tags, the backscatter 

signals of all tags including their location information should be retrieved by the 

reader simultaneously with a guaranteed lowest sampling frequency, where code 

division multiple access (CDMA) can be employed to enhance the original TDMA 

performance. 

In this chapter, I will first review the single-tag harmonic RFID system and the 

corresponding localization algorithm that are necessary to set up the multi-tag system. 

Then the multi-tag interference and the tag-number limitation in CDMA will be 

analyzed and compared against those of TDMA. Finally, I will verify the real-time 

multi-tag CDMA system experimentally with performance evaluation.  

System Design and Algorithms 

The frequency overlap of downlink and uplink carriers causes severe self-jamming in 

the conventional RFID system. This problem can be fundamentally relieved by 
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Fig. 2. Harmonic tag and reader PCB prototypes and block diagrams: (a)(b) The harmonic 

tag; (c)(d) The harmonic reader. The tag antenna for the harmonic frequency is on the back 

side of the PCB board in (a). 

harmonic backscattering [16]. As shown in Fig. 1, the reader transmits the 

fundamental frequency at f as the downlink signal to the harmonic tag, and the tag will 

backscatter the second harmonic 2f via passive harmonic generation as the uplink 

signal to the reader, where a low-pass filter at the transmitter (Tx) and a high-pass 

filter at the receiver (Rx) can readily isolate the downlink and uplink.  

a. The Harmonic Backscatter Tag and Reader 

Figure 2(a) shows the PCB prototype of the harmonic backscatter tag, which is based 



 

12 
 
 

on the open wireless identification sensing platform (WISP) [17, 18]. The dimension 

is about 2×5.4 cm. As shown in Fig. 2(b), the tag is composed of the conventional 

RFID module including energy harvesting and logic for air protocol, as well as the 

harmonic generation circuits by the nonlinear transmission line (NLTL) [19]. The 

harmonic tag can operate under the EPC protocol inherited from WISP. Antenna 1 

(ANT 1) is designed to receive the fundamental frequency for energy harvesting and 

downlink signal demodulation. Antenna 2 (ANT 2) is designed for the harmonic 

conversion and backscattering. The second harmonic signal is generated by the 

broadband NLTL, which consists of ladders of inductors and varactors [16]. The RF 

switch controls the backscatter signal with on-off keying (OOK).  

Figures 2(c) and (d) show the PCB prototype and block diagram of the 

harmonic reader, which supports 1 Tx and 4 Rx antennas for 3D localization (the 

number of Rx antennas J = 4). The received harmonic signal is directly converted to 

the baseband and sampled by the quadrature analog-to-digital converter (ADC) on the 

Cortex M4 micro-controller. To allow coherent phase detection, the local oscillator 

(LO) of the Rx mixer is coupled from harmonics of the power amplifier in Tx. The 

reader employs variable gains in both Tx and Rx to enhance the dynamic range. The 

reader communicates with the host computer by Bluetooth. 

b. Single-Tag Localization 

Single-tag 3D localization was realized in the harmonic tag and reader system as 

shown in Fig. 3 [19]. First, within the constraints of overall bandwidth and number of 

frequency, the optimal frequency combination (f1, f2, …, fI) is selectedby the heuristic 
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Fig. 3. Illustration of the 3D localization system by the harmonic tag and reader. 

multi-frequency continuous wave (HMFCW) ranging algorithm [16].  The frequencies 

of 829, 889, 950, 1045 and 1060 MHz (I = 5) in this work for illustration. FCC 

compliance can be met by employing frequency choices in two unlicensed ISM bands 

[16]. The purpose of frequency selection is to increase the phase error tolerance in the 

solution of the ambiguous cycle integers. For the case of a single tag in the reading 

zone in the harmonic scheme, the tag backscatter signal at Rx does not rely on 

modulation to be distinguished from the Tx leakage and undesirable reflection, 

because Tx and Rx have well separated carriers. The Rx mixer coherently 

demodulates the 2f carrier phase matrix M, which has dimension of I = 5 (frequencies) 

by J = 4 (antennas) here. M is transmitted back to the host computer, and the HMFCW 

algorithm is executed to resolve the ambiguous cycle integers and calculate the 

differential distance from the tag to each antenna pair, i.e., 6 differential distances for 

4 Rx antennas. Each differential distance determines a hyperboloid in the 3D space, 

and the intersection point is determined by the nonlinear conjugate-gradient search 

[19]. 

c. Multi-Tag Localization 

When the reading zone contains N tags to be located simultaneously, the n-th tag will 
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Fig. 4. The combined TDMA and CDMA protocol.  

have a phase matrix Mn to be retrieved. Although TDMA can be readily applied to an 

assigned sequence of tag responses, the linear scaling between the delay and N is hard 

to accommodate when N is large. Thus how to apply CDMA for high performance 

multi-tag real-time tracking is studied in the harmonic RFID system. 

The combined TDMA and CDMA protocol is shown in Fig. 4. First, the reader 

broadcasts a request signal for polling all tags within the reading range by TDMA, and 

then assigns a unique chip code to each participating tag. To start CDMA with high 

orthogonality, the uplink signal from each tag needs to be reasonably synchronized 

within each bit duration. All known tags will control the RF switch in Fig. 2(b) to 

modulate the harmonic backscatter signal in a chosen frequency lower than the indoor 
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coherence bandwidth [20]. After receiving and demodulating the tag responses, the 

reader sends the CDMA request command again for the next loop of location and 

sensor information acquisition. After a preset period when the tags in the reading range 

are expected to change, the combined TDMA and CDMA protocol can be executed 

again to refresh the chip code setup.   

In the CDMA loop, the protocol can also be integrated with the Miller 

subcarrier modulation in the conventional RFID system, where the phase between two 

Data-0s as well as in the middle of the Data-1 symbol is inverted in the symbol 

sequence. The baseband waveform is then multiplied by a square wave at m (m = 2, 4, 

8, …) times of the symbol rate [21]. The Miller subcarrier modulation is a spread-

spectrum process with more concentrated energy closed to the carrier and can be 

integrated with Manchester coding to enhance collision detection.  To distinguish 

multiple tags simultaneously in CDMA, the Miller modulation needs to code every bit 

(half symbol after phase inversion but before m multiplication) by CDMA, and hence 

increases the cost of CDMA.  However, in comparison with TDMA where only one 

tag responds within a request for a validated read, this Miller CDMA can 

support m tags and hence can still be considered as an improvement. Moreover, the 

existing m sub-carrier generation in many EPC tags can be used for the spread-

spectrum purpose.  

Here an illustration in Figs. 5(a  c) for the two-tag scenario is given. Figure 

5(a) represents the baseband after the phase inversion in Miller modulation. Tags 1 and 

2 are transmitting the symbol (011) and (110), respectively. The m = 2 square waves of 
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Fig.5. (a) The Miller modulated baseband of Tag 1 and Tag 2. (b) The m = 2 square wave of 

Tag 1 (blue solid line) and Tag 2 (orange dotted line) with proper time shift. (c) The 

overlaid transmitting signals of Tag 1 and Tag 2.  The green dashed line represents the Rx 

signal envelope when the two tags are transmitting simultaneously with the same RSSI. (d) 

The m = 4 square waves (4 square-wave cycles with 8-bit duration) within 1 symbol that 

can support up to 4 tags. 

each tag are shown in Fig. 5(b) as the blue solid and orange dotted lines. To improve 

orthogonality, the phases of the m = 2 square waves need to be shifted and then 

multiplied to the baseband signal as shown in Fig. 5(c). Because in the CDMA loop all 

tags are synchronized, the phase shift of the square wave and the simultaneous 

reception can be achieved without inter-tag collision concerns. As an illustration on the 

reader side, the received signal can be represented as the green dashed line in Fig. 5(c) 

when the two tags have the same RSSI. For demodulation, the reader only need to 

multiply the received signal with the m = 2 square waves, and then decode the Miller 
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modulation for each tag accordingly.  

As seen from Fig. 5(a), Miller modulation requires information of 2 consecutive 

bits to represent a symbol. Within each bit of the baseband, there are only two phase 

states of the square wave. Hence, only 2 tags can be supported for m = 2. The Miller 

waveform needs to be re-considered to support more tags. Figure 5(d) shows the m = 4 

waveforms within one symbol, where up to 4 tags can be supported. The duration of 

the half symbol (1 bit) in the baseband contains four bits in the Miller modulation, as 

shown in Fig. 5(d) as (1000), (0100), (0010) and (0001), where the CDMA code matrix 

has the full rank m. To guarantee better orthogonality with small m, the maximum 

number of tags that the Miller subcarrier modulation can support is equal to the 

dimension of the CDMA code matrix, which is m in the above condition.  

To realize real-time localization of multiple tags, the phase matrices for all tags 

need to be retrived. For Tag n, the CDMA reply sn(t) in Step 5 of Fig. 4 is: 

( ) ( ) ( )n n ns t c t w t                                                    (1) 

where cn is the EPC information similar to that in conventional RFID, and wn is the 

assigned chip code of Tag n. For code injection on the PCB prototype, when cn(τ) = 1, 

the RF switch will modulate the backscatter signal with the chip code wn. Otherwise, 

when cn(τ) = 0, the RF switch will be off for the same period of the chip code. The data 

rate of sn(t) can be set the same as the conventional RFID system, so the clock rate and 

tag power consumption will be at the similar level. All N tags will backscatter the 

second harmonic signal at the same time frame. The down-converted signal R at Rx is 

then: 
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                                             (2) 

where i is the frequency index, j is the antenna index and Gn is the path loss which is 

related to the respective RF link budget of Tag n. Mn at frequency i and antenna j can 

then be recovered by, 
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Here Ang{•} is the function to calculate the phase of the complex number from the 

quadrature scheme. From Eq. (3), Mn of each tag would proceed to the tag locating 

algorithm, similar to the single-tag procedure.   

The inter-tag interference is first considered in the CDMA scheme. One of the 

major interferences is caused by the isolation of the RF switch in Fig. 2(b). When the 

switch is turned off, the leaked harmonic signal will decrease the orthogonality among 

the tag responses. Because all tags backscatter at the same time, when N increases, the 

interference will be larger. In this case, Eq. (2) should be rewritten as: 


1

( ) [ ( ) ( )] nij

N
j

ij nij n n
n

R t G s t Ls t e




 
M                                      (4) 

where L is the leakage ratio and sn’(t) is the complementary code of sn(t). To analyze 

this problem, a simulation model was built according to Fig. 3 with a reading zone of 

2×2×2 m. A target tag was placed at the center of the reading zone, surrounded by all 

other tags randomly placed within a 1.5×1.5×1.5 m cube. For simplicity, the antenna 

detuning and shadowing were not considered, and the received fundamental-frequency 

power was similar for all tags. Then the cumulative distribution function (CDF) of the 
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Fig. 6. The simulated CDF of localization error with 10, 100 and 200 tags at the leakage 

ratio of (a) –20dB and (b) –30dB.  

target tag localization error was caculated, as shown in Fig. 6. According to Eqs. (3) 

and (4), two terms will influence Mnij: the number of tags N and the leakage ratio L. 

Figure 6(a) presents the localization error CDF with different N for L = –20 dB. At 

50% CDF, the localization error is 0.32cm, 0.65cm and 0.85cm for 10, 100 and 200 

tags, respectively.  When the leakage ratio decreases from –20 dB to –30 dB, the CDF 

is shown in Fig. 6(b). Clearly we can see that a smaller L can support more tags with 

high-accuracy localization, which means the RF switch is the critical component for 

the multi-tag localization system by CDMA.  Alternatively, passive or active mixers 

for code injection can be considered, but the conventional RFID tag has most often 

chosen the RF switch for EPC modulation considering power consumption and 

spurious generation. 

Another aspect will affect localization accuracy is the signal-to-noise ratio 

(SNR). Figure 7(a) shows the simulated CDF under the different SNRs for N = 200 

and L = –30 dB. The curves from left to right are the CDFs for SNR = 90, 30, 20, 15 

and 10 dB, respectively. When SNR decreases from 90 dB to 20 dB, the accuracy will 
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not change much, because the HMFCW algorithm provides good phase error 

tolerance. However, for SNR lower than 20 dB, the noise will break the threshold of 

the phase error tolerance. Fortunately, because the uplink signal is backscattered at 2f, 

the noise floor can be controlled as low as the thermal floor instead of the carrier 

phase noise skirts.  A decent SNR can be more easily achieved than the conventional 

RFID reader due to absence of self-jamming and antenna reflection [19]. 

To realize the real-time response with guaranteed lowest sampling rate, I 

investigate the factors that can increase the sampling time such as the data converter 

performance, the computation time in the locating algorithm, and the delay in 

frequency synthesis. In this work, I will only present the analysis of the sampling rate 

limited by the proposed CDMA method. The sampling rate S can be estimated by: 

)1(;  


KIJ

B
S                                                 (5) 

where B is the backscatter data rate, β is the channel efficiency and K is the total 

number of bits per frame including the injected chip code. Here I = 5 and J = 4 have 

again been used. The upper bounds (β = 1) for the sampling rate at K  N are shown 

as the solid lines shown in Fig. 7(b). In our present experimental prototype, the data 

rate is running at 30 kbps and β is around 0.03 which includes the time for reader to 

PC communication, frequency synthesizer stabilization, and data processing. To 

improve the sampling rate, we can eliminate the dependence of S on I and J by using 

parallel hardware components, and can also increase β by improving the performance 

of computation and data conversion on the reader. Furthermore, with the delicate 

design of the orthogonal code, the chip code length can be much smaller than N when 
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Fig. 7. (a) The simulated CDF of localization error with different SNRs for N = 200 and L = 

–30 dB. (b) The upper limits of the position sampling rate at  = 1 with respect to different 

data rates and the number of tags N.  The solid line is for the sequential response of TDMA 

and for the code length K = N in CDMA.  The dash line is for K  K0 + log2N with large N 

in CDMA. 

N is large. The dash lines in Fig. 7(b) are the upper bounds when K is proportional to 

K0 + log2N where K0 is the original EPC code length without the chip code injection. 

As seen from Fig. 7 (b), the upper limit of the sampling rate is around 2000 Hz (400 

Hz), for 5 (500) tags at 200 kbps in the CDMA case with K  K0 + log2N, so 

performance improvement in future works still has much room.  

Regarding to the channel efficiency β in TDMA, it is limited by the Aloha or 

tree-based protocol. The slotted Aloha protocol has a maximum channel efficiency of 

36% and pure Aloha of 18% [21]. The decrease in the channel efficiency is to detect 

and correct the tag collisions, which is not necessary in CDMA. Within the CDMA 

loop in Fig. 4, the tags can respond to the reader request simultaneously without 

random delay. In this regard, a higher channel efficiency can be achieved. 

Although CDMA was often considered to consume more power than TDMA in 
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common protocol designs, several methods can be used for mitigation in our proposed 

harmonic backscattering system. First, the orthogonal code injection can be regarded 

similarly to the Miller subcarrier modulation in the conventional EPC protocol [21]. 

Because the data rate of sn(t) can be around 200 kbps, the tag power consumption to 

send an information frame will be at the similar level. Also, as the downlink and 

uplink employ different antennas, continuous energy harvesting is allowed during the 

backscatter period, and the uplink signal will not be interfered by the phase noise 

skirts of the downlink signal. Therefore, the backscatter modulation rate can be lower 

than the conventional EPC rate around 200 kbps, and the tag can employ a lower clock 

rate to save energy. CDMA also renders the freedom for each tag to manage its own 

response rate, as no tag sequence as in TDMA needs to be assumed.  For example, a 

faraway tag can respond to the reader request according to its operation condition and 

power limitations, instead of responding to every periodic request from the reader.  

Conversely, the tag with higher energy harvesting level can respond to every request. 

Also, the tag with the primary function as ambient sensing can choose to respond only 

when the tag sensor detects sufficient change. This flexibility is enabled by the fact 

that after the reader polling stage, all tags within the reading range are known to the 

reader and have their own specific chip codes of wn(t). No further tag coordination is 

required to avoid inter-tag collision if CDMA is employed.   

The CDMA protocol applied in the localization system can also benefit the 

frequency domain analysis. Because when TDMA is applied, the tag will respond with 

a random delay, which will result in sampling clock jitters of the tag location. The 

theoretical limit on SNR resulting from the sampling clock jitter can be described as: 
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Fig. 8. The comparison of CDMA and TDMA when the jitter is applied: (a) The time 

domain signal; (b) The spectra. 

20log(2 )inSNR f                                                (6) 

where fin is the frequency of the tag movement, and σ is the jitter in RMS seconds [22, 

23]. This problem is usually ignored in the conventional RFID-based locating system, 

which can be revealed in the following simulation example. Assume that the tag is 

vibrating with a frequency of 310 Hz and amplitude of 1 cm, the reader has a 1 kHz 

position sampling rate, and the system SNR is at 30 dB. The random response delay of 

0.14 ms (RMS) is introduced to TDMA, and all other conditions are set as similar as 

feasible in the comparison of TDMA and CDMA localization. As shown in Fig. 8(a), 

the time domain localization signals of CDMA and TDMA are represented by the 

solid blue and dashed orange curves, respectively, with the amplitude normalized to 

the largest amplitude in CDMA. Because there is no random delay in CDMA, for each 

locating sampling point, both time and amplitude are accurate. However, in TDMA, 
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although the amplitude is accurate, the time information of each point is not, due to the 

random response delay. According to Eq. (6), when the frequency domain analysis is 

performed, the SNR of TDMA will be lower. In Fig. 8(b), the spectra of CDMA and 

TDMA signals are shown, where not only the peak value of the TDMA is lower, but 

also the noise floor is higher. In addition, as seen from Eq. (6), SNR depends on input 

frequency. When the tag assumes the multi-frequency or non-static vibration, the 

uneven frequency-domain SNR degradation will degrade TDMA performance. 

Meanwhile because all tags in CDMA respond simultaneously, the sampling clock  

jitter is minimized. 

Experiments and Results 

To verify the proposed CDMA scheme and evaluate the corresponding performance, I 

implemented the multi-tag real-time localization system in a prototype shown in Fig. 9 

(a). The coordinates in centimeters of the four reader Rx antennas are (122, 124, 118), 

(12, 124, 58), (12, 14, 58) and (122, 14, 58). The chip codes in our 3-tag prototype 

system are presently fixed and programmed to the tags before operation. Alternatively, 

wn can be assigned by the reader during the initial polling stage as shown in Fig. 4.  

When the backscattered signals from all three tags are received by the harmonic reader 

simultaneously, the demodulated phase matrix Mnij is transmitted back to the host 

computer for 3D location calculation. A sampling rate of 15 Hz (Fig. 9(b)) has been 

achieved, limited mainly by the sampling rate of the data converter in the present M4 

microcontroller of the reader. 
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Fig. 9 (a) The setup and antenna deployment of the localization system. (b) The photo of 3-

tag real-time (15 Hz) localization. The tags are on the table and the coordinates are showing 

on the computer screen. 

The localization error CDF of an individual tag is shown in Fig. 10(a). The 

localization error includes the ground truth measurement error and Rx antenna phase-

center misalignment. Still, the total error is below 5 cm of 90% probability. The Z-
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Fig. 10. (a) The CDF of localization error of a single tag. (b) The standard deviations in 

experimental group A: Single tag without modulation; B: Single tag with modulation; C: 

two tags with CDMA; D: three tags with CDMA.  

direction error is higher than those of X and Y directions, because of the lack of spatial 

diversity of Rx antenna placement along the Z direction.  As the total error includes 

many systematic distortions, the standard deviation or the resolution of the repeated 

measurements in our system has much better accuracy. When only one tag is in the 

reading zone, the standard deviation is shown as Group A (without the RF switch 

modulation) and Group B (with the RF switch modulation of w1) in Fig. 10(b). Group 

C represents two tags in the reading zone separated by 10 cm. Then 3 tags are mounted 

on the foam as shown in Fig. 11, and the standard deviation of tag 1 is shown as Group 

D. When the number of tags increases, the multi-tag interference becomes stronger, 

introducing more localization variation. Notice that in all cases, the standard deviation 

is smaller than 0.5 cm.  It is estimated that our RF switch has L = 25dB. 
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TABLE II.  THE ANGLES OF THE TRIANGLE 

  A1 (°) A2(°) A3 (°) 
Gnd. truth  25.38 61.43 93.19 
Small area 
moving 

Average 26.83 61.58 91.59 
Std. dev. 1.99 4.89 5.33 

Large area 
moving 

Average 25.99 59.81 94.20 
Std. dev. 4.53 9.34 12.43 

 

TABLE I.  THE LENGTHS OF THREE EDGES 

  L1 (cm) L2 (cm) L3 (cm) 
Gnd. truth  8.2 16.8 19.1 
Small area 
moving 

Average 9.07 17.61 20.03 
Std. dev. 0.68 0.44 0.89 

Large area 
moving 

Average 9.1 18.11 20.89 
Std. dev. 0.63 0.89 2.75 

 

Further data were recorded when the 3-tag triangle moved in smaller (about 

20×20×10 cm) and larger (about 45×45×20 cm) areas. Based on the 3D tag location, I 

derived the 3 edges and 3 angles, as shown in Tables I and II, as well as the box-

whisker diagram in Fig. 12. The fixed triangle geometry provides the ground truth of 

edge lengths and angles during our error analysis. The averaged and median measured 

results are very close to the ground truth, however the deviation increases when the 

sampling area becomes larger. The main reason may be the localization distortion 

caused by the antenna phase-center misalignment. When the tags move within a larger 

area, the distortion will increase or decrease the lengths and angles at different 

locations so that the deviation is larger.  
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Fig. 11. The photo of 3 tags mounted on a triangle shape foam. The length of 3 edges are 

8.2cm, 16.8cm, and 19.1cm; the angles are 25.4°, 61.4° and 93.2°. 

 

Fig. 12. The box and whisker diagrams of the lengths and angles for the triangles in Fig. 11. 

The horizontal lines on each box and whisker from top to bottom are maximum, 75 %, 

median, 25 % and minimum. 

Finally, I test multi-tag performance on a fixed known trajectory. Tag A was 

mounted on a toy train running on a circular track, while Tag B was fixed at the center, 

as shown in Fig. 13(a). Eight locations of Tag A were extracted to draw the trajectory 

spline, and the coordinates of Tag B were also repeatedly extracted in Fig. 13(b). The 

locating deviations of Tags A and B are shown in Fig. 13(c), where we can see that the 

average deviation of the tag mounted on the toy train is slightly higher than that of the 
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Fig. 13. (a) The photo of a tag mounted on a toy train (Tag A), and a tag fixed at the center 

of the trajectory (Tag B). (b) The spline of the trajectory and the fixed tag. (c) The standard 

deviation of the two tags.  

fixed tag, which is possibly caused by track vibration and extraction timing. 

Conclusion 

In this chapter, the method of simultaneous multi-tag localization in the harmonic 

RFID system is described, and the advantage and limitation of CDMA are analyzed in 

terms of inter-tag interference, sampling rate and power consumption. The 

experimental prototype verifies that the multi-tag localization system with CDMA-

based simultaneous tracking achieves centimeter-level accuracy and millimeter-level 

deviation with 15 Hz position sampling rate. The real-time position sampling can also 

be applied in the future to vital sign monitoring, behavior interpretation and low-

frequency vibration measurements. 
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CHAPTER 3 

 

COLLABORATIVE READER CODE DIVISION MULTIPLE ACCESS IN THE 

HARMONIC RFID SYSTEM 

Introduction 

Reading reliability is a critical aspect in the UHF RFID system when a large amount 

of tags are in the reading zone with complex multi-path interferences. The read failure 

incidences can be caused not only by the random tag position and orientation but also 

by the RF shadowing of other objects and tags, both of which can misalign the main 

lobes of the tag and reader antennas. To increase the system coverage and total read 

yield in practical indoor ambient, a possible solution is to employ multiple readers 

with overlapping reading zones. However, when the tags are within the reading zones 

of multiple readers, the conventional tag singulation protocol will suffer serious 

reader-to-reader collision (R2RC) unless the conflicting readers can agree on proper 

collaborative time or space division schemes. The uncertain delay of the time division 

multiple access (TDMA) and the lack of definitive time sequence can further affect the 

reading process, especially when the RFID system is employed for applications 

requiring real-time accessing, tracking, and sensing. In this chapter, I will introduce a 

collaborative reader code division multiple access (CDMA) protocol in the harmonic 

RFID system, which provides synchronous tag access for all readers within range. The 

tag can distinguish the downlink commands from multiple readers simultaneously and 

then formulate the response accordingly. The proposed reader CDMA is demonstrated 

in a simple experimental prototype to verify R2RC resolution and read yield 
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improvement. The two-reader collaborative CDMA scheme achieved below 10-5 in the 

read failure rate when individual readers had 0.05 – 0.2 failure rates in the complex 

multi-path scenarios due to rich channel exploitation and anti-correlation in the failure 

incidences. 

Read reliability is one of the critical limits of the ultra-high-frequency (UHF) 

radio frequency identification (RFID) system when a large amount of passive tags are 

present in the complex multi-path ambient. In many practical applications, the read 

failure rate often needs to be lower than 10-5, or equivalently the read yield to be above 

99.999%, to achieve manageable logistic purposes in Internet of Things (IoT). 

Because of the directivities of the reader and tag antennas and the RF shadowing from 

objects and other tags, the tag at certain position or orientation cannot harvest 

sufficient RF energy from the reader to power up or cannot effectively backscatter to 

the reader even if it is within the nominal reading range. The current RFID system 

with the electronic production code (EPC) generation 2 (Gen 2) protocol [1] performs 

a detailed tag singulation process in time division multiple access (TDMA), explores 

multiple reader antenna placement, and introduces relative movement between the 

reader and tags to minimize the read failure probability, but with only partial success 

[2]. Alternatively, to improve the read yield or to enlarge the total coverage area, one 

can disperse more readers with significantly overlapped reading zones, which however 

potentially brings forth severe reader-to-reader collision (R2RC) that is difficult to 

resolve within the current EPC tag TDMA scheme. This is because when multiple 

readers are employed, further collaborative reader TDMA schemes need to be adopted 

by all readers to resolve R2RC, as not only the receiver (Rx) of one reader can be 
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Reader 1

Reader 2

Tag Group 1

Tag Group 2

 

Fig. 13. Two nearby RFID readers can suffer from reader-to-reader collision (R2RC) for 

tags within the overlapped reading zone as well as possible reader receiver jamming. 

interfered by the other reader transmitters (Tx), but also the tags within the reading 

zones of more than one readers cannot decode the reader commands correctly when 

they broadcast at the same time. As shown in Fig. 13, the reading zone of Reader 1 

can only cover Tag Group 1, but miss the Tag Group 2. When the Reader 2 is added to 

cover Tag Group 2, the Reader 1 Rx can be interfered by Reader 2 Tx, and the tags in 

both reading zones cannot decode the reader commands properly. Even in tag-talk-

first (TTF) and tag-talk-only (TTO) schemes with the reader playing a smaller role in 

streamlining the tag response sequence [2], R2RC remains a serious concern to the 

system operation. Additional delay caused by tag TDMA embedded inside reader 

TDMA will also limit the tag sampling rate for tracking moving tags in real time. 

Code division multiple access (CDMA) in the RFID system had been proposed before 

[3, 4] to improve the system performance, and its design trade-offs against TDMA 
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were well established [3, 5, 6]. However, the focus had mostly been to enable the 

multiple access of tags, instead of the reader multiplexing. To mitigate R2RC, the 

previous approaches employed the time-slot allocation [2] and anti-collision coding 

[7], but cannot improve the system throughput or the read yield. 

In this chapter, I will demonstrate that multiple readers in the harmonic RFID 

system can employ a collaborative reader CDMA scheme to simultaneously broadcast 

to and read from the tags in the overlapped reading zone with improved data 

synchronization and read yield. The harmonic backscattering scheme [8, 9] enables the 

system with much higher signal-to-noise ratio (SNR) and sensitivity, while the reader 

CDMA protocol can be integrated with the initial TDMA polling process or 

alternative tag CDMA scheme [10]. I will present detailed baseband simulation and 

demonstrate an experimental prototype with performance analysis on R2RC and read 

yield. 

Reader CDMA in the Harmonic RFID System 

In the conventional RFID (Fig. 14) system employing the EPC protocol where the 

downlink and uplink signals share the same frequency band [1], poor Tx/Rx isolation 

is caused not only by the duplex circulator with direct leakage from reader Tx to Rx 

but also by the antenna reflection from impedance mismatch and nearby large objects, 

which renders low SNR at the reader Rx [8-10]. For the applications that rely on 

accurate amplitude and phase demodulation of the backscattered signal to retrieve 

location [9] and vital signs [11-13] in addition to the digital tag identification (ID), the 

conventional EPC scheme cannot provide adequate performance. I thus opt to use the 

harmonic RFID system as shown in Fig. 1 in Chapter 2, which utilizes the second 



 

36 
 
 

 

Fig. 14. The RF front end of the conventional RFID. 

 
harmonic to isolate the downlink (reader-to-tag) and uplink (tag-to-reader) signals and 

has been demonstrated for indoor localization [9], tag CDMA for simultaneous access 

[10], and vital-sign monitoring [11]. The downlink signal from the reader Tx at f goes 

through the low-pass filter (LPF) to broadcast to the harmonic tag which harvests the 

RF energy, powers up, converts part of the RF signal at f to the 2nd harmonic at 2f, and 

finally backscatters to the reader Rx at 2f in the uplink signal. The high-pass filter 

(HPF) at the reader Rx provides high isolation between the downlink self-interference 

at f and the received harmonic signal at 2f. The reader Rx SNR is hence not limited by 

the high phase noise skirt of its own Tx. SNR and sensitivity of the reader Rx can thus 

be greatly improved. 

The harmonic tag prototype is shown in Fig. 2(a) in Chapter 2. The tag 

harvests the downlink RF energy through antenna A (Ant A). After the tag powers up, 

the tag Rx demodulates the reader command from the downlink and the logic unit 

responds according to the air protocol. Antenna B (Ant B) converts part of the 

downlink signal to 2f by the reflective nonlinear transmission line (NLTL) [14, 15]. 

The harmonic signal is then backscattered from Ant B to the reader Rx. The RF switch 

in front of the NLTL is designed for the uplink on-off keying (OOK) modulation. The 
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Fig. 15. The harmonic RFID system with two CDMA readers configured by the software-

defined radio (SDR) platform. Reader 1 and Reader 2 can simultaneously access the 

harmonic tag within the overlapped reading zone.  

 
PCB prototype [16] of the harmonic tag is shown in Fig. 2(b), which is based on the 

wireless identification sensing platform (WISP) [17]. Because the tag is passive, its 

size and packaging are not limited by the battery or the recharging circuits. Thus, the 

PCB prototype can be readily adapted to integrated circuits (IC) [14] and printed 

antennas to reduce the overall size and cost. 

As shown in Fig. 15, two harmonic readers are configured by the software 

defined radio (SDR) on Ettus X310, UBX 160 [18] to demonstrate how collaborative 

reader CDMA can resolve R2RC and improve read yield rates. The given SDR 

platform provides two pairs of Tx/Rx, which are designed as two coherent but 
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independent harmonic readers with synchronized basebands. The FPGA in Reader 1 

generates the baseband signal transformed by the digital-to-analog converter 1 

(DAC1) to the intermediate frequency (IF), which is further upconverted by the mixer 

to the fundamental RF band at f. The signal is then amplified by the power amplifier 

(PA1) as the Tx1 signal. The low-pass filter 1 (LPF1), splitter1, and high-pass filter 1 

(HPF1) forms the broadband duplexer for Antenna 1 (Ant1) with reasonable insertion 

loss compromise. The harmonic tag responds to Reader 1 at the harmonic frequency 2f 

through Ant1, going through splitter1 and HPF1 to Rx1. The signal is amplified and 

down-converted by the 2f local oscillator (LO) to the IF band, and then sampled by the 

analog-to-digital converter 1 (ADC1), which is then demodulated by the FPGA to 

retrieve the tag OOK information. The signal flow is shown as the blue arrows for the 

fundamental-frequency signal (f) and the orange arrows for the 2nd harmonic signal 

(2f). Another channel of the SDR is configured as Reader 2, which operates similarly 

but independently to Reader 1. 

The LO synthesizers for f and 2f are driven by the same clock source as CLK1 

for Reader 1 and CLK2 for Reader 2. This clock distribution makes the harmonic 

reader coherent, and accurate phase of the backscattered signal can be retrieved for 

estimation of time of flight (ToF). However, for protocols such as the pulse interval 

encoding (PIE) used in the EPC downlink [1, 2], CLK1 and CLK2 are not required to 

be synchronized if the related carrier phase information between Reader 1 and Reader 

2 is not essential. However, to realize collaborative reader CDMA, the baseband 

signals of each reader should be synchronized (CLKbb) with precise bit alignment to 

maximize the orthogonality among chip codes. To synchronize the RF frequency 
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2. Readers poll all tags separately in the 
reading zone, and give the orthogonal table 

to the tags.

3. Tags respond according to EPC-compliant 
TDMA.

4. Readers send the CDMA coded command 
simultaneously.

5. Tags receive the CDMA frame and decode 
information from all readers in range.

6. Tags respond to the readers with pre-
determined sequence or tag CDMA schemes.

1. Assign the orthogonal codes to the 
readers.

 

Fig. 16. The flow chart of the collaborative reader CDMA protocol.  

 

reference and baseband clock (CLKbb) among the participating readers in the local 

network, several established methods can be applied [19]. Although the wired reader 

infrastructure will constrain the reader deployment, the usage of cables and dividers 

[20] to connect the master-and-slave frequency/clock sources remains most reliable 

and cost-efficient. Wireless clock distribution-retrieval methods can also be applied 

for synchronization [21], and the GPS-disciplined oscillators and clock are viable 

options as well [22, 23]. The proposed collaborative reader CDMA does not require 

the tag to have a reference LO, just as in the conventional EPC. The channel selection 

and baseband clock were retrieved from the reader in this master-slave configuration, 
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and in our case, the collaborative readers have synchronized clock already. In the 

experimental demonstration, no LO is used for the tag to interact with the two readers.  

The protocol conducted on the participating readers is described in Fig. 16. First, 

through initial reader coordination, each reader will be assigned a unique chip code, 

and all readers within the collaborative CDMA scheme will have the full chip code 

table. Then each reader will poll as well as register its chip code to all tags within its 

reading range. For each reader polling procedure, the tags can respond to the reader by 

an EPC TDMA protocol or the alternative tag CDMA protocol [10]. After all readers 

finish the polling process, the readers send the CDMA coded commands 

simultaneously to access all the tags. Each tag receives and demodulates the CDMA 

coded frame, retrieving the information from each reader within the feasible range and 

responding to the readers accordingly. 

The reader CDMA modulation and demodulation scheme is illustrated in Fig. 

17, where Reader 1 prepares to send (111001)2 represented by the blue solid line, and 

Reader 2 to send (100111)2 represented by the red dashed line. I have considered 1 bit 

per symbol here. As shown in Fig. 17(b), Reader 1 has the CDMA chip code (01)2 and 

Reader 2 the code (10)2. In Fig. 17(c), the blue solid line is the baseband signal for 

Reader 1, and the red dashed line is for Reader 2. After CDMA chip code injection, 

the baseband has 2 bits per symbol, where Reader 1 Tx will send (010101000001)2 

and Reader 2 Tx will send (100000101010)2. The baseband signals of these two 

readers need to be well synchronized and are then fed to their own DACs 

simultaneously. After the up-conversion of the mixers, the RF signals of the two 

readers are transmitted to the tags at the same time, and added together in the 
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(a)

(b)

(c)

 

Fig. 17. Illustration of the collaborative reader CDMA protocol. (a) The information for 

the readers to be sent to the tag. (b) The orthogonal CDMA codes of each reader. (c) The 

baseband waveform of each reader and a possible baseband waveform received by the tag 

when the received signal strength (RSS) from the two readers is similar. 

 

communication channel to reach the tag Rx in their respective reading zones. The 

green dotted line in Fig. 17(c) represents the simulated baseband signal received by 
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the tag that is in the overlapped reading zone where the received signal strength (RSS) 

from both readers is assumed to be similar for illustrative convenience. To demodulate 

the information from each reader, the tag accesses the chip-code table established 

during the polling stage, multiplies the selected code with the received baseband, and 

then operates all the bits (2 bits here) within the same symbol with logical OR. The 

information corresponding to the selected chip code is now demodulated. For 

example, the baseband signal received is multiplied by the tag with the orthogonal 

code (10)2 of Reader 2, and obtain (100000101010)2. After the OR operation in each 

symbol, the original information of (100111)2 from Reader 2 will be retrieved. 

Experiments and Data Analyses 

Figure 18 shows the experimental setup for collaborative reader CDMA verification. 

The SDR module is configured as two independent harmonic readers connected to 

Ant1 and Ant2, respectively. The harmonic tag stands on a foam and moves within the 

reading zones of both readers. The reader antennas are on average at about 2 meters 

away from the tag. The distances of the tag, Ant1 and Ant2 in Fig. 18 are just for clear 

picture presentation. 

Reader 1 and Reader 2 utilize the collaborative CDMA protocol to access the 

tag simultaneously. I use the same reader information and chip code assignment as 

shown in Fig. 17 in the experiment. I have opted to employ the bit rate of 400 kbps 

(kilobits per second), although other baseband bandwidth will not change our 

observation significantly. The IF frequency is set at 1 MHz, so each bit spans 2.5 

periods of the IF cycle. The sampling rates of the reader Rx ADC and Tx DAC are 

both at 20 MSps (mega-samples per second), where the waveform of each bit is 
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SDR Reader

Ant1

Ant2

Harmonic Tag

 

Fig. 18. The experimental setup: The SDR module is configured as two harmonic readers 

operating the collaborative CDMA protocol implemented by LabVIEW. The harmonic tag 

stands on a movable foam substrate for convenience. The ranges of the Ant1 and Ant2 are 

just for convenient picture illustration. The experiments are conducted with both readers at 

about 2 meters away from the tag.  

 
represented by 50 points to provide sufficient equalization and timing accuracy. As 

shown in Fig. 19(a), the blue solid curve and the red dashed curve are the in-phase and 

quadrature (I/Q) signals of Reader 1 denoted by R1I and R1Q, while the purple solid 

curve and the cyan dashed curve are I/Q signals of Reader 2 denoted by R2I and R2Q, 

respectively. The basebands of the two readers are synchronized with the SDR, and 

the bits are aligned and converted by their own DACs to the IF band, which are further 

up-converted to the downlink RF signal at 950 MHz to be transmitted to the tag 

simultaneously. The tag Rx is designed as the low-pass filter to detect the envelope of 

the downlink signal. After the comparator, the logic level is equalized, as shown in 

Fig. 19(b). Based on the orthogonal code table and the CDMA decoding method 

described previously, the tag demodulates the information from Reader 1 as (111001)2 
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Fig. 19. The experimental prototype for reader CDMA: (a) The modulated digital IF 

signals of the two readers. The curves are R1I (blue solid): the in-phase signal of Reader 1, 

R1Q (red dashed): the quadrature signal of Reader 1, R2I (purple solid): the in-phase 

signal of Reader 2, and R2Q (cyan dashed): the quadrature signal of Reader 2. (b) The 

baseband received at the tag. (c) The baseband received from Ant1 of Reader 1 and Ant2 

of Reader 2. (d) The decoded baseband from Rx2 when only Tx2 is transmitting and hence 

no collision (blue), and the unrecognizable decoded baseband at Rx2 when both Tx1 and 

Tx2 are transmitting with strong collision (red). 

 

and from Reader 2 as (100111)2 correctly. 

The tag then backscatters the 2nd harmonic as the uplink signal to the readers. 

In this experiment to demonstrate the collaborative reading properties, the tag replays 

what was received from all readers in range, but the uplink can be alternatively 

operated with tag CDMA protocol and tag-specific ID information for multi-tag access 

as well [10]. The demodulated baseband signals from the tag to the two readers 

received by Ant1 (blue) and Ant2 (red) are shown in Fig. 19(c). Because the distance 
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from the tag to Ant1 and Ant2 is about the same here for the illustration purpose, the 

amplitude envelopes are similar, and the waveform amplitudes are normalized to the 

full scale of the ADC. The logic values are denoted as the digits in Fig. 19(c), which 

are (110101101011)2. Because the tag just replays the signals from both readers on the 

2nd harmonic, each reader can receive the original information from both readers. For 

example, in Fig. 19(c), the baseband (red) received by Ant2 can be decoded with the 

chip code of either reader, where the logic 1’s by the purple color are attributed to 

Reader 2, and the green 1’s are to Reader 1. The same case applies to the baseband 

signal received by Ant1 from the tag. As the reader information can be processed by 

the tag and relayed to other readers, the multiple readers can be viewed as an overall 

high channel-efficiency multi-static reader system. On the contrary, if the reader 

CDMA is not applied for the two-reader system, R2RC will cause severe errors. In 

Fig. 19(d), when only Tx2 transmits, the decoded baseband at Rx2 clearly shows 

(100000101010)2 as the blue curve, because the tag just relays the downlink Tx2 data 

onto the harmonic uplink signal. Without CDMA, when Tx1 begin to transmit 

(000011111111)2 simultaneously, the received signal at Rx2 cannot be decoded 

correctly either from Tx1 or Tx2 due to R2RC. By comparison, we can see that the 

collaborative reader CDMA protocol is critical to solve the R2RC problem. 

One of the most important applications in the multi-static reader system is the 

collaborative reading under complex multi-path scenarios, because the channels are 

now not limited to the individual reader-tag-reader path. The yield of the multi-static 

n-reader system in the channel condition C can be described as the matrix A(C): 
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Reader1 Rx

Reader2 Tx

Reader2 Rx

Reader1 Tx

Reader1 Rx

Reader2 Tx

Reader2 Rx
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Reader1 Rx

Reader2 Tx
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Reader2 Tx

Reader2 Rx
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(c)

(b)
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Fig. 20. Experimental scenarios with various scatterers in the reading zone. (a) Both 

readers maintain direct line-of-sight to the tag when it moves and rotates randomly within 

the overlapped reading zone. (b  d) Large scatterers are successively added to the reading 

zone to create complex multi-path scenarios.  
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The read yield for a specific tag can be defined by aji (i, j = 1, 2, …, n) for the 

downlink signal from Reader i Tx and uplink signal to Reader j Rx. Under a given 

channel condition C, if the tag information can be correctly demodulated, aji = 1, 

otherwise aji = 0. For the single reader system, the system read yield A(C) is just the 

incidence of a11 under various channel conditions C, which highly depends on the 

relative range, antenna orientation alignment, multi-path, and RF scattering object 

placement. In the multi-static reader system without the proposed collaborative reader 
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CDMA protocol, the read yield can be calculated as the OR operation of the diagonal 

elements of A(C), which means at least one reader should successfully read the tag. 

The static read yield in this condition is also equivalent to one reader with multiple 

TDMA antennas in the current EPC operations. However, we can see that A(C) is not 

fully utilized, and the proposed CDMA protocol can further improve the system yield 

by exploiting the OR operation of all elements in A(C). In a complex multi-path 

ambient, the incidence of aji = 0 can often be anti-correlated with those of other 

elements in the consideration of antenna orientation alignment, which can make the 

system read failure probability significantly lower than the product of individual 

reader failure probability. 

For example, 4 readers will have 4 Tx/Rx pairs. With the collaborative reader 

CDMA protocol, all 4 reader Tx can poll the tag simultaneously. The tag can then 

formulate the response accordingly with the knowledge of all reader information, 

which can be received by all 4 reader Rx. Hence, the channel information can be fully 

utilized to serve the various purposes in specific applications.  

An experimental illustration is shown in Fig. 20 with two readers in a multi-

static Tx/Rx indoor setup. The four multi-path scenarios are created with different 

scatterers (black rectangles) placed in the overlapped reading zone (green oval). In 

Fig. 20(a), both readers maintain direct line-of-sight (LoS) to the tag when it moves 

and rotates randomly within the reading zone. In Figs. 20(b – d), large scatterers are 

successively inserted into the reading zone to increase the multi-path complexity. In 

Fig. 21, the ample read yield improvement of the collaborative reader CDMA scheme 

over that of the individual readers operating simultaneously is shown, especially in the 
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Slope 2 Slope 2
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Fig. 21. Experimental benchmarks of the failure rates in the single reader scheme and the 

collaborative CDMA reader scheme for the channel conditions in Fig. 20(a – d). The blue 

and red curves are the individual failure rates of Reader 1 and Reader 2 vs. that of the 

collaborative reader scheme under the same system sensitivity. The green dotted line 

shows the slope of 2 in the log-log plot, which corresponds to the case of uncorrelated 

individual reader failures without reader collaboration, which is mostly valid for both 

curves in (a). Slopes higher than 2 in (b – d) suggest anticorrelation in individual reader 

failures and rich reader collaboration. Failure rates of collaborative reader CDMA can 

always achieve below 10-5 even though individual readers have failure rates between 0.05 

– 0.2.  

 

complex multi-path scenarios. Notice that Rx jamming between the two readers is 

removed in all cases due to the use of harmonic backscattering and reader CDMA. The 

reader Tx power is continuously adjusted to collect changing failure rates in various 

tag positions and orientations. More than 300,000 reading incidences are collected in 
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each set of experiment data.  

In Fig. 21, the blue and red curves are the individual failure rates of Reader 1 

and Reader 2 vs. that of the collaborative reader scheme under the same system 

sensitivity setup in the corresponding channel condition in Fig. 10. The green dash 

lines have the slope of 2 denoting the condition of uncorrelated read failure incidences 

of individual readers. In Fig. 10(a), the failure rate of the collaborative reader CDMA 

scheme is close to the product of the failure rates of the two readers, and the slope in 

the log-log plot is around 2, indicating the expected condition of uncorrelated read 

failures of the two readers when both readers maintain LoS to the tag in most 

incidences. In Figs. 21(b – d), when large scatterers were successively added to the 

reading zone, the yield of the individual reader starts to degrade much faster than that 

of the collaborative reader CDMA scheme. In Fig. 21(d), LoS of both readers are 

mostly blocked that the individual readers can only achieve failure rates of 0.2 (read 

yield of 80%) and 0.13 (read yield of 87%) under the largest Tx power, i.e., the 

diagonal terms of A(C) have relatively low probability to be 1. In comparison, the 

collaborative reader CDMA scheme can still reach below 10-5 failure rate (read yield > 

99.999%), which implies the off-diagonal terms of A(C) contribute significantly and 

their incidences of 0 are anti-correlated to those of the diagonal terms. Although the 

degree of improvement in read yields depends on the actual channel condition, the 

slopes in the collaborative CDMA scheme would be in general much higher than 2, 

similar to the cases in Fig. 21(b – d), due to the rich channel availability and the anti-

correlations of the read failure in each channel. 
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Conclusion 

I have proposed and experimentally verified a collaborative reader CDMA scheme in 

the harmonic RFID system, which can solve the R2RC problem and significantly 

enhance the read yield rate for tags in the overlapped reading zone. The reduction in 

the read failure rate in the collaborative reader CDMA scheme is much more than the 

failure-rate product of the individual readers in the complex multi-path scenarios by 

exploiting the channel characteristics and the failure correlation. This improvement 

can fundamentally benefit the read reliability in the logistic RFID applications. The 

tag CDMA protocol had already been demonstrated [10], and can be implemented 

together with the reader CDMA to further improve overall system efficiency and 

performance in the future. 
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CHAPTER 4 

 

RADIO RANGING WITH ULTRA-HIGH RESOLUTION USING A HARMONIC 

RADIO-FREQUENCY IDENTIFICATION SYSTEM  

Introduction 

The accurate sensing of the location of specific objects in an indoor setting is critical 

for applications including robotic feedback control and non-intrusive structural 

integrity monitoring. Current optical and ultrasound approaches often suffer from 

insufficient accuracy, obstruction by other objects, and ambiguous identification. 

Alternatively, conventional radar-like radio frequency (RF) methods can suffer from 

problems such as multipath ambiguity, small time of flight, and limited item 

recognition. Attachment of a passive RF identification (RFID) tag can provide a 

unique marker by modulating the backscattering signal, but current systems struggle 

with large interference and noise, and thus have poor ranging accuracy. Here I show 

that a 1 GHz harmonic RFID system can provide a ranging resolution of less than 50 

microns with a sampling rate of greater than 1 kHz. The fundamental limits on ranging 

precision in our system are traced to the phase noise of the RF source and the aperture 

jitter of the data converter. The small passive tag required for the approach can be 

embedded in indoor or underwater objects, as well as within building structures. 

Accurate localization with unique identification (ID) of indoor objects and 

objects behind visual obstructions is critical in a variety of applications [1-6]. 

However, current approaches suffer from numerous fundamental problems. Optical 

methods typically achieve high in-plane resolution but offer limited ranging accuracy. 
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Item recognition also has high computing load unless ID markers are used. 

Furthermore, objects of interest may be covered by materials such as fabrics, plastics 

and building materials, which are opaque to light. Camera-based systems have been 

extensively developed [7, 8], and benefit from convenient use, rich information and 

sophisticated imaging algorithms. However, fine gesture recognition, vital-sign 

acquisition, 3D localization of covered features or markers, and the control of haptic 

robotics remains challenging. Typically, multiple cameras from different viewing 

angles and high computational demands are required, which significantly increases 

system complexity and cost. In addition, camera systems are vulnerable to low 

ambient light and line-of-sight (LoS) obstruction. Other optical solutions, such as 

time-of-flight (ToF) camera [9], structured-light range scanning [10] and light 

detection and ranging (LIDAR) [11], share similar problems in terms of unique ID and 

LoS blocking. Ultrasound ranging and imaging is an alternative approach, but has 

issues in terms of impedance matching when going through different layers of 

materials, especially for air gaps. Another approach is to use location sensors based on 

microelectromechanical systems (MEMS), such as the servo motor and encoder. 

However, the size and mechanical structure of such systems cannot effectively fit on 

the human body, delicate robotic structures [12, 13], or soft materials [14]. MEMS 

accelerometers and gyroscopes also suffer from slow drift and their power requirement 

limits deployment options. 

Methods based on radio frequency (RF) had also been widely investigated. The 

RF identification (RFID) system can be applied to obtain a unique item-level ID, and 

localization can be achieved by various methods such as received signal strength 
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indication (RSSI) with landmarks [15], phased-array radar [16], synthetic aperture 

radar (SAR) [17], and inverse SAR (iSAR) [18]. However, fundamental problems in 

terms of precision and reliability remain. The landmark-tag method uses known 

coordinates and RSSI of the reference tags to retrieve the position of the unknown 

target tag, but suffers from insufficient range sensitivity and ambiguity from multipath 

interference. The SAR and iSAR methods require the relative motion between the tags 

and reader, which is not feasible for many scenarios. For tagless methods, the phased-

array radar forms narrow beams to isolate the coverage areas, but the scanning time 

and spatial resolution of the beam will constrain the system localization capability. 

The frequency modulation continuous wave (FMCW) method requires broad 

frequency bandwidth and fast Fourier transform (FFT) time window to provide high 

spatial resolution, and the indoor multipath will still degenerate performance 

significantly. Although for some applications only the tagless methods are practical, in 

many other real-world applications, objects can be tagged electronically, similar to the 

RFID system, to avoid using geometry features for object recognition. The tag as an 

object transponder can backscatter the RF beacon signal integrated with the object ID 

and local sensor properties, which can be well isolated from other interferences by 

sub-carriers or code division to improve ranging reliability and accuracy. However, 

self-jamming and antenna reflection remain serious problems for ranging due to 

insufficient separation of the downlink and uplink [19]. 

The phase information of the RF signal is more sensitive to the distance 

between the transmitter (Tx) and receiver (Rx) than RSSI, and can give higher 

precision if the wavelength ambiguity can be resolved [19]. In the ideal scenario of the 
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fully coherent Tx and Rx separated at a certain distance, Rx can use the demodulated 

phase of the received signal to retrieve the Tx-to-Rx distance variation, which is in a 

cyclic linear relation with the phase variation at the given frequency. Under this 

simplified LoS model, no matter how small the distance changes, the phase will 

change accordingly. Therefore, phase-based RF ranging resolution is only 

fundamentally limited by the accurate Tx-Rx carrier synchronization and the phase 

noise skirt, not by the tradeoff of the time-domain sampling window size or 

bandwidth. Therefore, both high spatial and temporal resolution in ranging can be 

potentially achieved at the same time. 

Many previous ranging methods are, in contrast, based on Fourier transforms, 

such as FMCW radar, and sample the data at the reciprocal k space, recovering the 

range by applying the windowed Fourier transform. These methods will be 

unavoidably limited by the Uncertainty Principle [20, 21] in their mathematical model. 

For example, when the FMCW radar is configured under a certain sampling rate, the 

number of the k-space sampling points is related to the time domain. When a narrow 

temporal window is applied to achieve the high temporal resolution, the Sinc function 

will spread and degenerate the spatial resolution after the convolution. This trade-off 

between the spatial and temporal resolution is set by the chosen mathematical 

procedure, not by a physical limitation. It is possible to bypass the Fourier methods to 

mitigate the resolution tradeoff. Hilbert-Huang transforms (HHT), including empirical 

mode decomposition and Hilbert spectral analysis [22, 23], are widely applied to 

analyze the nonstationary and nonlinear data set to achieve higher resolution in 

Fourier pairs simultaneously with higher computational cost [24, 25]. Alternatively, 
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the ranging system can be designed without the Fourier transform as an essential step, 

such as the approach demonstrated here. 

In this chapter, a ranging resolution smaller than 50 microns using a harmonic 

ultra-high frequency (UHF; 300MHz – 3GHz) RF transponder system with a sampling 

rate of up to 1 kHz is reported. For comparison, high spatial resolution can be 

achieved using extremely high frequency (EHF), such as in the collision avoidance 

radar system of 79 GHz with 4 GHz bandwidth [26, 27]. However, lack of dielectric 

penetration is a severe limitation for EHF ranging in many applications. In contrast, 

our UHF system can potentially achieve the maximum distance of conventional RFID 

systems [28, 29], around 15 m in free space with Tx power below 30 dBm, and can 

see through dielectrics such as water and common building materials [30-32]. The 

ranging resolution limit is traced to various noise sources and design options. (The 

phase integer ambiguity for ranging is not treated in detail here, as it can be reasonably 

resolved by the harmonic multi-frequency backscattering scheme [33].) Similar to the 

passive UHF RFID tag design, our transponder is battery free and can be readily 

integrated into a small  integrated circuit (IC) package [34] and a printed antenna [35, 

36], which can be conveniently and inexpensively deployed for various applications. 

 

Harmonic RFID Ranging System Design and Implementation 

The harmonic RFID system utilizes harmonic backscattering to isolate the downlink 

(reader to tag) and uplink (tag to reader), which results in the much lower noise floor 

[37] to achieve accurate ranging [19, 33]. Because of the backscattering scheme, the 

tag and reader carrier synchronization problem is also readily avoided.  
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Figure 22.  The experimental setup of the harmonic RFID ranging system. The 

system consists of a harmonic reader and tag, and a micrometre platform. The 

reader is connected to the dual-band antenna, which transmits the interrogating 

signal and then receives the backscattered signal from the harmonic tag. The 

demodulated and then digitalized signal is sent to the computer to calculate the 

ranging information. (Ext. CLK: External clock, FPGA: Field-programmable gate 

array, MCU: Micro control unit, LPF: Low pass filter, HPF: High pass filter.) 

To benchmark the performance of the harmonic RFID ranging scheme, I built 

a system that consists of a main harmonic reader and tag system, and micrometer 

platform for tag movement (Fig. 22). I used a software defined radio (SDR, Ettus 

X310, UBX-160) as the harmonic reader, and the external clock was derived from a 

Rubidium frequency standard (FE-5650A) to provide stable frequency reference. A 

field-programmable gate array (FPGA) feeds the digital signal to the digital-to-

analogue converter (DAC) to generate the intermediate-frequency (IF) signal, which is 
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mixed with the downlink RF frequency of f. The Tx signal after the power amplifier 

and the low-pass filter (LPF) is fed to the splitter, which is used as part of the 

broadband duplexer. The downlink signal (the blue arrow) is received by the harmonic 

tag, which is mounted on a carriage block to provide linear motion with micrometre-

level accuracy and resolution through a worm shaft. The passive harmonic tag receives 

the downlink signal and harvests the energy to power up. The tag can modulate the 

backscattered signal with the code-division multiple access (CDMA) protocol [38, 39] 

together with the unique tag ID, so the system can distinguish each tag with 

simultaneous multiple access. A nonlinear transmission line (NLTL) [40] is designed 

on the tag to convert the backscattered signal to the 2nd harmonic, which goes back to 

the reader antenna and then the high pass filter (HPF) through the splitter. The Rx 

signal is amplified by a low noise amplifier (LNA) and down converted by the LO at 

2f to IF, which is sampled by the analogue-to-digital converter (ADC). The digitized 

IF is processed by the FPGA and transmitted to the host computer. Because the Tx and 

Rx chains share the same clock reference (indicated by the green arrows in Fig. 22), 

the harmonic reader is configured as a coherent transceiver.  

As the phase noise is the fundamental limit for our ranging system, the first 

technique to achieve high resolution is to employ an adequate intermediate frequency 

fIF to avoid the low-frequency Flicker noise. Before the movement of the tag is 

considered, the ranging performance for static position is characterized in Fig. 23, 

where the ranging root-mean-square (RMS) variation vs. fIF under fc = 0.9, 1.0, and 1.1 

GHz is shown in Fig. 23a. The sampling rate of the ADC is 66.7 MSps, and the IF 

filter bandwidth BWIF is 33 MHz. BWIF is related to the integration of the noise floor 
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Figure 23. The experimental results of ranging variations with respect to the frequency 

strategy. (a) Results with different fIF selections at various fc from 0.9 GHz to 1.1 GHz. (b) 

Results with different BWIF at various fIF selections from 6 to 21 MHz. (c) Results with 

various moving window sizes. 

with its maximum decided by the sampling rate of 66.7 MHz. When fIF is low, the Rx 

signal is close to the Rx LO frequency, so the phase noise level is high and the ranging 

variation is relatively large. When fIF increases above 10 MHz, the ADC jitter effect 

become significant. The ranging variation also depends on fc in Fig. 23a where higher 

fc gives smaller ranging variation due to the shorter wavelength. Figure 23b shows the 

RMS ranging variation decreases with decreasing BWIF and then slightly increases 

with decreasing BWIF after BWIF < 10kHz under fc = 1 GHz and the ADC sampling 

rate of 66.7 MSps. We can see that all ranging variation is below 30 μm when BWIF is 

narrower than 100 kHz, which is usually sufficient for the uplink baseband 

information with BWbb  BWIF in passive transponders [34]. 

Because the ranging variation is related to the resolution, one of the most 

efficient way to counter random noise is to apply the moving average. The ranging 

variation with different window sizes of 1, 10, 100, 1 k and 10 k are shown in Fig. 

23c, with the 75th-percentile variations at 33.5, 30.2, 26.8, 14.1, and 10.8 μm, and the 

maximum variations at 101.1, 96.2, 86.2, 42.3, and 32.4 μm, respectively. We can see 
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that the moving average method is effective to reduce the ranging variation caused by 

the random parts of the phase noise and the ADC aperture jitter. The average is 

conducted with oversampled IF. Within the 1 kHz ranging cycle, the number of the IF 

sampling points are 66.7k which is still higher than the 10k window size. However, 

further increasing the window size has only diminishing benefit to reduce the ranging 

variation, as shown in Fig. 23c for the window sizes from 1k to 10k. Alternatively, 

when the ranging cycle and moving average window size are given, the ADC 

sampling rate can be correspondingly tuned down to reduce power consumption, if 

such a feature is desirable for the reader transceiver. It is worth noticing that moving 

average is not an essential procedure in our scheme if the SNR of the backscattered 

LoS signal is sufficiently high under the low-noise system.  Therefore, the trade-off 

between the frequency response caused by the window size and the ranging resolution 

is not limited by the same Uncertainty Principle as in the Fourier-based methods.  

Ranging Experimental Results and Analyses 

Then the quasi-static movement is conducted to investigate the harmonic RFID 

ranging resolution in different materials. The wavelength of the backscattered signal 

will be reduced if the media between the tag and the reader antenna has higher 

permittivity. Consequently, the phase-based range calculation should be divided by the 

square root of the relative permittivity (εr
0.5=nr). Although the shorter wavelength 

results in the shorter detection range within one wavelength, this drawback can be 

easily compensated by the multi-frequency method which will be discussed later. The 

experiment in Fig. 22 was conducted when the glass tank was filled with air, 

construction sand, and water. I first calibrate the initial tag position as 0 to cancel the 
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constant system phase offset, and then advance the carriage block to 50 μm and 100 

μm. The recorded time-domain signals at the three positions of 0, 50 and 100 μm are 

shown in Fig. 24a in blue, red, and green, respectively. The lighter color-tone curves 

corresponded to measurements in air, and the darker curves in water where εr = 79.2 

was used. The wavelengths at the uplink frequency of 2 GHz are 15 cm and 1.69 cm in 

air and water, respectively.  The downlink signal was set as 1 GHz. The equivalent 

sampling rate was 1 kSps (kilo-sample per second), and the 1k moving-average 

window was applied.  From Fig. 24a, the ranging measurements are quite stable and 

clearly separated, and the curves in water have much higher resolution. The high 

permittivity of water not only provides higher ranging resolution, but also isolates the 

multipath interference from outside the water. However, I did notice that when the tag 

is close to the upper water-air surface, the ranging results will be interfered by ambient 

(air-water boundary) disturbances. Similarly, for the ranging experiments in air, the 

ranging results will be distorted when severe multipath interference is caused by 

nearby moving people.  

Fig. 24b shows the ranging probability density when the tag was in air (low 

peaks), sand (middle peaks), and water (high peaks) at 0 (blue), 50 (red), and 100 μm 

(green). The solid curves correspond to 2-s data collection, and the dash ones to 0.1-s 

data collection, where hardly any difference can be observed. The ranging probability 

density in water (blue solid curve) is examined in Fig. 24c in more details to calculate 

the resolution. The full width at half maximum (FWHM) is at 5.9 μm. If the shape of 

the distribution is considered as the average of the rise and fall distances [41], the 10  

90 % probability then gives 4.7 μm for both rise and fall sides. With the same method, 
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Figure 24. The experimental results of the quasi-static ranging. (a) The time-

domain measurements in air and water with 50 μm steps. (b) The probability 

density curves when the tag is in air, sand and water with 50 μm steps. The solid 

and dash lines correspond to data collection within 2 s and 0.1 s. (c) Resolution 

analysis when the tag is in water. (d) Measurements of the 50-μm steps in air with 

the downlink frequencies at 0.5 GHz, 1.0 GHz and 2.0 GHz. 

the FWHM resolutions in air and sand are 39.1 μm and 17.8 μm, respectively. 

Furthermore, the carrier frequency can also affect the resolution as discussed in Fig. 

23a. I applied 0.5, 1, and 2 GHz as the downlink signals, and stepped the tag by 50 μm 

in air in Fig. 24d. We can see that the higher frequency will make the ranging 

resolution slightly higher, but the compromise includes the shorter wavelength 
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ambiguity and the larger attenuation at the same ranging distance. 

The wavelength integer from cyclic ambiguity needs to be resolved to extend 

the maximum operation range for the phase-based methods. Here I use the dual-

frequency continuous-wave (DFCW) method to demonstrate the range extension 

implementation. Alternatively, sophisticated multi-frequency methods can provide 

more robust estimation with less constraint on maximum range [19]. Because our 

sensing uplink signal is around the 2 GHz band, in air the single-frequency method 

can cover a distance of about 15 cm, but only 1.69 cm in water. As an illustration for 

extended range, the computer-control step motor drove the tag carriage forward for 5 

cm in water, and backward to the 0 point for travel of about three wavelengths. Based 

on the encoder on the step motor shaft, the travel distance monitored by the motor 

rotation angle is chosen as the ground truth to benchmark our ranging accuracy, as 

shown in Fig. 25a. The blue marks (forward) and pink marks (backward) denote the 

ranging error at every millimeter. From Fig. 25a, we can see that DFCW is effective to 

provide accurate ranging with the travel distance over several wavelengths in water. 

Besides, because two frequencies were applied, after resolving the wavelength integer, 

the final ranging result was obtained by averaging over measurements from the two 

frequencies, which further reduced the random noise. If  use multiple incoherent 

frequencies, more improvement can be expected. Fig. 25b shows the cumulative 

distribution function (CDF) of the ranging accuracy from the 5-cm travel experiment. 

The benchmark instances are extracted at every 1 mm of the ground-truth 

measurement. The blue and pink curves are the CDF for forward and backward tag 

motion, respectively. The yellow curve is the overall CDF. The ground truth may be 
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Figure 25. The experimental results of the tag movement and permittivity based on the 2-

tag structure. (a) The long-travel round-trip ranging accuracy with the DFCW method in 

water. The forward trip is in blue and the backward trip in pink.  The average errors for the 

forward and backward trips are in the dashed line. (b) The cumulative distribution function 

(CDF) of the 50-mm ranging data. (c) Real-time ranging with different tag speeds. The 

curves of C1 to C7 corresponds to the tag speed of 65.60 mm/s for C1 and the successive 

half scaling for C2 to C7. (d) Statistical analyses of the permittivity ratio in each material 

measured by the 2-tag structure.  

 

polluted by the mechanical accuracy and structural vibration during tag movement. 

We can see clearly the backward curve is worse than the forward one, which may be 

caused by the lost motion clearance of the linear module in the backward travel.  This 



 

66 

observation is also consistent in Fig. 25a, where the forward average is very close to 0 

and the backward average has a positive bias, as shown in the dashed lines. During 

these experiments, the tag antenna is about 0.4 meter away from the reader Rx 

antenna. In view of the shorter wavelength and larger attenuation in water, I estimate 

the same SNR can equivalently operate in air at 3.5 meter from the reader Rx antenna. 

I further tested the temporal response of our ranging system. The step motor is 

configured with different speeds during the tag motion of 2.5 mm. Curves 1 to 7 (C1 

to C7) are the transient data with the tag speeds of 65.60, 32.80, 16.40, 8.20, 4.10, 

2.05, and 1.03 mm/s. The curves show the system can respond to the relatively fast 

movement without loss of accuracy. Because the tags employed the CDMA protocol 

for the multi-tag access [39], we can also use two tags with a known fixed distance to 

evaluate the dielectric constant variation of the media. The two tags were mounted on 

the same carriage block and separated by 46 mm. When the linear module drove the 

tags at different positions, the relative permittivity at each position was evaluated. The 

averaged values in air, sand and water are 1.02, 4.67, and 78.7, respectively. The 

variation normalized by the average within each media is shown in Fig. 25d. We can 

see that the permittivity variance of the sand is much higher than those of the air and 

water, which is most likely due to the mixture structure from varying silica grain sizes. 

Similar to other ranging systems based on the carrier phase information, phase 

errors and uncertainties caused by multipath interferences play an important role in 

ranging accuracy and resolution. For example, a worst-case multi-path signal at an 

orthogonal phase to the LoS path signal with 55 dB lower magnitude can already pose 

a phase error of 0.1o, which is at our phase noise tolerance limit. The constant part of 
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the phase offset can be reduced by the calibration step in a reasonably controlled 

indoor environment, which did not significantly contribute to the ranging errors in the 

experiments shown in this work. Our use of a high-directivity reader antenna also 

helped reduce the multi-path effect by providing low antenna gain for undesirable 

directions. However, as discussed previously, when the ambient cannot be adequately 

controlled or the application scenarios contain large changes in the channel condition, 

more severe multipath interference can happen, and the ranging system need to be 

adapted with broader bandwidth [19, 42], antennas with high directivity and stable 

phase center, and more sophisticated algorithms [19, 43], possibly with a 

compromised ranging accuracy and resolution. For example, large signal-power 

dynamic range due to large coverage of the operation distance may need to be 

adaptively compensated by improved tag and reader designs to reduce the variations in 

harmonic conversion by the nonlinear element. 

Methods 

As shown in Fig. 22, the harmonic reader is implemented by a software defined radio 

(SDR) consisting of Ettus X310 and UBX 160 MHz RF daughter boards. SDR is 

controlled by the computer with LabVIEW and is connected to the computer with a 

PCIe cable to provide broad data bandwidth. The sampling rates of the DAC (digital-

to-analog converter) and ADC (analog-to-digital converter) are configured both at 

66.7 MSps (mega samples per second). In the software, the LO of Rx is set as twice as 

the LO of the Tx, so SDR is configured as a coherent harmonic transceiver. The 

external clock is provided by a Rubidium Frequency Standard (FE-5650A, frequency 

stability: ±10-11, phase noise: 100 dBc @ 10 Hz, 125 dBc @ 100 Hz, and 145 dBc 
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@ 1 kHz), giving the 10 MHz sinusoidal wave reference. According to the X310 

specification, the square wave can provide more stable clock reference, so the system 

performance can be further improved by better clock source. The harmonic tag PCB 

(printed circuit board) prototype is based on the open-source WISP (wireless 

identification sensing platform) [44]. NLTL is implanted on the tag to generate the 2nd 

harmonic signal, which is a ladder structure of inductors and varactors [38, 40]. NLTL 

provides high harmonic conversion efficiency over broad bandwidth even when the 

received signal is weak. Other frequency doublers [45, 46, 47] can also be applied 

with passive or active tag design. In the small-signal regime with the tag impinging 

power less than 0 dBm, the dependence of the backscatter phase shift on the power 

level is negligible [38, 40]. However, when the impinging power to the tag is much 

higher (above 10 dBm), there would be significant power-dependent phase shift, 

which can be mitigated by adding power limiter on the tag or adaptive reader Tx 

power design.  The tag is mounted on a wood slab, which is then connected to the 

carriage block of the linear module driven by the step motor. The motor controller is 

connected to the computer through the real-time controller area network (CAN) bus 

[48], where the motor status can be recorded by the computer. The bit rate on the CAN 

bus is set at 1 Mbps (mega bits per second). When the experiments were conducted in 

sand or water, the tag circuits were connected through RF cables to the antennas 

immerged in the test media. During the experiments, the surrounding of the setup was 

reasonably controlled to avoid very strong RF reflection, platform vibration and 

excessive people movement. The room temperature is controlled at about 20 °C. In 

future related applications, wavelength integer ambiguity and multipath effects can be 
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further mitigated by frequency diversity [19, 33], channel coherence [42] and angle-

of-arrival (AoA) variation [43]. When the experiments were conducted with sand or 

water in the tank, the reader and tag antennas would be detuned with different gain 

and phase offset, where one calibration point (denoted as position 0) was used to 

cancel the initial phase offset.  When the tag under test moved within the given media 

but the reader antenna remained stationary to the other boundaries of the setup, this 

calibration was sufficient for all subsequent ranging measurements. However, 

unknown inhomogeneity in the media, direct blockage of LoS, and reader location 

change without new calibration will make our present system fail its performance of 

precision and accuracy, similar to other RF methods. 

Conclusions 

I have demonstrated radio ranging with ultra-high resolution using a harmonic RFID 

system. I analyzed the ranging errors of the system caused by phase noises and 

sampling jitters, and coherent transceivers, intermediate frequency choices and 

moving windows were implemented as countermeasures to optimize performance. Our 

approach offers a resolution of less than 50 microns and a sampling rate of more than 

1 kHz, and as it is based on the UHF band, it can be applied in environments with mild 

blockages and in sand or water. 
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CHAPTER 5 

 

MONITORING VITAL SIGNS OVER MULTIPLEXED RADIO BY NEAR-FIELD 

COHERENT SENSING 

Introduction 

Monitoring the heart rate, blood pressure, respiration rate and breath effort of a patient 

is critical to managing their care, but current approaches are limited in terms of 

sensing capabilities and sampling rates. The measurement process can also be 

uncomfortable due to need for direct skin contact, which can disrupt the circadian 

rhythm and restrict the motion of the patient. Here the external and internal 

mechanical motion of a person can be directly modulated onto multiplexed radio-

frequency signals integrated with unique digital identification using near-field 

coherent sensing is shown. The approach, which does not require direct skin contact, 

offers two possible implementations: passive and active radio-frequency identification 

tags. To minimize deployment and maintenance cost, passive tags can be integrated 

into garments at the chest and wrist areas, where the two multiplexed far-field 

backscattering waveforms are collected at the reader to retrieve the heart rate, blood 

pressure, respiration rate and breath effort. To maximize reading range and immunity 

to indoor motion, active tags can be placed in the front pocket and in the wrist cuff to 

measure the antenna reflection due to near-field coherent sensing, and then the vital 

signals are sampled and transmitted entirely in digital format to negate indoor multi-

path interference. Our system is capable of monitoring multiple people simultaneously 
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and could lead to the cost-effective automation of vital sign monitoring in care 

facilities. 

Current approaches to monitoring vital signs are based on body electrodes 

[1,2], optical absorption [3,4], pressure or strain gauges [5,6], stethoscope [7,8], and 

ultrasound [9] or radio-frequency (RF) [10,11,12,13] backscattering, each of which 

faces different problems in the real applications. The body electrodes such as the 

electrocardiogram (ECG) need direct skin contact. The chest hair for some people may 

need to be removed to improve signal quality. The hair-removal practice or the needle 

electrode is almost required for animal tests of rats, pigs and monkeys, which 

complicates the preparation steps and adds to the animal discomfort [14,15]. The 

commercial optical absorption method such as photoplethysmography (PPG) relies on 

the reflection or transmission of the infrared (IR) light, which limits the sensing depth 

and suffers loss of waveform details and timing accuracy [16]. Strain gauges are 

usually used for monitoring respiration and blood pressure, but the discomfort of the 

belt or cuff can be disruptive to the circadian rhythm. The stethoscope is affected by 

the acoustic wave distortion travelling in the tissue and the frequency response of the 

acoustic transducer. The ultrasound devices are portable but bulky. The rubbery 

coating on the probe and water-based gel on the body for acoustic impedance 

matching also cause discomfort in long-term monitoring.  As for the RF methods, due 

to the strong reflection of the body surface and its associated geometric average, 

conventional radio frequency (RF)-based far-field vital sign detection is ready to pick 

up breath motion, but difficult to distinguish small mechanical vibration details such 

as the heartbeat and wrist-pulse waveforms with low-frequency RF signals [17, 18]. 
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Although the heart rate can be retrieved after careful filtering, estimation of blood 

pressure and simultaneous monitoring of multiple free-moving people remain 

unachievable.  

I have developed the concept of near-field coherent sensing (NCS), a method 

to directly modulate the mechanical motion on the surface of, and inside, a body onto 

multiplexed radio signals integrated with unique digital identification (ID). In NCS, 

more electromagnetic energy is directed into the body tissue, so the backscattered 

signal from internal organs is implicitly amplified, compared with typical RF methods 

in which RF energy is mostly reflected by the body surface. At the same time, the 

shorter wavelength inside the body renders a small mechanical motion into a relatively 

large phase variation, which also increases the sensitivity. NCS can be evaluated at the 

far-field radiation or at the antenna reflection, rendering more design freedom to 

various application scenarios in the future.  

The Principle and Implementation of Near-field Coherent Sensing 

I used CST Microwave Studio [19] to illustrate our NCS principle. Electromagnetic 

simulations of a male torso (Fig. 26a) and a lower left arm (Fig. 26b) were constructed 

[20]. The antennas were deployed close to the heart and the left wrist where the pulse 

can be felt. The signal source should be within the near-field zone of the antennas, but 

no direct skin contact is required. The antenna is designed to couple more 

electromagnetic energy into the tissue for a larger signal-to-noise ratio (SNR). To 

simulate the mechanical motion coupled onto the electromagnetic field, a small 

vibration was introduced into the geometric scale of the heart and the wrist vessel.  

The far-field NCS signals were recorded at the sampling points 1m in front of the 
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Figure 26. The CST Microwave Studio simulation model for monitoring vital signs over 

radio transmission by near-field coherent sensing. a, b, Electromagnetic simulations of a 

male torso (a) and a lower left arm (b). The patterns shown are the real part of the co-

polarization electric field in the torso simulation model for heartbeat sensing (a), and in the 

wrist simulation model for pulse sensing (b). (c), (d), The simulated beating amplitudes of 

the heart and the wrist, compared with the sampling at the far-field points (c) and at the 

antenna reflection represented by the scattering parameter S11 (d). The normalized beating 

amplitudes are shown with the blue solid lines. The demodulated heart signals are shown 

as the pink dashed line and the wrist pulse signals as the green dotted line. The far-field 

signals were recorded at the sampling points 1m in front of the chest and above the wrist. 

 

chest and above the wrist, and the demodulated heart signal and the wrist pulse signal 

were found to match well with the known vibration (Fig. 26c). The NCS method 

utilizes both amplitude and phase of the electromagnetic field. Because the phase is 

very sensitive to the distance between RF source and receiver, the external chest 

movement when a person breathes can be evaluated accordingly by the phase. The 

respiration rate can be easily retrieved, and the respiration effort can be further 

interpreted with the phase variation. In comparison with the phase information, the 

amplitude of the electromagnetic field is not so sensitive to the small distance 

variation, which means the breath or other external body movement will change the 

phase but not much the amplitude, providing good isolation for other signals inside the 

body to be properly sensed. In NCS, the interferometry-like structure transduces the 
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Figure 27. Intuitive description of the NCS operation principle. (a) The NCS simulation of a 

conceptual skin and tissue structure with a nearby blood vessel. A dipole antenna emitting a 

1.85 GHz 0 dBm signal is placed above the skin and does not require immediate skin contact. 

(b) The antenna reflection parameter S11 for the quasi-static vessel cross sections marked as 

t1, t2 and t3. 

internal organs/tissues movement into the amplitude modulation of the RF signal. In 

Fig. 26a, when the phantom faces the receiver, the on-chest antenna emits the RF 

carrier with the antenna characteristics defined by the local near-field region. 

According to the antenna directivity, part of the RF energy will be directly emitted 

towards the receiver, while the other part will be coupled inside the body due to the 

near-field effect. Intuitively, the backscattered RF signal from the heart is modulated 

by the mechanical movement of the heart tissue, and then interferes with the direct 

emission to result in amplitude changes. From the interferometer analogy, the 

movement inside the body is a “differential-mode” modulation, while the body surface 

movement is a “common-mode” modulation. The two signals can be easily 

distinguished, and the further intuitive explanation is available with Fig. 27. 

Fig. 27 shows the simplified lower arm structure and the electric field in the 

near-field region in CST Microwave Studio. The antenna is above the skin but no 
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immediate contact is required. The antenna is designed for better RF energy coupling 

into the tissue. The antenna reflection parameter S11 is shown in Fig. 27b. The center 

frequency is about 1.85 GHz.  Because of the high tissue permittivity, the antenna 

bandwidth is broader. The simulation result in Fig. 27a shows that the electric field 

coupled into the layers of skin, fat and muscle as well as the nearby blood vessel. The 

vessel cross section in the tissue model varies quasi-statically in the time stamps of t1, 

t2 and t3 to represent the pulse vibration. The far field can be intuitively considered as 

the interference results of the two near-field components: the direct propagation wave 

from the antenna (the black arrow) and the scattered signal from the inner tissue (the 

purple arrow). When the blood vessel vibrates from the heartbeat, the phase of the 

scattered signal will be modulated due to interference with the direct propagation. 

Because the demodulated vessel-motion signals are derived from the differential 

interference, the antenna motion caused by breath or other body movement can be 

regarded as the common mode that would be eventually rejected. Alternatively, the 

scattered signal can be coupled back to the same antenna to be coherently 

demodulated, which is indicated as the orange arrow in Fig. 27a and the resulting S11 

in Fig. 27b.  

In contrast to the far-field implementation, the motion can also be derived from 

the antenna reflection, which is shown as the scattering parameter S11 in Fig. 26d. The 

NCS signal measured by antenna reflection can be directly recorded on the mobile unit 

and is therefore more immune to body movement and indoor multipath in a crowded 

room. Because the tissue motion is within the near-field region of the antenna, the 

geometric variation will affect antenna reflection S11, where the antenna can be 
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regarded as a part of the sensor. The vital signs will be modulated on the antenna’s S11 

parameter and retrieved by the reflected signal accordingly. 

An essential part for NCS to modulate the vital signal over radio is the 

transmitting antenna close to the skin. However, the conventional microwave 

transmitter consumes significant power in the local oscillator and power amplifier, and 

thus a battery is required for the mobile device. In addition, synchronization between 

the on-body transmitter and the far-field receiver will also make the system design 

more complex. I chose to implement NCS by passive harmonic RF identification 

(RFID) tags [21] where the vital signals are modulated on the harmonic backscattering 

together with the tag ID. Besides the ultra-low cost, the simple and robust packaging 

of the passive tag enables direct fabric integration with laundry readiness [22,23].  

Because of the high transmitting power of the conventional RFID reader, and the 

phase noise skirt, the self-leakage, antenna reflection and the backscattering from 

unintended ambient objects all contribute to the noise and heavily degrade the SNR of 

the backscattered tag signal. However, the harmonic backscattering can isolate the 

downlink (reader-to-tag) and the uplink (tag-to-reader) by large frequency separation, 

which increases both SNR and sensitivity. The tag remains as a passive backscatterer, 

which can easily comply to the current RF protocols.  The schematic of the harmonic 

tag is shown in Fig. 28a. The harmonic tag receives the downlink RF signal at f from 

the reader which goes through the tag Antenna 1 and splits to two parts. One provides 

DC power for tag circuits by energy harvesting, and the other is fed into passive 

harmonic generation at 2f to be re-emitted from Antenna 2 [24], which serves as the 

NCS transmitter. The RF switch in front of the harmonic generator can modulate 
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Fig. 28. The schematics of harmonic RFID system for near-field coherent sensing. (a) The 

passive harmonic RFID tag. (b) The schematic of the harmonic RFID reader. Tx stands for 

transmitter, Rx for receiver, LPF for low-pass filter and HPF for high-pass filter. 

 

digital information by on-off keying (OOK), similar to conventional RFID operations. 

The digital information can include the tag ID as well as additional information from 

the on-tag sensors.  

The schematic of the harmonic RFID reader as a coherent transceiver is shown 

in Fig. 28b. The same digital clock (green dash line) is fed into two frequency 

synthesizers at f and 2f for coherent demodulation at 2f. The digital module performs 

the code-division multiple-access (CDMA) protocol [25]. The downlink commands 

from the reader to tags are modulated by the digital-to-analog converter (DAC), and 
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Fig. 29. The vital signals from NCS measurements. (a) The raw breath signal and the 

waveform after the low pass filter. (b) Raw heart rates and the average from the moving 

window of 10 seconds.  The green markers show the measurements from OMRON Blood 

Pressure Monitor mounted on the left forearm. The waveforms of (c) the heartbeat and (d) 

the wrist pulse during data collection for 3 minutes. DTW waveform analyses show the 

distance in each waveform of (e) the heartbeat, and (f) the wrist pulse, while the insets 

show the box-whisker distribution.  The median- and maximum-distance waveforms are 

compared with the respective DTW template for (g) the heartbeat, and (h) the wrist pulse. 

The sampling rate for the waveforms is 500 Sps. 

 

then upconverted by the mixer (blue) to the carrier at f. The harmonic tag backscatters 

to the reader at 2f, which is down-converted to the base band by the coherent local 

oscillator at 2f, and sampled by the quadrature analog-to-digital converter (ADC). The 

hardware of the harmonic reader is conducted with the software defined radio (SDR). 

Analyses of the NCS Signal 

The phase modulation is more sensitive to the tag physical location with respect to the 

reader. Hence, when Antenna 2 of the tag is placed on the chest, the breath 

information can be derived from the phase in the quadrature scheme, as shown in Fig. 

29a with raw and low-pass-filtered waveforms. Based on the backscattered phase 
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information, the positions of multiple tags can be calculated with millimeter resolution 

[25,26], which can further derive the respiratory effort. Although the phase variation 

caused by the chest movement is much stronger than the internal movement of 

heartbeat and wrist pulse, it is a “common component” for NCS. During our 

experiments, the NCS heartbeat signal is modulated on amplitude and hence immune 

to the breath movement. Multiple frequencies, improved signal processing and 

reflection structure can further help mitigate heavy multi-path interference.  I first 

retrieve the heart rate in Fig. 29b from the instantaneous period (the blue solid line) 

and from the counts within 10 seconds (the pink dash line). The green markers are 

measured from a commercial blood pressure monitor (OMRON BP760N).  Notice that 

the breath and heartbeat information is independently derived from the quadrature 

demodulation, and no special filtering or pattern recognition as in the conventional 

microwave backscattering is required [27,28]. 

Because the internal vital signals are retrieved from NCS, the interferometer-

like structure significantly increases the sensitivity to enable collection of the motion 

waveform, similar to a ballistocardiogram (BCG) [29]. I recorded data from the chest 

and wrist tags simultaneously for 3 minutes. The experiments were conducted with the 

PCB tag, and the reader antenna was about 1.5 – 2 meters away from the person under 

test. The harmonic signal converted by the tag was about –20 dBm at 1.9 GHz (2f).  

To analyze the waveform variation, each period is overlaid to obtain the average and 

box-whisker deviation of the heartbeat and wrist-pulse waveforms as shown in Figs. 

29c and d. The waveforms are normalized to the 90 percentiles of the recorded data, 

and the box-whisker plots show the variations of the feature points.  I further apply the 
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Fig. 30. The blood pressure measured by NCS. (a) The pulse transit time (PTT) estimated 

from the synchronized heartbeat (blue) and the wrist pulse (red) waveforms. The inset 

shows one period of the signals and the extracted PTT. (b) The probability density 

distribution of the PTT over 3 minutes. The blood pressure extracted from the PTT: (c) The 

person under test is seated; (d) The person under test goes through a moderate activity and 

standing.  The green markers show the blood pressures measured from a commercial blood 

pressure monitor. 

 

dynamic time warping (DTW) to sort the waveforms to derive the detailed features 

[30]. Figs. 29e and f show the DTW distance for the heart and pulse waveforms, and 

the insets show the variations. Figs. 29g and h show the comparison of the extracted 

template waveforms to the maximum-distance and the median-distance waveforms, 

the latter of which still resemble closely to the template and keep most of the major 

features, such as the recoil peak in the wrist pulse.  The detailed motion waveform 
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analysis can be a cardiogram candidate for arrhythmia and aortic valvular diseases 

[31].  

 The CDMA protocol enables simultaneous monitoring of not only multiple 

persons, but also multiple points on the same person. The allowable number of CDMA 

tags is limited by the baseband data rate. Comparison of the waveform timing from 

different body positions offers estimates of the blood pressure (BP) through the pulse 

transit time (PTT), which can be extracted from the feature points of the proximal and 

distal arterial waveforms [32,33]. Our non-contact sensing of blood pressures presents 

significant advantages over direct pressure-based methods which cause discomfort and 

disrupt the circadian rhythm especially for long-term monitoring of elderly patients.  I 

recorded the chest tag signal as the proximal waveform, and the left wrist tag signal as 

the distal waveform for 3 minutes, as shown in Fig. 30a. PTT can be readily extracted 

from the major peaks of the two waveforms. The inset shows the detailed waveforms 

of a certain period. Fig. 30b shows the probability density of the PTT during the 3-

minute recording. The distribution of the PTT may be affected by the sampling jitter 

and the waveform distortion. We can obtain one PTT sample for each heartbeat, and 

the moving average or other signal processing methods can be readily applied to 

minimize the PTT variation. Figs. 30c and d show the blood pressures calculated from 

PTT as well as the comparison points (green markers) from the commercial blood 

pressure monitor (OMRON BP760N). The blue and red solid lines are the systolic and 

diastolic pressures of every heartbeat. The pink and light blue dash lines are the 

moving average from 14 sampling points around 10 seconds. The data in Fig. 30c 
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were collected when the person under test sat on a chair for about 30 minutes, while 

the data in Fig. 30d were collected after a moderate activity. 

Methods 

I used CST Microwave Studio [19] for electromagnetic simulation. The Zubal 

Phantom [20] is used to construct the dielectric models. The tissue geometric 

information is calibrated with the data from computer tomography (CT) and magnetic 

resonance imaging (MRI). The resolution of the voxel is 3.6mm × 3.6 mm × 3.6 mm. 

The microwave properties of various tissues are mapped with CST Bio-library. I first 

pre-processed the Zubal Phantom data into the file structure of tissue geometric 

coordinates together with the tissue indices layer by layer. Then CST imported the 

files and automatically built every voxel with the 3D coordinates and tissue properties 

to establish the dielectric model controlled by the scripts of CST built-in Visual Basic 

for Applications (VBA) Macro language. The process is analogous to the 3D printing, 

but only virtually in the CST software. The dynamic simulations of heartbeats and 

wrist pulses are realized by geometrical variations, where the geometry of the heart 

and the wrist vessel is changed according to the pre-set dimension that serves as the 

ground truth. The passive harmonic backscattering tag was prototyped by a custom 

PCB [24], which is modified from the Wireless Identification and Sensing Platform 

(WISP) [34]. The harmonic generator on the tag is designed with a non-linear 

transmission line (NLTL) [21], which consists of the ladder structure of inductors and 

varactors. The NLTL can provide high conversion efficiency with low input power, 

which is essential for passive backscattering tag design. The harmonic RFID reader 

and the antenna reflection system were built on the platform of National Instrument 
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Ettus Software Defined Radio (SDR) B210. To realize the coherent harmonic 

demodulation, the local oscillator (LO) of the receiver needs to be directly derived 

from the 2nd harmonic frequency of the transmitter LO. The real-time control and 

demodulation software is composed in LabVIEW. The operating frequency is f = 950 

MHz (2nd harmonic at 2f = 1.9 GHz) with the homodyne modulation scheme. The 

downlink analog baseband is 10 kHz, and the uplink analog baseband after harmonic 

conversion is 20 kHz. Both digital-to-analog and analog-to-digital conversions are 

operating at 106 samples per second (Sps). The raw digital signals are then filtered, 

digitally down-converted to the DC band, and decoded with the CDMA algorithm to 

distinguish the information from each tag. The signal from each tag is then down-

sampled by the sampling rate of 500 Sps. The breath signal is processed by a low-pass 

filter with cut off frequency of 0.8 Hz. The heartbeat and pulse signals are processed 

by the bandpass filter between 0.9 Hz and 15 Hz.  The present operating range for the 

passive tag is about 1.5m, limited by the WISP platform. The range can be extended 

towards 10m according to the operation of conventional RFID systems in the same 

frequency band.  

Conclusions 

A new vital-sign monitoring method, which modulates the detailed motion on and 

inside the body onto multiplexed RF signals through NCS is reported. The shorter 

wavelength inside the body naturally increases the SNR of the sensed mechanical 

motion. In addition, the differential nature of the internal movement isolates the large 

surface movement, which also increases the sensitivity to enable the collection of 

weak motion by the wrist pulse. NCS can be implemented as passive tag 
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backscattering or as active tag antenna reflection. The ready multiplexing technique in 

passive and active RF transmission facilitates simultaneous sensing for multiple points 

and multiple persons. NCS opens up new opportunities for vital sign monitoring with 

accuracy, comfort, convenience and low cost. 
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CHAPTER 6 

 

 MULTI-POINT NEAR-FIELD RF SENSING OF BLOOD PRESSURES AND 

HEARTBEAT DYNAMICS 

Introduction 

Systolic and diastolic blood pressure estimation using arm-cuff monitors is one of the 

most common cardiovascular evaluation criteria in healthcare today, however these 

measures lack critical heartbeat and pressure dynamics. Pulse-transit time can be used 

as a substitute for arm-cuff monitors, but gives even less information and requires 

personal calibration. Ultrasound, computed tomography scan, and magnetic resonance 

imaging can retrieve geometrical features of the heart, but cannot directly estimate 

vascular pressures. Here I show a novel radio-frequency heartbeat sensor based on 

multi-point near-field observation. By comparing to synchronized electrocardiogram 

and auscultation, the multi-point sensor can assess motion and pressure in different 

parts of the heart following the Wiggers Diagram. By applying the Hilbert-Huang 

frequency-time transform, the central blood pressure can be derived from the vascular 

vibration characteristics as continuous transients, including during the pulmonary 

cycle which is previously inaccessible from branchial measurements. Our scheme can 

be further extended to a full multiple-input-multiple-output (MIMO) channel 

arrangement, producing rich content for diagnostic and biometric applications. I 

employ dynamic time warping analyses to illustrate the sensor’s wealth of diversified 

information across different channels and persons. This new multi-point sensor, which 



 

93 

can be worn conveniently over clothing, enables unprecedented monitoring 

capabilities for at-home and clinical cardiovascular diagnostics. 

Arm-cuff sphygmomanometers for blood pressure (BP) measurements are 

universally employed in modern at-home and in-patient healthcare practices. Systolic 

and diastolic BPs are estimated by branchial vascular occlusion once within a period 

of many pulses. However, the intrusive cuff inflation can disturb sleep as well as 

interrupt circadian rhythms and vigilance. In addition, continuous heartbeat dynamics 

during central aortic and atrioventricular cycles remain unavailable, and the 

characteristics of the pulmonary circulation are entirely missing. Monitoring central 

aortic and pulmonary artery pressure transients results in more accurate evaluation of 

cardiovascular risk factors than the branchial BPs, however these crucial metrics can 

previously only be measured by invasive catheters [1,2]. To reduce disturbance to 

patients, BP can be indirectly derived from the pulse-transit time (PTT) [3,4], which is 

defined as the transit delay between two chosen proximal and distal points. PTT can 

be measured by either photo-plethysmography (PPG) [5,6] or radio-frequency (RF) [7] 

methods to estimate the systolic pressure with personal calibration, while the diastolic 

pressure is simply derived from a fitting ratio. PTT sensors must be placed on two 

disjoint body positions and require synchronization with sub-millisecond precision, 

making PTT a cumbersome method for long-term ambulatory monitoring. 

Alternatively, heartbeat geometrical features can be recovered by ultrasound, 

computed tomography (CT) scan, and magnetic resonance imaging (MRI) [8], each of 

which often require professional operators and extensive lab setup, and are hence 

infeasible for long-term or at-home monitoring. BP cannot be directly measured with 
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these methods but can be estimated with personal calibration. Ultrasound has limited 

spatial resolution for accurate extraction of detailed valve dynamics, although the 

blood velocity and systolic BP can be derived from the Doppler effect [9]. CT scans 

and MRI have limited time resolution, and the heart valve timing and pressure 

dynamics are subject to large uncertainties.  

Electromagnetic heartbeat sensing has been investigated for many years as well 

[10,11]. Microwave radar-based approaches, by either the Doppler effect or the 

frequency-modulation chirps [12,13], require the line-of-sight (LoS) alignment to the 

chest area by an off-body reader, although no wearable body tag is needed. As the 

minute chest movement caused by heartbeats is read at a distance, the signal is often 

weak and the spatial resolution of the different heart areas is low. Alternatively, notched 

or resonator-loaded transmission lines can be employed to sense the local dielectric 

properties [14,15], which had been extended to vital-sign monitoring [16]. However, the 

blood pressure estimation has been restricted to PTT, and no multi-point observation has 

been attempted. 

In this chapter, I present a new RF-based method for tracking heart dynamics 

and central blood pressure based on the near-field coherent sensing (NCS) principle 

[4]. This method enables convenient and comfortable cardiac monitoring by placing 

multiple sensing antennas over clothing on top of the heart, allowing for heartbeat 

dynamics to be directly modulated onto the received RF signal. Due to the high 

sensitivity and broadband coupling of NCS, both large cardiovascular motion and 

minute cardiac vibration characteristics can be retrieved. When these cardiac 

vibrations are processed using the Hilbert-Huang frequency-time transform, beat-to-
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beat blood pressure transients can be derived by matching the frequency-time signal to 

the Wiggers diagram [17]. The multi-point NCS method enables position specific 

sensing, in which multiple antennas provide a wealth of diversified information to 

analyze complex heartbeat motion dynamics, including both systemic and pulmonary 

circulation. The new multi-point NCS system in this chapter is the first long-term 

wearable technology that can give such detailed central blood pressure transients and 

heartbeat dynamics, and can offer unparalleled capabilities for clinical and at-home 

cardiovascular monitoring and diagnostics. 

The Multi-point NCS System Setup 

The NCS principle states that when a dielectric boundary moves in the near-field 

region of a transmitting or backscattering antenna, its motion becomes part of the 

antenna characteristics that can be evaluated after carrier demodulation and baseband 

filtering [4,18]. Both carrier and baseband injection in NCS contributes to channel 

isolation and eventual multiplexing, and the near-field coupling provides the sensing 

locality. Dielectric boundary motion relative to the antenna will be mainly captured by 

the received NCS magnitude, from the interferometer-like structure as a differential 

mode, while boundary motion occurring together with the antenna will be captured by 

the NCS phase as a common mode [4]. The NCS system couples significant RF 

energy in the ultra-high frequency (UHF) band (300 MHz – 3 GHz) into the entire 

heart region, allowing for the complex dielectric boundary motion of the heart to be 

directly modulated onto our received signal magnitude and phase. The radiation level 

is very low and well under the safety standard prescribed by OSHA (Occupational 

Safety and Health Administration) [19]. To study the complex heartbeat dynamics 
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Fig. 31. The multi-point RF system for near-field coherent sensing (NCS). (a) 

Electronic hardware: The cardio reader constructed by two SDRs and an external 

reference clock source for synchronization. (b) Body placement: The location of the 

sensing points: Points 0 to 4 are for NCS, ST is the stethoscope drum placement, 

and the ECG electrodes are pasted at LL and RA. The letters “L” and “R” in the 

deltoid area indicate body left and right. FPGA denotes the field-programmable 

gate array; Tx the transmitter; Rx the receiver. 

 

from different angles, multiple observation points are helpful, as the received signal at 

each point is dominated by the local dielectric boundary motion. 

 The new multi-point NCS system is shown in Fig. 31(a), which consisted of 

two software defined radios (SDR, National Instrument Ettus Research B210), 

denoted as SDR1 and SDR2. The two SDRs are synchronized by an external local 

oscillator (LO) with 10 MHz reference and 1 PPS (pulse per second) baseband 

synchronization (BG7TBL-GPSDO). The SDRs were connected to a host computer 

through USB cables. The control software was implemented in LabVIEW. 

 Each port of the NCS system consists of one RF transmitter (Tx) and one 

receiver (Rx). For Port 1 (Po1) in SDR1, the first NCS sensing antenna pair is 
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connected to Tx1 (blue triangle) and Rx1 (red triangle). The field programmable gate 

array (FPGA) prepares the baseband signal to be fed to the Tx1 chain, and the 

received RF signal modulated by the heartbeat is fed to Rx1 and demodulated by the 

FPGA. The other three ports (Po2 to Po4) are similarly configured with Tx2 and Rx2 

to Po2 in SDR1, Tx3 and Rx3 to Po3 in SDR2, and Tx4 and Rx4 to Po4 in SDR2. The 

RF signal at each Tx can be multiplexed with time-division multiple access (TDMA) 

[20], code division multiple access (CDMA) [21,22] or, in the case of this work, 

frequency division multiple access (FDMA) [18,23]. The carrier frequency is 1.82 

GHz with 0.71 MHz, 1.22 MHz, 1.71 MHz and 2.33 MHz baseband offsets for Tx1 – 

Tx4, respectively. The four sensing antenna pairs were placed at Points 1  4 in Fig. 

31(b), which were chosen to mimic the conventional auscultatory stethoscope for 

listening to the aortic, mitral, pulmonary and tricuspid valves. Point 0 was chosen as 

Erb’s point, a central area of the chest used as a reference NCS position for timing 

comparison. The electrodes of the electrocardiogram (ECG, NeuroSky BMD101) were 

pasted on the torso at Points LL (left leg) and RA (right arm) and connected to the host 

computer by USB. The ECG signal was used as a timing reference to highlight the 

feature points in the cardiac cycle. A digital stethoscope (Thinklabs One) was placed 

at Point ST to record the S1 and S2 heart sounds. The SDR sampling rates of the data 

converter were set as 5 MSps, which is above the Nyquist rate of 2 times of the 

highest baseband offset at 2.33 MHz. After channel demodulation, the NCS signal was 

down-sampled to 50 kSps, which is slightly higher than 44.1 kSps of the digital 

stethoscope so that NCS can contain all information from the audible signal. The NCS, 

ECG, and stethoscope signals were synchronized in LabVIEW.  
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Fig. 32. The multi-point NCS system photos. (a) The transceiver by two coherent 

software-defined radios (SDR1 and SDR2). (b) The sensing antenna pair at 1.8 

GHz band; (c) at the 900 MHz and 5 GHz bands. (d) The sensing antenna 

placement when 4 antenna pairs are deployed to Points 1 – 4 in Fig. 31(b). The 

sensing antenna pairs are placed over the shirt. 

 

The picture of the fully coherent system is shown in Fig. 32(a). In Figs. 32(b) 

and (c), two kinds of NCS antenna pairs are shown. In Fig. 32(b), two monopole 

antennas (black whips, Taoglas TG.19.0112) are mounted on a 3D-printed holder. The 
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overall dimensions are 69  17  11 mm (W  L  D). The operating frequency is 

around 1.82 GHz with a bandwidth of 40 MHz. A smaller NCS sensing antenna pair 

by two ceramic patch antennas (Taoglas WLP.12C) is shown in Fig. 32(c). The overall 

dimension is reduced to 32  14  5 mm. The operating frequencies are around 900 

MHz and 5 GHz. The operational bands are measured based on the S parameters when 

the NCS antenna pair is placed on the human chest area [24]. 

To extend the system to full multiple-input-multiple-output (MIMO) 

capability, I configured the dual SDR system to implement cross-point channels. This 

enabled, for example, Tx1 to be received by Rx1, Rx2, Rx3 and Rx4, for greater 

signal diversity and measurement opportunities. The ECG electrodes and the 

stethoscope drum require direct skin contact to acquire clear signal, yet the NCS 

sensing antennas can be placed outside the clothing as shown in Fig. 32(d) due to the 

effective RF penetration in the UHF band [4,23]. All NCS, ECG and stethoscope 

recordings were synchronized in the host computer.  

Synchronized NCS, ECG and Stethoscope 

The timing relation among the synchronized ECG, stethoscope and single-channel NCS 

signals is shown in Fig. 33(a), where the NCS antenna pair was put on Point 0 (Erb’s 

point) in Fig. 31(b). The demodulated NCS raw recording is shown as the green curve in 

Fig. 33(a), and its zero-phase bandpass filtered (7 – 20 Hz) waveform is the purple curve 

to highlight the high-frequency vibration components. The synchronized ECG and 

stethoscope waveforms are shown as the blue and pink curves. The first heart sound 

(S1) happens around the R-S period of the ECG caused by the closure turbulence or 

claps of the atrioventricular (AV) valves, and the second heart sound (S2) is at the end 
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Fig. 33. Comparison of the synchronized NCS, ECG and stethoscope waveforms. 

(a) The single-channel NCS at Point 0 is shown in green. The purple waveform is 

the high-frequency NCS waveform after bandpass filtering of 7-20Hz, while the 

blue and pink curves are the ECG and the stethoscope signals. (b) The 

synchronized four-point NCS backscattering channels. The waveforms from C11 to 

C44 (red, yellow, green, pink) are from Points 1 – 4 in Fig. 31(b), respectively. The 

synchronized ECG curve (blue) is shown for timing reference. 

 

of the T wave generated by that of the semilunar (SL) valves. These timing features will 

be aligned according to the physiological Wiggers Diagram [1,17] in later analyses.  
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As the NCS signal is modulated by the mechanical motion of the dielectric 

boundaries in its proximity, the received raw waveform is dominated by the strong 

fundamental heartbeat tone. In addition to this tone, the details of the internal motion of 

the atria, ventricles, valves and artery are also coupled to the NCS signal and each 

motion has its frequency features and timing. Because all physiological frequencies are 

much lower than the impinging RF carrier, they will all be captured in the demodulated 

NCS signal, constrained only by the signal-to-noise ratio (SNR). Similar to audible 

sound analysis, higher frequency components will have lower amplitude for the same 

spectral energy. The high-frequency information of the heartbeat is thus visually 

overwhelmed by the low-frequency component in the time domain. After proper 

bandpass filtering is applied to the raw NCS signal, the high-frequency features can be 

more clearly viewed in the systole and diastole phases. Notice that some NCS features 

are not included in either ECG or stethoscope. ECG measures the electrical activity 

started from the sinoatrial node, which does not carry the direct information of the 

mechanical motion. Stethoscope, on the other hand, can only capture vibration in the 

audible range as determined by the acoustic impedance matching of the drum, and will 

likely attenuate low-frequency parts of the auditory signal. From Fig. 33(a), we can 

clearly observe that no clear stethoscope signal is present between S1 and S2, but the 

bandpass filtered NCS signal still contains many features, which are likely from atrial 

and ventricular chamber movement with spectral features lower than the audible 

frequencies in stethoscopes. For a direct comparison, the NCS signal after bandpass 

filtering of 16 – 120 Hz is compared to the synchronized waveforms in the acoustic 

stethoscope [24]. 
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We will now use the four-point NCS system shown as Points 1  4 in Fig. 

31(b). In Fig. 33(b), the backscattering channels of Tx1-to-Rx1 (C11), Tx2-to-Rx2 

(C22), Tx3-to-Rx3 (C33) and Tx4-to-Rx4 (C44) after the same zero-phase bandpass 

filtering (7  20 Hz) are presented as red, yellow, green and pink curves, respectively. 

The synchronized ECG in the blue curve is added for timing reference. The system 

setups of C11 to C44 are the same, but each antenna pair demonstrates its unique 

weighted coupling to the different parts of the heartbeat. C11 and C33 have stronger 

signals just after the QRS complex when the heart ejects the blood from the ventricles 

to the artery through the SL valves. Analogous to the auscultation position, C11 will 

have more emphasis on the aortic valve and artery, while C33 will emphasize the 

pulmonary valve and artery. Similarly, C22 contains more mitral valve motion during 

the P-R period, and C44 contains more tricuspid valve information although it also 

couples in the strong left ventricular motion during the T wave. The aortic circulation 

usually has larger motion and higher pressure than the pulmonary circulation due to 

the higher vascular resistance. This cannot be directly observed from Fig. 33, as the 

NCS magnitude is normalized to its respective highest peak during the recording to 

visualize each channel more clearly. 

Blood Pressure Extraction 

During the systole phase, the C11 waveform is dominated by the aortic movement and 

can be used for BP derivation through the vessel vibration characteristics. Notice that 

C11 is related to the central BP of the aortic artery instead of the branchial BP given by 

the arm cuff, although the two values are often reasonably correlated when the cuff is at 

the same height of the heart [1]. At the end of the diastole phase, left and right ventricles 
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Fig. 34. BP analyses based on the NCS backscattering channel during the systole 

phase. (a) The cross section of the heart ejecting blood from left and right 

ventricles. (b) The Wiggers Diagram shows the expected timing relation between 

ECG (blue) and the aortic pressure (red). (c) The HHT frequency-time analysis of 

C11 when the person sat on the floor. The synchronized ECG signal (blue) indicates 

the timing. (d) C11 HHT when the person took a standing posture. (e) C33 HHT for 

the pulmonary cycle when the person held breath after maximum exhalation. (f) C33 

HHT when the person held breath after maximum inhalation. 

 

are at their largest volume filled with blood. Then the ventricular contraction is triggered 

by the QRS signals into the systole phase. Fig. 34(a) shows the cross section of the heart 

ejecting blood from both ventricles into the aorta and pulmonary arteries. Fig. 34(b) 

shows the corresponding part of the Wiggers Diagram for the timing relation between 

ECG (blue) and the aortic pressure (red). The systole period is between the black dashed 

lines, where the tricuspid and the mitral valves are closed to inhibit regurgitation and 

thus the atria have no significant motion during systole. When the BP in the ventricles 
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are higher than those in aorta and pulmonary arteries, the aortic and pulmonary valves 

will open, which is indicated by the magenta arrow in Fig. 34(b). The ventricular 

contraction makes the aortic pressure reach its peak value, which is defined as the 

central systolic BP indicated by the orange arrow around the T wave. Afterwards the 

aortic pressure begins to drop due to blood flow to branchial vessels until the aortic and 

left ventricle pressures are equal, then the aortic valve closes to form a small cusp in the 

aortic pressure generating the S2 heart sound, as indicated by the cyan arrow. The aortic 

pressure keeps dropping in the next diastole phase when the AV valves are open for 

blood to flow from atria to ventricles. Immediately after the QRS complex, the aortic 

pressure reaches its minimum value, which is defined as the central diastolic BP 

indicated by the green arrow, where the AV valves close to make the S1 heart sound. As 

the fluid pressure is positively correlated to the vibration characteristics of the 

containing viscoelastic vessel and valve [9,25], the high-frequency components in C11 

during systole would contain the aorta vibration features, which can be used to estimate 

the central systolic and diastolic BP. 

 Therefore, NCS BP derivation requires high resolution in both frequency and 

time with a broad base bandwidth. Frequency and time are the Fourier transform pair, 

and hence frequency and time resolutions are limited by the Uncertainty Principle model 

[26,27]. A simplest way to observe this limitation is by the short-time Fourier transform 

(STFT) [28] where a time window is applied to compute the spectrum of an infinite time 

series. To obtain high time resolution in STFT, we need to reduce the time window 

length, which causes the spectrum within the time window to spread out, and thus high 

frequency resolution cannot be simultaneously achieved by Fourier transform. Other 
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methods such as wavelet transform and windowed Fourier transform [29] can mitigate 

this deficiency to some extent, but the tradeoff between the time and frequency 

resolutions remains. 

To minimize the frequency-time resolution contradiction, I opted to use the 

Hilbert-Huang transform (HHT) to obtain the frequency-time spectrum [30,31], where 

the instantaneous frequency is calculated at each sampling time point for the 

nonstationary oscillation analysis. The time resolution depends on the sampling rate in 

the time domain, which can be easily above 106 samples per second (Sps) by the analog-

to-digital converter (ADC) in the chosen SDR. The high ADC sampling rate can also 

spread the noise over a larger spectrum to reduce the noise floor and increase SNR. This 

frequency resolution was chosen to facilitate reasonable computation time. C11 

represents observation from Point 1, which mimics the stethoscope position for the 

aortic valve murmur. Fig. 34(c) is the HHT frequency-time analysis of a single heartbeat 

obtained from C11 when the person under test sat on the floor. The blue curve is the 

synchronized ECG signal to show timing, and the ventricular ejection period is between 

the dashed lines. The sampling rate for the waveform is 103 Sps, producing a 1 ms time 

resolution. The highest frequency response is half of the sampling rate at 500 Hz. The 

frequency resolution is set to 0.125 Hz, 1/8000 of the sampling rate. 

All post processing was performed in MATLAB. All filtering used zero-phase 

FIR (finite impulse response) filters to cancel the phase shift and maintain the linear 

phase response. The down-sampled signal was further bandpass-filtered (1.5–16 Hz) to 

attenuate the fundamental heartbeat tone, high-frequency heart sounds, and noises. The 

resulting waveform x(t) was then processed by empirical mode decomposition (EMD) 
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[30] as a part of the HHT algorithm, where several intrinsic mode functions (IMF) cj(t) 

represent the simple nonstationary oscillatory modes and can be extracted as: 

1
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where the final residue rn is either the mean trend or a constant. The signal is further 

processed by the Hilbert spectral analysis (HSA). 
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where H[·] and PV represent the Hilbert transform and the Cauchy principal value. Then 

the analytic signal zj(t), which comprises the original signal and its Hilbert transform, 

can be defined as 

 ( ) ( ) ( ) ( )exp[ ( )]j j j j jz t c t iy t a t i t                                         (3) 

where i is the imaginary unit, a(t) is the instantaneous amplitude, and θ(t) is the phase 

function. The analytic signal zj(t) is a complex-valued function that has no negative 

frequency component, and can be considered as a generalized time-varying phasor.  The 

instantaneous frequency can then be extracted as 
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In the processing, I only keep the first two IMFs with the highest magnitude. This 

procedure can be considered as an additional filtering which is not based on the pass-

stop band, but by the oscillatory modes. The real part ( {·}) of the processed signal can 

be expressed as 
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In Fig. 34(c), each point represents the instantaneous frequency 1 at the 

corresponding time, and its color shows the instantaneous amplitude in the dB scale 

normalized by the respective maximum value. During the systole phase, the frequency-

time points of 1 form a red-pink “curve” with a similar shape of the aortic pressure 

curve in the Wiggers Diagram. The maximum frequency point at 9.427 Hz, denoted as 

the systolic pressure frequency (SPF), is well aligned with the systolic BP point. The 

minimum at 4.676 Hz, denoted as the diastolic pressure frequency (DPF), is aligned 

with the diastolic BP point at the beginning the systole phase. The concurrent brachial 

BPs measured by an arm-cuff monitor (Omron BP760N) are 131 mmHg and 81 mmHg. 

I then repeated the experiment when the person stood up. The frequency-time analysis is 

shown in Fig. 34(d). The SPF and DPF in this case are 10.88 Hz and 5.126 Hz, and the 

corresponding arm-cuff BPs are 143 mmHg and 94 mmHg. Two-point linear 

interpolation can transform the two SPFs to systolic BP, and similarly the two DPFs to 

diastolic BP in Figs. 34(c)(d). The frequency resolution is 0.125 Hz, corresponding to 

1.0 mmHg resolution for the systolic BP and 3.6 mmHg for the diastolic BP. The 

frequency resolution can be further improved by adjusting the HHT parameters at the 

cost of computational time. Due to the chosen HHT calculation, spurious traces of 2 

with lower frequency were also observed in Figs. 34(c)(d), which can be observed as the 

faint yellow curves. This ambiguity can be eliminated with the narrower choice of HHT 

bandwidth or can be simply ignored from its lower magnitude as usually the first IMF 

c1(t) is much stronger than the second IMF c2(t). Notice that the aorta region is the main 

nonstationary oscillation in C11 HHT only for the systole period. During the diastole 

phase, there can be other vibration in the vicinity of Point 1 such as the right atrium. 
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Fig. 35. The NCS-derived aortic BP and pulmonary cycle dynamics. (a) The 

systolic (pink) and diastolic BPs (green) in the systemic circulation from NCS 

when the person sat on the chair. The solid line was evaluated from every heartbeat 

and the dash line from the moving average of 10 heartbeats. Arm-cuff BP are 

denoted as orange stars. (b) Similar analyses to (a) for the person standing after a 

mild exercise. (c) The pulmonary SPF (blue) and DPF (pink). The green shades 

correspond to holding breath after maximal exhalation and the yellow shades after 

maximum inhalation. 

 

However, we do not have a direct method to confirm the physiological meaning of 

diastole C11 at the present time. Analogous to the stethoscope recording, the heart sound 

S2 originated from the aorta region can be listened from Point 1 over the right atrium 

which does not have significant vibration during the systole phase. The collected heart 

sound by SL valve closure was mostly in the frequency range of 16 - 120 Hz, which was 

not included in our HHT. 

After calibration, I tested the extracted systemic BP in a longer period. The 

measurements in Fig. 35(a) were taken when the person sat in a chair. The pink and 

light blue curves are the systolic and diastolic BP from 300 continuous heartbeats 

monitored by C11 HHT. The dashed curves are the BP moving average with the window 

of 10 heartbeats. The orange stars are the measurements from the arm-cuff BP monitor. 
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The measurements in Fig. 35(b) were taken after the person did some mild exercises and 

stood up, where the BP relaxation was traced accurately. 

C33 at Point 3 in Fig. 31(b) corresponds to the auscultatory position to acquire 

the pulmonary valve murmurs. Similar to the aortic circulation, the oscillatory 

characteristics of the pulmonary artery are related to the right ventricular and pulmonary 

BP [9]. As the pulmonary BP is more affected by the lung volume due to 

transpulmonary pressure instead of the posture [32,33,34], Fig. 34(e) shows the C33 

HHT analysis with the synchronized ECG when the person held breath after maximal 

exhalation. The SPF (orange arrow) and DPF (green arrow) were extracted at 7.752 Hz 

and 1.875 Hz. I then took the measurement in Fig. 34(f) when the person held breath 

after maximal inhalation with SPF and DPF now at 11.38 Hz and 4.376 Hz. Both SPF 

and DPF increased due to the higher transpulmonary pressure. In Figs. 34(e) (f), only 

one IMF curve was observed. Due to a lack of access to cardiac catheterization, the SPF 

and DPF frequencies cannot be quantitatively mapped to BP, but are independently 

useful as they provide a non-invasive method of monitoring pulmonary artery 

physiology, enabling improved cardiac diagnostics and overall cardiopulmonary health 

analysis. I analyzed 20 heartbeats for each of the two scenarios and repeated the 

measurements three times, where the calculated SPF (pink) and DPF (light blue) for the 

pulmonary cycle are shown in Fig. 35(c). 

Multi-static MIMO NCS 

The NCS system can observe heartbeat dynamics not only from each sensing antenna 

pair with collocated Tx and Rx by backscattering, but also from the multi-static MIMO 

channels. Four cross-point signals are presented in Fig. 36(a). The purple waveform 
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(C21) is the signal transmitted from Tx1 and received by Rx2. The naming order of Tx-

Rx ports follows the convention of the multi-port scattering matrix in microwave 

component testing [35]. The pink (C12), light blue (C43) and green (C34) curves are the 

signals from Tx2 to Rx1, Tx3 to Rx4 and Tx4 to Rx3, respectively. The ECG waveform 

(blue) remains as the timing reference. Because the collocated backscattering channels 

are more sensitive to the respective local areas, the purpose of the cross-point 

observation is to expand the sensing path so that extra content of the heartbeat motion 

can be collected. Notice that this observation mode is not applicable in the passive 

stethoscope, but is an option for ultrasound imaging. The MIMO observation is also 

difficult for the conventional RF systems [12,13], because of the signal reflection on the 

body surface and low spatial resolution. Each multi-static channel records clear cyclic 

information. The dynamic-time warping (DTW) [36] algorithm is employed to search 

for the optimal match among waveforms in each cycle. The Euclidean distance am,n 

between a pair of points in the template  and the heartbeat h signals is defined as: 
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where e is the length of the discretized  and f is the length of the discretized h. The 

indices m and n are the time stamps in the waveforms of  and h. The distance  in the 

warp path P can be calculated as: 
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P p p                                                     (7) 

For a legitimate warp path P, the monotonically increasing k must match with one or 

more monotonically increasing l, and vice versa. The first and last indices of k must 

match with the first and last indices of l, respectively. The minimal (P) from all 
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Fig. 36. The waveform analyses by dynamic time warping (DTW) from NCS cross-

point channels. (a) C21, C12, C43 and C34 (purple, red, light blue and green) are Tx1 

to Rx2, Tx2 to Rx1, Tx3 to Rx4, and Tx4 to Rx3. The synchronized ECG (blue) 

still serves as timing reference. (b) The DTW distances against the corresponding 

template waveforms. (c) The overlapped C21 waveforms from about 300 heartbeat 

cycles. (d) (e) and (f) are the overlapped C12, C43 and C34 waveforms, respectively. 

The purple, red, blue and green curves are the averaged waveforms to serve as the 

templates.  

 
legitimate paths of P is then defined as the DTW distance, which measures the similarity 

between the two waveforms. It is noteworthy that the DTW calculation can be 

performed efficiently by dynamic programming [37], and is often implemented as an 

on-line method.   

    With the warping adjustment that gives the minimal (P), I overlaid the signals of 

each heartbeat and calculate the averaged waveform as the template of the specific 

channel. A box-whisker plot displaying the DTW distances of the cross-point 
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waveforms to the corresponding template is shown in Fig. 36(b), and the overlaid 

waveforms from the 4 channels are shown in Figs. 36(c) to (f). During data collection, 

the person under test remained as still as possible and controlled their breathing. DTW 

analysis was performed on recordings during maximum inhalation breath hold. The 

algorithm first extracted beat segments by identifying peaks and peak-to-peak intervals. 

Then the averaged peak-to-peak interval was set as the segment length which is around 

703 sampling points under the sampling rate of 1 kSps. We can see from the DTW 

analyses that the recorded waveforms are repeatable on the waveform details after 

periodicity adjustment, and DTW distances stay relatively low for these cross-point 

signals. The multi-static waveform results from modulation of the dielectric boundary 

motion along the cross-point path, which has a nonlinear coupling with stronger 

weighting towards Tx according to the near-field approximation [38]. C21 and C12 

monitor the heart region in a longer path and are further away from the strong left 

ventricle and aortic valve than C43 and C34. Hence, C21 and C12 have their largest 

component during the atrial systole phase around the P-R interval, while C43 and C34 

have larger signals during the isovolumetric contraction around the R-S interval. Cross-

point waveforms can be further used to extract the timing and magnitude of detailed 

heart dynamics by least-square fitting in the future.  

Discussion 

The described multi-point NCS system provides a convenient method of acquiring rich 

cardiac dynamics, including estimation of the central BP. In comparison with the PTT 

method, which derives both systolic and diastolic BP from one variable, the NCS 

method can provide SPF and DPF to derive the systolic and diastolic BP independently. 
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Unlike a traditional arm-cuff monitor, the multi-point NCS method enables SPF and 

DPF to be calculated on each heartbeat. This allows for beat-to-beat BP changes to be 

estimated; a metric that is unattainable with an arm-cuff. Other approaches analyze the 

shape of the time-domain waveforms by optical or ultrasound methods to indirectly 

interpret BP [39,40], but are often inconsistent due to operation variations. Another 

advantage of the NCS system is the continuous trace of pressure dynamics instead of 

just two BP points. Although our present estimation of systemic BP is only derived from 

C11 HHT during the systole phase, multiple channels can provide more reliable 

parameter extraction for continuous dynamics as well as more features of the heartbeat 

in the future. As the S1 and S2 heart sounds can be recovered from NCS [24] to provide 

timing reference, the synchronized ECG is not essential. However, similar to other 

indirect BP methods, NCS needs personal calibration. BP variation between adjacent 

heartbeats may result from measurement inaccuracy or may have physiological origins 

similar to heart rate variation. This will need to be investigated in the future. 

 Prior to this work, critical pulmonary circulation dynamics have few viable 

measurement methods. The gold standard is cardiac catheterization [41,42], which 

requires significant setup and highly trained professionals as well as posing considerable 

risks. Another method is Doppler echocardiography to derive the pulmonary blood 

pressure through the velocity of the blood flow [4,43], similar to our derivation. 

However, the ultrasound system size is significant, and the broad-spectrum acoustic 

impedance matching often demands gel application, disabling wearable fitting or long-

term usage. The lower sampling rate in Doppler imaging can also reduce its accuracy. 

On the other hand, NCS can work over clothing and take advantage of the low cost and 
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compact size in modern RF devices such as the smart phone. For various application 

scenarios, the NCS system can be adapted to the RFID system [4], wearable devices 

[4,44], and dedicated in-clinic wired setup [18,23,45]. The standard digital filters in the 

above analyses can be easily realized on various platforms without heavy computational 

loads. Because HHT is an adaptive algorithm, the computation time depends on the 

signal complexity and required resolution. Recent heterogeneous computing design 

[46,47] can potentially offer on-line responses. 

The multi-point NCS system is the first RF technology achieving rich 

cardiovascular features and profusion of observation channels. Conventional RF-based 

heartbeat sensing systems [12,13] are limited by low SNR, so that the detailed 

heartbeat dynamics cannot be distinguished. Spatial resolution is also severely limited 

due to the broad beam coverage. Our demonstrated system has significant mechanical-

RF coupling to improve SNR, and the locality nature of NCS enhances the spatial 

resolution, which provides the signal from different parts of the heart. The information 

from the MIMO NCS system provides broader application possibilities, including 

physiological and pathological diagnostic, biometrics recognition, and remote health 

care. However, the present hardware system and understanding of the signal 

characteristics are still in the early phase. More efforts on variation studies, signal 

processing and calibration methods are still needed. 

Conclusion 

In this chapter I present a multi-point NCS system to investigate the detailed BP 

transient and heartbeat motion. Based on the different observation channels, the systolic 

and diastolic BP in the systemic and pulmonary circulation can be evaluated from HHT 
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analyses. The full MIMO observation from backscattering and cross-channels gives rich 

information on the various parts of heartbeats. Our proposed approach provides a new 

diagnostic tool for not only cardiology research but also at-home long-term monitoring. 
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CHAPTER 7 

 

NO-TOUCH MEASUREMENTS OF VITAL SIGNS  

IN SMALL CONSCIOUS ANIMALS 

Introduction 

Measuring the heartbeat and respiration of small conscious animals is important for 

assessing their health and behavior, but present techniques such as electrocardiogram 

(ECG), ultrasound and auscultation rely on close contact with the animal. These 

methods can also require surface preparation, cause discomfort or stress to animals, 

and/or even require anesthetic administration, especially for birds, reptiles and fish. 

Here I show that the radio-frequency near-field coherent sensing (NCS) can provide a 

new solution. I first benchmarked NCS with synchronous ECG on an anesthetized rat. 

NCS is then applied to monitor a hamster outside its cage, which was further extended 

to observe other small conscious animals including a parakeet, Russian tortoise, and 

betta fish. Our system can revolutionize long-term observation of vital signs for small 

conscious animals directly in their living quarters or habitats. 

In this chapter, I demonstrated a new touchless method to measure the vital 

signs of small conscious animals, where the near-field coherent sensing (NCS) 

principle is applied to previously unachievable sensing ability and testing 

convenience. Our setup has minimal interference to the daily rhythms of the animal 

under test; most subjects will likely not even notice the ongoing real-time 

measurement. With this work, I not only provide an innovative tool to facilitate small 

animal studies, but also promote that animals can be monitored without invasive, 
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risky, and sometimes inhumane techniques such as anesthetization, hair/scale removal, 

forceful body stretch, intramuscular electrode insertion, and surgical implants. 

Difficulties in Present Methods 

Current approaches to measuring vital signs in animals with various body coverings 

often involve complicated and invasive preparation procedures [1, 2] and cause major 

discomfort to the animals, even requiring that they are anesthetized or heavily 

restrained to prevent motion that could disrupt the measurement setup. For example, 

an electrocardiogram (ECG) [2-5] for heartbeat waveforms requires skin electrodes 

with good electrical contact, and are therefore difficult to be applied to mammals with 

thick fur, reptiles with scutes or shells, birds with feathers, and fish with scales. Bare 

skin areas such as soles and lips often have insufficient electrical signals and can be 

sensitive to touch. Intramuscular electrodes are typically performed with 

anesthetization. Similarly, the body surface condition also causes intricacy in 

photoplethysmography (PPG) [6, 7] which limits its application to animals. 

Auscultation [8, 9] and ultrasound [10, 11] need tight skin touch or impedance-

matching gels to obtain clear signals, which require high degrees of animal handling. 

Radio-frequency (RF) methods such as Doppler far-field backscattering [12-16] of 

minute skin motion have non-specific wireless channels and are vulnerable to any 

ambient motion interference. Respiration can often be the dominant signal and become 

a major interference to accurate heartbeat detection. RF methods based on the 

transmission-line model [17-19] again require good impedance matching of the skin 

electrodes and hence the associated surface preparation. Small animals pose further 
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Fig. 37. Two setups of near-field coherent sensing (NCS) for vital signs of small conscious 

animals. The signal is collected by the harmonic reader with digital baseband processing by 

the field-programmable gate array (FPGA) and microcontroller (MCU). (a) The wireless 

NCS system is realized by the harmonic RFID system with passive harmonic sensing tags. 

(b) The wired NCS system replaces the wireless links between the reader and the harmonic 

tag by RF cables for reduced interference and convenient indoor laboratory deployment.  

 

challenges for most of these previous RF methods due to their limited signal 

sensitivity. 

Experimental Setups 

Our recently proposed near-field coherent sensing (NCS) method [20] by near-field 

modulation of the antenna characteristics on multiplexed radio signals has very high 

signal-to-noise ratio (SNR) but does not require restraint or even contact with the 

animal [21]. NCS thus offers an effective solution to long-term monitoring of the vital 

signs for small conscious animals with various body coverings. The schematics for 

two possible NCS setups are shown in Fig. 37. The wireless sensing in Fig. 37a 
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utilizes the harmonic RFID (radio frequency identification) architecture [22], which 

makes the passive sensing tag inexpensive and maintenance free, but a specific 

multiplexing reader [23] is required. This version can be appropriate for deployment in 

natural habitats with weather-proof passive tags, and the vital signs are collected from 

a nearby reader on the operator or fixture. The use of the harmonic system reduces self 

jamming by separating the bands of the transmitter (Tx) and receiver (Rx) and 

improves the signal sensitivity as well as SNR, both of which are critical for sensing 

vital signs of small animals. The NCS signal impinged on the animal body is 

estimated to be much lower than 0.1 mW/cm2 and 0.15 W/kg to comply with the 

health and safety standards in the human and rodent models [24]. In Fig. 37a, the 

harmonic reader by Ettus X310 Software Defined Radio (SDR) transmits the downlink 

signal at f around 950 MHz (the blue wave) through the reader Tx antenna. The 

downlink signal powers up the passive harmonic RFID tags and then is converted to 

the 2nd harmonic frequency at 2f as the NCS sensing signal (the yellow waves) in the 

vicinity of the target animal body. As long as the vital signals are within the near-field 

range (typically about one third of the employed wavelength) of the sensing tag 

antenna, motion on and inside the animal body can be coupled to the backscattered 

signal (the orange wave) to be received by the reader Rx antenna. The overall tag 

antenna motion relative to the reader Rx will be mostly represented by phase 

modulation, which can be naturally separated from the magnitude modulation out of 

the dielectric boundary motion relative to the tag antenna in the near field. The signal 

originated from the sensing tag can contain a unique identification (ID) code to 

achieve code-division multiple access [23], which improves channel isolation against 
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non-specific interference and enables simultaneous reading of multiple sensing tags. 

Manufacturing of the passive sensing tag is similar to the conventional RFID tag, 

which gives low-cost production [25] and flexible substrate choices [26] in addition to 

convenient deployment without need of maintenance.  

Alternatively, the setup in Fig. 37b replaces the reader-to-tag channels with RF 

cables, which reduces interferences and can be appropriate for convenient deployment 

in an indoor lab with heavy operator traffic or with other interfering sources. The 

reader Tx antenna transmits the NCS sensing signal (the yellow wave) directly at 2f 

and is in the near-field range of the animal under test. Then the NCS signal modulated 

by the vital signs (the orange wave) is received by the reader Rx antenna, which can 

be deployed according to the application under consideration.  Because the ambient 

interference is reduced and no tag circuit needs to be supported by scavenged power, 

the Tx NCS signal to couple into the animal body can be further decreased to 

eliminate any health concerns of RF radiation. 

Benchmarks on an Anesthetized Rat 

To compare the NCS vital signals on small animals for cardio waveforms, I first 

performed synchronized NCS and ECG measurements on an established rodent model, 

which is not only important for pharmaceutical trials but also has much fainter and 

faster heartbeats than humans, providing a more challenging test. A Long-Evans lab 

rat (Rattus norvegicus), coded #110, was anesthetized with complete belly hair 

removal by razors and Veet Gel cream for ECG electrode deployment, as shown in 

Fig. 38a. I also tried out alligator clips and conductive sticker pads on both paws, but 

the ECG signal was much weaker and noisier. The sensing tag antenna with the 
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Fig. 38. The vital-sign monitoring of a lab rat by synchronous NCS and ECG 

measurements. (a) The experimental setup with the anesthetized rat for ECG 

electrode placement. (b) 5-minute data recording of NCS and ECG. The inset 

shows waveform details at a selected half-second duration. (c) The heartbeat 

interval extracted from NCS and ECG showing very close match. (d) 

Representative respiration signals demodulated from the phase of the NCS signal 

around from the 3rd to the 4th second. 

architecture in Fig. 38b was placed near the back of the neck area by a rubber harness 

without hair removal. Other antenna placements including along the tail, in front of the 

chest and along the back leg were also attempted with reasonable NCS signal strength. 

A representative 5-minute recording is shown in Fig. 38a, and the inset shows the 
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waveform details within half a second within the 3rd minute. The cardiogram 

waveforms of ECG and NCS in Fig. 38b rendered very similar beat-to-beat intervals 

[24] as shown in Fig. 38c. However, the detailed waveforms, for example, the NCS 

feature points in comparison with the ECG S and T feature points, will need further 

characterization. In view of heart rate comparison, NCS is sufficiently accurate to 

replace ECG for behavior studies based on heart rate variation (HRV). The breath 

waveforms were synchronously collected by NCS with an additional 0.5-2.5 Hz low-

pass filtering in Fig. 38d, allowing further cardiopulmonary analyses not achievable by 

ECG alone. 

NCS measures the tag antenna characteristics modulated by the near-field 

geometrical changes, while ECG measures the body potential differences induced by 

the minute skin current further induced by the electrical heart stimulation and blood 

flow. In this perspective, NCS has a waveform similar to ballistocardiogram (BCG) 

[27] and is a more direct measurement of heartbeat motion than ECG. NCS is also 

much less subject to variations from skin conditions and preparation steps.  

Results from Other Small Conscious Animals 

After confirming the cardiopulmonary signals on the anesthetized rat, I next 

demonstrated the possible non-invasive NCS setups on several other species of small 

conscious animals, for which other monitoring methods such as ECG have been 

difficult, if not impossible (see Figs. 39 and 40). A pet golden hamster (Mesocricetus), 

named “Timo”, was monitored in its cage sleeping quarter, as shown in Fig. 39a. Both 

wireless and wired NCS architectures in Fig. 37 were applied outside the cage. For the 

wireless version, the passive harmonic tag was powered up by the downlink signal, 
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Fig. 39. The vital-sign monitoring of a conscious pet hamster. (a) Illustrations of 

the experimental setup when the hamster was in its sleeping quarter. (b) The 

heartbeat (blue) and respiration (green) signals demodulated from NCS. The inset 

shows the heartbeat waveform details around the 9th second. (c) The heartbeat 

interval extraction for about 30 seconds. (d) The experimental setup when the 

hamster was running in the exercise wheel during the measurements. The NCS tag 

antenna was placed at the back of the wheel outside the wire cage. (e) The 

demodulated NCS raw data (red) and the data after bandpass filtering (green) for 

20s. (f) The spectrum of the NCS signal indicates the frequency components of the 

body motion and the heartbeat as well as its harmonics. (g) The reconstructed time-

domain heartbeat waveform after the equalized comb filtering. The inset shows the 

waveform details when the hamster was under the intermittent rest with less motion 

interference. 

part of which was converted to the 2nd harmonic as the NCS sensing signal coupled 

into the hamster body. The reader Rx antenna was about 1.5m away from the tag. For 

the wired version, the sensing antenna was mounted on the right side of the sleeping 

quarter, which transmitted the NCS sensing signal directly. In Fig. 39b, the waveforms 

for respirations and heartbeats of the hamster were acquired without it being aware of 
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the device. The amplitudes of the vital signals were normalized to the maximum 

values of the entire recording period. The inset showed the heartbeat waveform details 

around the 9th second. The waveform features were similar not only for each heartbeat 

during the recording, but also to those in the anesthetized rat in Fig. 38b. The negative 

minimums of the waveform were extracted for the heartbeat interval, as shown in Fig. 

39c after applying moving average with the window size of 20. The hamster heartbeat 

interval was about 20% longer than that of the rat. I then continued the measurements 

when the hamster was running on the exercise wheel, as shown in Fig. 39d. The NCS 

sensing antenna was placed to the back of the wheel outside the cage and the receiving 

antenna is about 1.5-m away. The raw data from the demodulated NCS signal was 

shown as the red curve in Fig. 39e. From around 0  4 s and 12  20 s, the hamster 

was running on the wheel, but otherwise took an intermittent rest without large body 

motion. After the bandpass filtering of 1  30 Hz, the time-domain signal was shown 

as the green curve in Fig. 39e, and the corresponding spectrum was shown in Fig. 39f. 

Because of the high heartbeat rate of the hamster, the heartbeat peak (blue arrow) can 

be readily distinguished from the major body motion interference (black arrow). The 

2nd and 3rd harmonic components of the heartbeat were also shown in the spectrum 

indicated by the red and green arrows. An equalized peak comb filter was then applied 

to recover the time-domain waveform as shown in Fig. 39g. The inset of the Fig. 39g 

showed the waveform around the 8th s, when the hamster was under the intermittent 

rest. The sharp negative peaks can be detected for heartbeat interval calculation. The 

heartbeat waveforms during the period of running still contained distortion from the 

strong motion artifact, where more advanced signal processing methods are needed to 
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obtain clearer results. In comparison, ECG had been attempted for free-moving 

conscious rodents by three paw pads [28]. Recording is only valid when at least two 

pads are in touch with bare paws or body parts, which makes the pad design strongly 

dependent on the body shape and size. The rodent under test also needs to be moved 

from its habitat to the heated pad setup. 

In addition to rodents, our touchless NCS method can be broadly administered 

to many other small conscious animals with various sizes, shapes and body coverings. 

To demonstrate NCS applicability to small birds, I measured a pet fancy parakeet 

(Melopsittacus undulates, also known as budgies), named “Banana”, as shown in Figs. 

40a–c. Non-invasive monitoring of vital signs of conscious avian species will enable 

new capabilities in behavior studies, as well as health screening. Figure 40a 

demonstrates the wired experimental setup. The harmonic Tx antenna was fixed on the 

perch and transmitted the NCS sensing signal, which was coupled into the parakeet 

body. The harmonic Rx antenna was also integrated to the perch and was able to 

acquire detailed features of both heartbeat and respiration as shown in Fig. 40b with 

the extracted heartbeat intervals in Fig. 40c. The blue and green curves on the screen 

show the heartbeat and the breath waveforms, respectively. The antenna deployment 

was very convenient for the wired NCS setup. After simple observation of the 

parakeet behavior, I identified several positions on the perch where the bird usually 

stood. I chose the most frequent one and mounted the antenna pair. During the NCS 

measurement, there was no interference to the circadian rhythm of the parakeet.  
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Fig. 40. The vital-sign monitoring of small conscious animals with non-invasive NCS 
setups. (a) The wired NCS setup for the parakeet. (b) The heartbeat (blue) and respiration 

(green) signals demodulated from NCS. (c) The extracted heartbeat intervals for about 1.5 
minutes. (d) The NCS setup for the Russian tortoise similar to Fig. 39a, where the antennas 
are under the wood-chip flooring. (e) The normalized raw amplitude of the NCS signal for 
3 minutes, which represents both breaths and heartbeats due to the shell structure. The inset 
shows the waveform details of the overlapped signals. The pink-shade sections indicate the 
heartbeats, while the green–shade sections the breaths. The strong breath signal will 
overwhelm the heartbeat signal during the overlap. (f) The on-line processed signals during 
the same period as (e) by continuous wavelet transform (CWT) show clear separation of 
heartbeats and breaths for accurate rate estimation. The inset shows the extracted 
waveform details, clearly indicating every peak in heartbeats and breaths. (g) The NCS 
setup similar to Fig. 39a for the betta fish. The Tx and Rx antennas are deployed in the 
water close to the fish. (h) The demodulated NCS phase signal caused by the pectoral fin 
movement where the inset shows the waveform details. (i) The demodulated NCS 
magnitude signal possibly caused by the heartbeat. 

 

The next demonstration was made on a pet Russian tortoise (Agrionemys 

horsfieldii, also known as Horsfield’s tortoise or Central Asian tortoise), named 

“Blimp”, as shown in Figs. 40d–f. Russian tortoises are the first vertebrate species to 
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reach the moon orbits [29] and are important for studies of long space travels due to 

their sub-hibernation capability, which makes the continuous long-term recording of 

the vital signs even more scientifically important. Tortoises have a body structure of a 

hard shell and soft body tissues separated by small air gaps. Vital sign acquisition by 

ECG and ultrasound is only feasible with neck or intramuscular probes [5], both of 

which cause major discomfort to the animal. The physiological features of the shell 

and being ectothermic together with the lack of proper diagnostic methods have thus 

made chelonian critical care very difficult [30]. The hearts of birds and rodents have 

four chambers with two atria and two ventricles, similar to human, and thus the NCS 

waveforms in Figs. 38b, 39b and 40b have similar features. In comparison, tortoises 

have a three-chambered heart consisting of two atria and one ventricle, and the NCS 

cardiogram has different features although the heart rate can still be accurately 

retrieved. The NCS setup is shown in Fig. 40d. A similar antenna pair in Fig. 40a was 

placed under the cedar-wood chips outside the glass cage. Due to the body structure, 

respiration and heartbeat signals were both embedded in the raw data of the NCS 

amplitude in Fig. 40e because there was no shell surface movement during breath. The 

signal of the heartbeats could sometime be clear (as shown in the pink-shade regions 

in the inset), but during the respiration period, it would be overwhelmed by the strong 

breath signal (the green-shade regions) due to the relatively larger volume of the 

lungs. To separate the two overlapped signals for accurate rate estimation, the 

continuous wavelet transform (CWT) was employed to extract the peak features of 

both waveforms in Fig. 40f. I have also tried the antenna placement directly on the 
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vertebral shell and plastron, where the NCS heartbeat and respiration signals can be 

clearly recorded as well. 

Last but not least, RF signals can work in a short range in water, especially for 

near-field coupling. Although ECG telemetry is possible [31], the instrument implant 

procedure is only suitable for larger fish with a week-long recovery period before 

unbiased measurements can be performed. Ichthyologists thus have long sought after 

other non-invasive solutions to retrieve physiological information for behavior studies 

and evolution biology in small fish. Idemonstrated the vital-sign measurements of a 

pet betta splendens (B. channoides, also known as Siamese fighting fish), named 

“Glee”, in Figs. 40g–i. The demodulated NCS phase signal was interpreted as pectoral 

fin movement in Fig. 40g, which had a periodic waveform with frequency matched 

with the unsynchronized video recording. I hypothesized that the demodulated NCS 

magnitude signal in Fig. 40i represented the periodical waveform originated from the 

heartbeat. Due to the lack of other direct measurements for comparison, further studies 

are needed to confirm the motion source. 

Conclusion 

In this chapter, I demonstrate a novel non-invasive method to measure the vital signs 

of small conscious animals including furry mammals, birds, tortoises and fish. Our 

NCS system with convenient setup not only provides the previously unachievable 

sensing capability, but also improves the animal testing protocols with no harm to 

their wellness or interference to their circadian rhythms. Previous preparation methods 

for vital-sign monitoring such as anesthetization, hair removal, alligator clips, 

intramuscular probe insertion, shell hole drilling and body implant can all be avoided. 
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Our demonstrations can be further adapted to other species and lab settings to provide 

for more humane study, care and assessment of animals; additionally, this method 

provides measurement of unbiased vital signs of animals monitored in their natural 

state.  
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CHAPTER 8 

 

FUTURE WORKS  

RFID Localization System and Applications 

RFID localization will be a launch pad to explore my next research in IoT and CPS.  

The passive maintenance-free UHF RFID tags can be spread across the indoor 

environment where the GPS signal cannot be accessed, and can serve as localization 

anchors and formulate the bottom layer of IoT. With known tag coordinates, the 

mobile unit on the user can be located by the backscattered tag signals by various 

electromagnetics (EM) models such as phase-based ranging, reverse imaging, and 

synthetic aperture. For the harmonic RFID system, previous tag locating requires the 

multi-static reader antennas to provide sufficient spatial diversity, which can be 

impractical for some scenarios. Alternatively, we can use the phased array to generate 

“phase map” from a single reading location and measure the angel of arrival to 

retrieve the spherical coordinates with just ranging. This topology can provide better 

flexibility for applications such as robotics and human machine interface. 

Because the harmonic RFID system can provide deca-micron ranging accuracy 

and millisecond response time, another potential area is minute motion capture such as 

eye movement and fine hand gesture for virtual and augmented reality (VR/AR) with 

cinematic, robotic and the medical applications. Eye tracking can not only provide the 

viewers’ gaze points to the filmmakers to interpret the aesthetic preference, but also 

for the eye motion capture of a computer-graphics avatar actor, which presently relies 

on post editing to achieve better human expression. Eye tracking in high sampling 
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rates is also the missing technology to reduce cybersickness in virtual/augmented 

reality (VR/AR). For biomedical diagnostics, eyeball tracking can help evaluate ocular 

disorders such as Nystagmus, where the eye makes repetitive, uncontrolled movement 

that can result in reduced vision and loss of balance. This new technology can enable 

long-term monitoring of Nystagmus for prognosis. 

Vital-Sign Systems for Closed-Loop Physiological/Emotional Sensing and Control 

The MIMO NCS system can provide not only the heart rate and its variations, but also 

with high spatial resolution and signal-to-noise ratio (SNR) for detailed heartbeat and 

breathing dynamics from the different parts of the body, which can also be employed 

to derive behavior and emotion. I will further investigate and interpret the multi-

channel NCS signals with the human studies. The sensing information can be analyzed 

and fed into the non-invasive actuators such as mechanical vibration that connects to 

the users’ tactile sense. Transcutaneous electrical nerve stimulation (TENS) would 

need direct skin contact and could be an option to provide direct stimulation. TENS 

utilizes electric stimulation, which will often interfere with ECG to cause confusion in 

the closed-loop control.  

The MIMO NCS system can also be applied to the animals. Wellness and 

emotions of the working animals such as canines and patrol horses are critical for 

animal training and duty performance. The conventional technologies have difficulties 

to monitor the heart dynamics of the conscious animals continuously because the hair 

or surface coverings can block the PPG and ECG signals. NCS provide high quality 

vital signs over various surface coverings. Many working animals have harness or 

payload to aid the sensor deployment. The system can eventually be integrated and 
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evolved into a cybernetic organism (cyborg). The NCS technology can also be applied 

to the lab and farm animals. Digital agriculture is an important area to help increase 

the food production and waste management for the upcoming 10 billion people on 

Earth. The proposed system can not only provide the vital signs of the animals for 

health evaluation, but also with the actuators to regulate their emotions. Large data 

collection can also enable better performance prediction and contagious disease 

prevention, where many serious animal epidemics are related to respiration.   

There are many current and potential collaborators for the NCS technology. 

For the long-term plan, I would hope to formulate an engineering center to support the 

animal vital-sign sensing. Different animal applications may require specific system 

configuration adaptation for convenience, reliability and accuracy during long-term 

vital-sign monitoring. For example, currently NCS is under testing in the Duke Lemur 

Center for the fat-tail dwarf lemur torpor study, which is the only primate that has the 

torpor behavior, which could be useful for the long-distance space travel.  

Furthermore, during torpor, the shortened telomeres by aging can be recovered. A 

squirrel-sized lemur with a 400-bpm active heartrate can have a lifespan of 29 years as 

recorded.  

When people talk about “cyborg”, the exaggerated stereotype with artificial 

body parts often appears to minds. However, I hope my research can make the cyborg 

technology invisible with benefiting functions, not limited by the cinematic or 

dramatic impressions. The cyber and physical systems should interact in a seamless 

and harmonic manner centered around the organic life. We can “live long and 

prosper!” 
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(a)                                    (b)                                               (c) 

Fig. 33. (a) The EM human torso model with MIMO imaging antenna array.  (b) 

The cross section of the torso at the heart-lung area (blue areas are the lungs; red 

area between lungs is heart and blood inside). (c) RF imaging from the simulation 

data at 1.2 GHz. The heart contour and part of the lung contours can be clearly 

distinguished. Distortion and ambiguity need to be further resolved.   

 

RF Internal Body Imaging 

The current medical imaging systems such as MRI, CT scan and ultrasound are 

difficult for long-term monitoring because of the system size and power consumption. 

With the passive RFID tag integrated on the garment and forming a multi-static 

MIMO system, the complex electromagnetic field propagated and coupled into the 

body could be used to reconstruct the internal dielectric boundaries as an inverse 

problem. As shown in Fig. 41(a), the antennas (yellow dipole) are deployed on a vest 

wearing around the torso. A cross section of the heart-lung area is shown in Fig. 41(b). 

Based on the EM simulation in 1.2 GHz, the contours of the heart and part of the lung 

can be retrieved, as shown in Fig. 41(c). Although the resolution is improved by the 

smaller wavelength in the high-permittivity tissue, the performance is still far away 

from other medical imaging systems. More research in the imaging theory and 
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hardware implementations is required to push this wearable imaging tool forward. 

Inheriting from the high sampling speed of the RF system, the wearable RF body 

imaging system has the potential to provide the dynamics of the internal organs. 

Another worthwhile investigation is to combine with the present ultrasonic imaging to 

enrich the diagnostic capability. Ultrasound measures modulus and can actuate 

vibration, which provides complementary information to the RF imaging system.  

Resolutions of 10’s m and a few milliseconds are theoretically possible, as seen from 

the present simulation, but this new wearable imaging tool still needs lots of long-term 

efforts. 
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