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Breathing Monitoring with RFID Sensing
Tag Antenna Design and Signal Processing
JIAQI WU and ZICHEN MA

Department of Electrical Engineering
Chalmers University of Technology

Abstract

Real-time monitoring of respiratory function plays an essential role in both clinical
diagnosis and pulmonary rehabilitation. In this work, we proposed a novel respi-
ratory monitoring solution based on ultra-high frequency (UHF) radio-frequency
identification (RFID) technology for local measurement of breathing at multiple
locations simultaneously. A respiratory monitoring system was built using com-
mercial RFID devices, and a signal processing algorithm was developed to extract
respiratory features. The results demonstrate high accuracy in both respiratory
rate and temporal pattern compared with a reference piezoelectric (PZT) respi-
ratory belt. Moreover, two compact tag antennas were designed and optimized to
operate on the human body. Two different methods, stencil printing and copper tape
engraving, were used for tag antenna fabrication, with advantages and challenges
analyzed. Overall, our study suggests that RFID technology holds a big potential
for non-invasive and localized respiratory monitoring.

Radio frequency identification(RFID); Respiratory monitoring; Flexible antenna;
Wearable sensor; Bioelectromagnetic simulation; Non-invasive detection.
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1

Introduction

Respiratory diseases represent a major global health burden, with increasing preva-
lence and mortality rates in recent years. The COVID-19 pandemic alone claimed
the lives of over 5.7 million people within just 24 months, primarily due to respira-
tory complications[1]. However, even before the pandemic, respiratory illnesses were
consistently among the top ten causes of death globally[2]. Common chronic res-
piratory diseases include chronic obstructive pulmonary disease (COPD), asthma,
occupational lung diseases, and pulmonary hypertension. Among them, COPD has
emerged as a particularly significant cause of morbidity and mortality. Between
2009 and 2019, the global mortality rate of COPD increased by 35.4%, and projec-
tions by the World Health Organization estimate that COPD will become the third
leading cause of death worldwide by 2030[3]. Therefore, the ability to accurately
monitor respiratory patterns and detect early signs of respiratory distress is crucial
for timely intervention and improved patient outcomes[4].

Changes in respiratory function serve as important indicators of various disease
states and physiological conditions[5]. The normal respiratory rate ranges from 12
to 20 breaths per minute. In pathological conditions, the respiratory rate often
increases as a compensatory mechanism to maintain adequate oxygen intake or car-
bon dioxide elimination[6]. In cases of neuromuscular disease, hypoventilation or
abnormal breathing patterns may occur, leading to elevated rates during exertion
and insufficient ventilation at rest[7]. As such, respiratory monitoring systems that
capture these changes are widely employed in clinical diagnosis, rehabilitation, and
health monitoring[8].

Currently, common clinical methods for respiratory function monitoring include pul-
monary function testing, inductive plethysmography, ultrasound examination, and
imaging technologies such as computed tomography (CT) and infrared cameras[9,
10, 11]. Pulmonary function testing including spirometry is widely used in clini-
cal practice to measure lung capacity and airflow, providing important evidence for
assessing lung function. However, it typically requires active patient cooperation
and is only suitable for static detection scenarios[5]. Inductive plethysmography
detects respiratory movements by placing belts around the chest and abdomen, but
may cause discomfort and have practical limitations in long-term monitoring ap-
plications [12]. Ultrasound examinations and CT scans can provide high-resolution
information on lung mechanics, but they typically require specialized equipment and
personnel, and are not suitable for continuous or mobile monitoring[13, 11]. Infrared
cameras are non-contact and can effectively visualize breathing patterns, but they
are sensitive to environmental conditions and system setup complexity[14].



1. Introduction

In recent years, with the rapid development of wireless sensing and wearable tech-
nologies, portable, low-cost, and non-invasive monitoring devices have attracted
increasing attention. Among these, UHF RFID technology has gradually become
one of the important research directions in the field of health monitoring in both
clinical and home settings due to its advantages of passive operation, small size, low
cost, and robust wireless communication capabilities[15, 16]. Additionally, RFID
systems require relatively low patient cooperation and provide real-time respira-
tory data, making them particularly suitable for long-term respiratory assessment
and overcoming many limitations of other respiratory measurement methods. Ex-
isting robust RFID-based respiratory monitoring systems can accurately estimate
respiratory rate and detect apnea under environmental interference, with an av-
erage error of only 0.5 breaths per minute[17]. Moreover, RFID-based respiratory
monitoring methods have been demonstrated to be feasible, enabling accurate multi-
person tracking as well as multi-localized measurements on the chest and abdomen
simultaneously[18]. However, commercial RFID tags are generally designed for air
environments, the resonant frequency of the antenna will shift significantly after
being attached to the human body surface, thus affecting the stability and effective-
ness of signal reading[19]. Therefore, developing a flexible RFID antenna optimized
for body-worn applications and improving its impedance matching in the human
environment has become a key technical challenge for achieving reliable respiratory
monitoring. Moreover, to meet practical needs in clinical and home rehabilitation
environments, further improvements in user comfort and antenna encapsulation are
required. Another important aspect is the processing of RFID based measurement
data to extract features or parameters of clinical interest.

This work focuses on these two main aspects, with the following specific objectives:

o To build an experimental platform based on a respiratory simulator to enable
real-time signal acquisition and analysis;

o To develop data processing algorithms capable of accurately extracting res-
piratory frequency and amplitude characteristics, and to evaluate the overall
system performance.

o To design and optimize a flexible UHF RFID tag antenna suitable for body-
worn use and mitigate frequency detuning caused by human loading effects;

o To develop an antenna encapsulation scheme and fabricate practical tag pro-
totypes;

The remainder of this paper is organized as follows: Chapter 2 introduces some
basic principles of RFID-based respiratory monitoring. Chapter 3 includes the ex-
perimental setup, data processing methods and evaluation of the overall monitoring
system performance. Chapter 4 describes the design, simulation, fabrication, and
evaluation of the antenna. Chapter 5 provides an analysis of the results and causes
of the experiment and explores possible future improvements. Finally, Chapter 6
summarizes the research findings and discusses future research directions.



2

Theory

2.1 Radio Frequency Identification (RFID) Ba-
sics

RFID is a non-contact automatic identification technology that uses electromagnetic
fields to identify and track objects. It is widely used in logistics, access control,
retail, and increasingly in biomedical applications due to its wireless, passive, and
low-power properties.

2.1.1 RFID System Basics

An RFID system enables the wireless or contactless transmission of digital 1Ds
and other data between RFID tags and readers through electromagnetic waves.
By tagging physical objects, organizations, enterprises, and consumers can identify,
verify, track, monitor, and interact with each item via a unique digital ID. In simple
terms, an RFID system consists of three components: RFID tag, RFID readers (also
known as interrogators), and software (middleware) that transmits the acquired data
to IT systems or the Internet of Things (IoT) platforms[15]. As shown in Figure

P

Reader —&= |e------—o--l-Zmmuns __tag

e

Reader antenna
Figure 2.1: RFID measurement system.

2.1, When the reader intends to communicate with an RFID tag, it modulates and
sends out the signal through reader antenna and the tag is activated by the signal.
Once activated, the tag sends out a backscatter signal to the reader antenna. The
received backscattered signal can be represented as[20]:

S(t) = A(t)e 7, (1)

where A(t) is the amplitude of the signal and ¢(t) is the phase value of the signal.
Both the Received Signal Strength (RSS) and the phase of the signal received by

3



2. Theory

the reader antenna are affected by the distance between the tag and the antenna,
denoted as d. The relationship between the phase ¢ and the distance d can be
modeled as[20]:

A

where A is the wavelength of the signal and 6 is a diversity term caused by hardware
imperfection of the reader and tag.

o= <27r2d + 6) mod 2, (2)

RFID Tag

RFID tags come in various shapes and sizes and can be either passive or active.
The most common type is the passive tag, which does not require an internal power
source such as a battery. A passive tag typically consists of an RFID inlay and an
outer casing for physical protection. The inlay comprises a small silicon microchip
that stores the digital ID and other data, attached to an antenna printed on a
thin substrate such as paper or plastic (PET) film. The antenna receives radio
frequency signals from the reader and transmits them to the chip, which then uses
the harvested energy to send a return signal to the reader[21].

Types of RFID Systems

RFID systems operate across three main radio frequency bands: low frequency (LF),
high frequency (HF), and ultra-high frequency (UHF). These systems differ in terms
of application, maximum reading range, and the types of tags and readers used[22].
Most LF systems operate in the 125-134 kHz band and offer reading distances of
up to 10 cm. They are commonly used for animal identification, access control,
vehicle entry, and environments with dense liquids or metal. HF and NFC RFID
systems operate at 13.56 MHz, with reading distances ranging from near contact
to approximately 50 cm. Typical applications include library media management,
industrial automation, ID cards, contactless payment (via NFC-enabled cards or
smartphones), and consumer engagement. HF tags require dedicated readers, while
NFC tags can be read by most smartphones within a few centimeters[23]. UHF
RFID systems operate in the 860-960 MHz frequency range. Their typical reading
distance ranges from close proximity to over 20 meters, making them suitable for a
wide range of applications including inventory and supply chain management, med-
ical monitoring, smart manufacturing, airline baggage tracking, and sports timing
[21].

Within the UHF frequency range, there are two major regional sub-bands defined
by regulatory authorities: the European Telecommunications Standards Institute
(ETSI) defines the 865-868 MHz band, while the U.S. Federal Communications
Commission (FCC) specifies the 902-928 MHz band[24]. Compared to LF and HF
systems, UHF systems support longer reading distances, allow for cost-effective and
flexible tag design in various shapes and sizes, and enable high-speed bulk tag read-
ing. However, they are more susceptible to RF interference from metal, conductive
materials, or liquids.

For our thesis, passive tags are ideal due to their compact size, structural simplic-
ity, long operational lifespan, and low cost. Meanwhile, the UHF frequency band

4
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provides extended reading range and high data transmission speed, making it the
most suitable choice for our medical respiratory monitoring application.

2.1.2 RFID-Based Respiratory Monitoring

The principle of using RFID for respiratory monitoring relies on the high sensitivity
of radio frequency signals to subtle movements and environmental changes. During
respiration, the expansion and contraction of the chest and abdomen cause slight
displacements of the RFID tag, which in turn change the distance between the tag
and the reader antenna. This distance variation leads to measurable phase shifts
in the backscattered signal, thereby enabling respiration-induced motion to be cap-
tured in real time by the RFID reader[25]. By applying signal processing techniques
to the received data, the system can reconstruct the respiratory waveform and de-
termine the breathing rate.

Key signal features that can be extracted from the backscattered RFID signal for
motion analysis include the Received Signal Strength Indicator (RSSI), phase, and
Doppler frequency shift. These physical quantities are sensitive to small displace-
ments and can be continuously monitored to detect respiratory patterns. In our con-
figuration, we rely on phase variations to quantify the displacement of the chest wall
caused by breathing. Due to the high temporal resolution of phase data provided
by RFID systems, meaningful respiratory information such as frequency, amplitude,
and pattern changes can be extracted from these weak fluctuations using signal
processing techniques like phase unwrapping and filtering. Compared to electrode-
or pressure-based sensors, the RFID monitoring approach offers advantages such as
non-contact operation, passive deployment without batteries, and low cost. These
features make it especially suitable for portable health monitoring devices and re-
mote telemedicine applications.

The Effect of Biological Tissue

When the RFID tag works in free space, the radiation characteristics and resonant
frequency of its antenna are designed according to the dielectric characteristics of
air. However, the respiratory monitoring involves placing tags on human chest and
abdomen, when the tag is attached to the human surface, the dielectric constant
and conductivity of the surrounding environment change significantly, especially
the biological tissues such as skin, fat and muscle will cause the absorption and
reflection of electromagnetic waves [26]. Figure 2.2 shows the hierarchical model of
human chest. This human body loading effect will lead to the decrease of antenna
resonance frequency, impedance mismatch and gain, thus affecting the identification
distance and signal stability of the tag. In order to ensure that the tag still has good
performance in the actual wearing environment, the electromagnetic characteristics
of the tissue layer must be considered in the antenna design stage and optimized by
simulation[27].
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skin+fat
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Figure 2.2: Hierarchical model of human chest[26].

2.1.3 Antenna Theory

The classical radar equation is fundamental for understanding the power relation-
ship between a transmitter, a target, and a receiver in wireless sensing systems such
as RFID. It quantitatively relates the transmitted power, antenna gains, target char-
acteristics, and the distance between the transmitter and the target to the received
power. The radar equation for a monostatic radar system (where the transmitter
and receiver share the same antenna) is expressed as:

. PthGr/\ZO'

b= (2.1)

where:

o P, is the received power at the radar receiver (W),

o P, is the transmitted power from the radar antenna (W),

» G, is the gain of the transmitting antenna (unitless),

e @, is the gain of the receiving antenna (unitless),

+ )\ is the wavelength of the transmitted signal (m),

» o is the radar cross section (RCS) of the target, representing the effective

reflective area (m?),

 d is the distance between the radar antenna and the target (m).
This equation assumes free-space propagation without considering multipath effects
or other environmental losses. The received power P, decreases with the fourth
power of the distance d, reflecting the two-way (transmit and receive) path loss in
radar and RFID systems. Understanding this relationship is essential for analyzing
antenna performance parameters such as gain, impedance matching, and reflection
coefficients, which directly influence system read range and sensitivity.

Antenna Gain

Antenna gain describes the ability of an antenna to direct radiated power in a
specific direction compared to an isotropic radiator. It is expressed in dBi (decibels
relative to an isotropic antenna). In RFID systems, higher antenna gain contributes

6
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to improved signal strength and longer read range [28].

In passive UHF RFID systems, where tags rely on backscattered signals and power
harvested from the reader, antenna gain significantly affects both forward-link power
delivery and backscatter signal strength. A well-optimized gain pattern ensures that
the antenna effectively radiates towards the reader.

Reflection Coefficient

The reflection coefficient, commonly denoted as S7;, measures how much power is
reflected back at the antenna port due to impedance mismatch. It is typically pre-
sented in decibels, and an Sy; value below —10 dB is generally considered acceptable
for good matching [15].

A high reflection coefficient implies significant power is reflected instead of being
radiated, reducing the effective radiated power and thus limiting communication
range. In body-worn RFID systems, tissue-induced detuning can cause poor Si;
characteristics unless the antenna is designed and matched under loaded conditions.

Chip Impedance Matching

Maximum power transfer occurs when the complex conjugate of the antenna impedance
Zant matches the chip impedance Zenip, i-€., Zany = Zg,;,- In passive RFID tags,
impedance matching is crucial because the chip has limited input power tolerance
[29].

Mismatch between chip and antenna impedance leads to reflection and inefficient
energy harvesting, directly affecting the tag’s ability to power up and respond.
Therefore, antenna tuning must consider both the chip’s reactive behavior and the

detuning effects of proximity to human tissue [26].

Radiation Pattern

A three-dimensional radiation pattern provides a visual map of an antenna’s nor-
malized field strength over all spatial directions by projecting the gain (or field
intensity) onto a spherical surface. In this representation, the main lobe appears
as the largest bulge—indicating the direction of strongest radiation—while side and
back lobes show where energy "leaks" outside the intended beam. The shape and
sharpness of the main lobe directly reflect the antenna’s directivity and ability to
focus energy, and the relative size of secondary lobes indicates how well the antenna
suppresses unwanted radiation. Such 3D visualization is invaluable for assessing
overall antenna performance, particularly in determining how effectively the an-
tenna can direct power toward a reader or sensor and reject interference from other
directions [28]. Figure 2.3 shows an example of 3D radiation pattern.
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First null beamwidth Major lobe Nomalized Field

(FNBW)

Half-power beamwidth
(HPBW)

Side lobe 0.4

Minor lobes

Minor lobes Back lobe

Figure 2.3: A symmetrical three-dimensional polar pattern with a number of
radiation lobes[28]

In addition to the full 3D radiation pattern, antenna performance is often charac-
terized by two-dimensional cuts in the principal planes: the E-plane ( ¢ = 0° ) and
H-plane ( ¢ = 90° ). In the E-plane cut, which lies in the plane containing the
electric field vector and the antenna’s main axis, the gain is plotted as a function
of the elevation angle # to reveal the shape, peak magnitude, and beamwidth of
the main lobe and any side lobes. Conversely, the H-plane cut, taken in the plane
containing the magnetic field vector, shows how the antenna radiates in the orthog-
onal direction and often exhibits a different beam spread and sidelobe structure. By
examining both cuts, each showing the peak gain position, 3 dB angular width, and
relative sidelobe levels—one can fully assess the antenna’s directional behavior and
polarization characteristics in key orientations.

Read Range

Several factors affect RFID read range: antenna gain, transmitted power, chip sen-
sitivity, impedance match, polarization, and environmental losses. For wearable
applications, tissue absorption and tag orientation also have a significant impact
[30].

The theoretical read range R can be estimated using the Friis transmission formula:

R— i PthGTT

= 2.2
w\ B, (2:2)

where A is the wavelength, P, is the reader power, GG; and G, are the transmit and
receive antenna gains, 7 is the power transmission coefficient (function of impedance
match), and Py, is the chip activation threshold.
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RFID-based Breathing Monitoring
System

This chapter presents the complete development and performance evaluation of a
real-time respiration monitoring system based on passive UHF RFID technology.
The first section describes the system’s development, including hardware setup, real-
time data acquisition and visualization platform, and signal processing algorithms
used to extract respiratory information from raw phase data. The second section
provides a comprehensive evaluation of the system under various conditions, focusing
on motion robustness, the impact of tag mounting media, and validation against a
synchronized piezoelectric (PZT) belt reference.

3.1 Measurement System and Experimental setup

This section presents a real-time respiration monitoring system based on passive
UHF RFID technology. The system integrates hardware employment, software de-
velopment, and signal processing techniques to enable real-time tracking of respi-
ratory motion. We first describe the experimental setup, including the antenna
configuration strategy, followed by the implementation of a real-time data acquisi-
tion and visualization platform. Finally, the signal processing algorithms used to
extract and validate respiratory features from raw RFID phase data are detailed.

3.1.1 Measurement System

This subsection details the Hardware configuration and software framework used to
enable real-time RFID-based respiratory monitoring. It introduces the development
of a custom software platform for data acquisition and visualization, which supports
both real-time waveform display and offline analysis.

Hardware Configuration
o Reader: Impinj Speedway R420 UHF RFID reader
o Reader Antenna: Alien ALR-8698 Circular Polarized Panel Antenna

o Reader Configuration via Octane SDK: Session 0 and Dual Target reader mode
were used to ensure continuous tag responses and a high-density data stream.

o Tag: AD Belt M730, 860-960 MHz, 73*17 mm



3. RFID-based Breathing Monitoring System

Data Acquisition and Real-time visualization To realize an RFID based real-
time respiration monitoring system, we developed an integrated data acquisition,
processing, and visualization software platform in Visual Studio Code using C#
and the .NET framework.
Raw data packets—each containing the EPC, antenna port number, RSSI, raw phase
(in radians), and a precise timestamp—were captured at approximately 10 Hz and
buffered in memory. Simultaneously, the data were saved to CSV files for offline
analysis and validation. After each buffer update, a processing routine was triggered
to compute physical displacement from the unwrapped phase.
The platform incorporates real-time visualization using the ScottPlot library. The
user interface consists of two main views:

o All-Tags View: Overlaid live waveforms of all tags is shown in figure 3.1

e Individual-Tag View: Separate live waveform display for each tag to facili-

tate detailed local analysis, is shown in figure 3.2
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Figure 3.1: Overlaid Real-time waveform
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Figure 3.2: Real-time waveform for individual tag
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3. RFID-based Breathing Monitoring System

3.1.2 Experimental Setup

This subsection describes the experimental procedures designed to evaluate the per-
formance of the RFID-based respiratory monitoring system under different condi-
tions. A series of experiments were conducted on both non-biological object and
human subjects to validate the system’s baseline accuracy in tracking displacement
and examine the effects of different tag mounting materials. Finally, validation stud-
ies were carried out using piezoelectric (PZT) belt sensors as a reference under both
2-tag and 4-tag configurations, enabling a systematic comparison of RFID-derived
respiratory signals with established ground truth measurements.

3.1.2.1 On non-biological medium

To isolate and verify the tag’s inherent measurement accuracy, we attached a single
tag to a cardboard box and moved the box forward and backward in small increments
to check if the shifted distance on the signal is consistent with the actual distance.
The setting is shown in Figure 3.3

(a) Tag and cardboard configuration

Figure 3.3: Tag test on cardboard box

3.1.2.2 Human body test

To evaluate the effect of human skin on tag signal integrity, we conducted a series
of controlled experiments. The RFID reader antenna was placed at a fixed position
in front of the human subject. The subject was instructed to stand in a neutral
upright posture, facing directly toward the reader. The antenna was positioned at
a horizontal distance of approximately 1.5 meters from the chest wall, with a height
of 1.3 meters from the floor, approximately aligned with the mid-thoracic level of
an average adult. The subject remained stationary during data collection to avoid
additional motion artifacts. All measurements were taken in a controlled indoor
environment as shown in Figure 3.4.

Three experimental conditions were considered to investigate how varying degrees
of body—antenna coupling affect respiratory signal quality:

11



3. RFID-based Breathing Monitoring System

« Direct skin contact: A commercial RFID tag was placed directly on the skin
surface to investigate the influence of close electromagnetic coupling between
the tag antenna and the human body.

o Clothing-mounted: The RFID tag was attached to a single layer of everyday
clothing covering the chest or abdomen, simulating a practical deployment
scenario where direct skin contact is avoided.

e Clothing with belt insulation: The RFID tag was fixed onto an elastic
belt, and the belt was then worn over the same layer of clothing. This setup
introduced an additional spacing layer between the tag and the skin, allowing
assessment of performance under partial isolation from direct body contact.

Figure 3.4: Measurement setup

Furthermore, to validate our respiratory monitoring system, a piezoelectric (PZT)
sensor with the 8-Channel biosignalsplux Kit are employed as a reference signal
source to enable synchronized measurement and accuracy evaluation of the system’s
respiratory signals. As the subject inhales and exhales, the expansion and contrac-
tion of the thoracic or abdominal wall induce mechanical stress on the piezoelectric
sensor, generating corresponding voltage signals[34].

To evaluate the spatial sensitivity and accuracy of RFID-based respiratory moni-
toring, we designed two deployment strategies: 2-tag and 4-tag configurations, with
the PZT belt alternately positioned on the chest or abdomen.

In the 2-tag setup, two variations were tested: Upper chest and abdomen — One
tag was placed on the upper chest and the other at the center of the abdomen, while
the PZT belt was alternately positioned on the chest or abdomen in two separate
trials (Figure 3.5a). This allowed direct comparison between RFID and belt mea-
surements as well as assessment of regional differences in respiratory signal quality.
Bilateral placement — Two tags were placed symmetrically on either side (left and
right) of the upper chest or abdomen, with the belt positioned on the correspond-
ing region (Figure 3.5b). This configuration was used to evaluate the consistency
and symmetry of respiratory signals across lateral body positions and to examine
whether bilateral sensing enhances robustness.

In the 4-tag setup, four tags were deployed simultaneously: two on the chest (RUT
and LUT) and two on the abdomen (RA and LA). The belt was alternately placed on

12



3. RFID-based Breathing Monitoring System

the chest or abdomen in two separate trials (Figure 3.5¢). This comprehensive con-
figuration enabled investigation of multi-tag performance and potential interactions
in a more complex sensing environment.

(a) 2-tag: upper chest (b) 2-tag: bilateral chest (c) 4-tag: RUT and
and abdomen or abdomen LUT, RA and LA

Figure 3.5: Tag deployment strategy

3.1.3 Signal Processing Algorithm

Data processing was conducted using MATLAB, figure 3.6 illustrates the complete
signal processing workflow used to extract and validate respiratory signal informa-
tion from RFID phase data.

Phase Unwrapping

Detrending and Band-pass Filtering (0.1-0.8 Hz)

FFT for Respiratory Rate Estimation

Respiratory Motion Estimation and Cycle Feature Extraction

Motion Artifact Rejection (MAD-based)

Validation with Belt Sensor (Cross-Correlation)

Figure 3.6: Signal processing pipeline for RFID-based respiratory monitoring.
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3. RFID-based Breathing Monitoring System

The detailed implementation of each step is described as follows:

o Phase Ambiguity Correction and Unwrapping:

Due to the [0, 27| constraint on RFID phase readings, abrupt 4+ jumps occur.
We first performed ambiguity correction by examining the phase difference
between consecutive samples: if the difference approached 47, we added or
subtracted 7 to the current sample to remove the jump. Next, phase unwrap-
ping was applied: whenever the corrected phase difference between adjacent
points approached 427, we cumulatively added or subtracted 27 to maintain
a continuous phase trajectory. This yielded a smooth, unwrapped phase signal
that more accurately reflects the subtle body movements result from breathing
is shown in figure 3.7.

raw data

K ‘ ‘
£5 I ll 7
Q
(2]
2 0 I I I
[s%
0 10 20 30 40 50 60 70
time (s)
— unwrapped phase
el
85- ‘ B
Q
(2]
2 N NANANNNANNNSNANNNAN SN
0 10 20 30 40 50 60 70

time (s)

Figure 3.7: Raw data and unwrapped phase

Extraction of unwrapped phase data and detrending:

Figure 3.8 compares the original unwrapped phase (black line) with the de-
trended phase signal (blue line). Phase unwrapping effectively resolves abrupt
phase jumps due to modulo 27 ambiguities inherent to RFID systems, yield-
ing a continuous signal representation. Subsequently, detrending removes the
slow baseline drift, which is likely caused by slight movements or environmen-
tal factors, emphasizing the respiratory-related variations and enabling more
accurate analysis.
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Figure 3.8: Unwrapped and detrended phase signals illustrating the removal of
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baseline drift.

» Application of a band-pass filter (0.1 Hz—0.8 Hz):

Following baseline correction, filtering is applied to further improve signal qual-
ity. Figure 3.9 shows the detrended signal (black line) along with the filtered
signal (blue line). The filtering process suppresses high-frequency noise and
artifacts, clearly revealing a smoother respiratory waveform. This clean signal
significantly improves the reliability and accuracy of subsequent respiratory
rate extraction and respiratory pattern analysis.
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Figure 3.9: Detrended and filtered phase signals, demonstrating noise reduction
and signal smoothing.

o Use FFT to calculate the respiratory rate:
Figure 3.10 shows how FFT can accurately extract respiratory rate from pe-
riodic phase signals. The left plot shows a simulated respiratory signal in the
time domain, representing chest wall motion at a breathing rate of 14 breaths
per minute. The right plot displays the corresponding frequency spectrum
obtained via FFT. A clear peak appears at approximately 0.233 Hz, which
directly corresponds to the breathing frequency.

Simulated Respiratory Signal (Time Domain) Frequency Spectrum (FFT)
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Figure 3.10: An example of respiratory signal time-frequency conversion

o Respiratory motion estimation and cycle feature extraction:
The actual respiratory movement is calculated using the following equation:

1000 - ¢ - A
47

where ¢ represents the smoothed phase value, and A is the wavelength of the
signal (in meters). Peaks and troughs of the respiratory signal are detected by
identifying local maxima and minima and a minimum peak-to-peak interval
is enforced to ensure physiologically reasonable cycle detection, as illustrated
in Figure 3.11. The amplitude of each respiratory cycle is computed using
the difference between the peak and the average of the two adjacent troughs
shown as Figure 3.12.

Movement (mm) =

(3.1)

movernent{mn

1
0 10 20 30 40 50 60
Time (s)

Figure 3.11: Detection of peaks and troughs
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Figure 3.12: Amplitude of one respiratory cycle

o Implementation of a motion artifact rejection algorithm:
The smoothed phase signal was segmented into overlapping windows based on
a sliding-window median absolute deviation (MAD) test, and each segment’s
normalized MAD was computed. An adaptive threshold was set using the
global MAD value, and any segment exceeding this threshold was identified as
an artifact as shown in figure 3.13.
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Figure 3.13: Abnormal detection

« Validation with piezoelectric (PZT) belt:

To evaluate the accuracy of RFID-based respiratory detection, the tag signal is
compared with the respiratory signal acquired from a PZT belt sensor. After
normalization and resampling to ensure both signals are on the same temporal
and amplitude scale, maximum cross-correlation is applied to determine the
optimal time lag between the RFID and belt signals by shifting one signal
across a range of time offsets and identifying the lag that yields the highest
correlation coefficient as shown in Figure 3.14. This step compensates for
latency introduced by differences in the devices’ start-up times and processing
pipelines. Then the cross-correlation coefficient is computed between the RFID
tag and belt signals to evaluate their waveform similarity. A higher correlation
indicates stronger linear similarity in the temporal dynamics of the two signals,
suggesting better respiratory pattern agreement.

normalized raw data: Respiratory Rate: tag:18.73bpm, belt:18.67bpm

p

NN

Figure 3.14: Alignment of tag and belt signals
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3. RFID-based Breathing Monitoring System

3.2 Evaluation of System Performance

This section evaluates the performance of the RFID-based respiration monitoring
system under various real-world conditions. The analysis focuses on the system’s
robustness against motion artifacts, different tag mounting conditions, and its ac-
curacy in capturing respiratory dynamics using different tag deployment strategies.
A synchronized piezoelectric (PZT) belt is employed as a reference to validate tem-

poral alignment and assess the spatial consistency of respiratory signals acquired
through the RFID system.

3.2.1 Random Motion Detection

To evaluate the robustness of the signal processing for motion artifacts detection,
controlled body movements were deliberately introduced during normal breathing
trials. These included speaking (20-25s), coughing (32-37s), and lateral shoulder
movements (right shoulder: 44-49s; left shoulder: 53-58s).
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Figure 3.15: Random motion detection.

Figure 3.15 illustrates the performance of the abnormal cycle rejection algorithm.
Signal segments identified as artifact-dominant are highlighted in red. The results
show that speaking was not flagged as an anomaly, which is expected, as it typically
involves minimal torso motion and does not significantly disrupt respiratory rhythm.
In contrast, coughing was detected as an anomaly by both abdominal tags, likely
due to the strong, abrupt contractions associated with intense coughing. However,
it is worth noting that mild coughing may not introduce sufficient perturbation to
be classified as random motion, and thus should not always be rejected.

Shoulder movements triggered spatially localized anomaly detection: right shoulder
movement was detected by the right upper thoracic (RUT) tag, while left shoulder
movement was captured by the left upper thoracic (LUT) tag. These motions were
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3. RFID-based Breathing Monitoring System

not identified as anomalies by abdominal tags, highlighting the system’s spatial
selectivity and regional sensitivity to motion sources.

3.2.2 Effect of Object Material

When the tag was mounted on cardboard box, the system was able to accurately
track displacement patterns corresponding to 1.5 cm, 2.5 cm, 4 cm, 6 cm and 0.8
cm of controlled motion as shown in Figure 3.16. These results validate that the
tag and test process can capture subtle linear motion with high fidelity in free-space.

movement (mm)

0 50 100 150 200 250
time (s)

Figure 3.16: One tag on box and move the box

When the tag was placed in direct contact with the skin, however, the reader failed to
receive any backscattered signal, which confirms that the lossy and high-permittivity
characteristics of skin introduce significant detuning and absorption, severely impair-
ing antenna performance and signal reception.

In contrast, when the tag was mounted on clothing covering the chest or abdomen,
the resulting respiratory waveforms, as shown in Figure 3.17, clearly reflect cyclic
breathing motion. On the abdomen, when the tag was placed directly on the clothing
without additional insulation, the detected respiratory displacement on the abdomen
reached an unusually large average amplitude of 47.8 mm-—far exceeding the typical
abdominal breathing range of 10-15 mm, but decreased to 7 mm when the tag was
mounted on an elastic belt over the same clothing at the same anatomical location
as shown in Figure 3.17b. This anomaly is likely due to strong electromagnetic
coupling between the antenna and the underlying skin, potentially causing detuning
effects that amplify phase fluctuations in a non-linear manner. The added separation
between the antenna and the skin likely improved electromagnetic stability, while
simultaneously reducing mechanical coupling to the body as the abdomen tends
to have thicker subcutaneous fat and softer tissue layers which are more prone to
deformation.

Interestingly, in the chest region (RUT), the measured amplitude remained relatively
consistent when the tag was placed on clothing (11.6 mm) and when it was mounted
on an elastic belt over the clothing (12.1 mm), as shown in Figure 3.17a. This may be
explained by the structural rigidity of the chest, which is supported by the rib cage
and pectoral muscles, and female subject worn bra strap, providing a more stable
and consistent dielectric interface. However, such a difference caused by additional
insulation was not guaranteed in all subjects or positions, likely due to the radiation
difference of commercial tag samples.
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Figure 3.17: Effects of different insulation between tag and skin on chest and
abdomen

3.2.3 Validation of RFID Tag Configurations with PZT Ref-
erence

This subsection presents a detailed validation of various RFID tag configurations
using a synchronized PZT belt as a reference. Both two-tag and four-tag placements
were evaluated on the chest and abdomen to examine spatial symmetry, signal con-
sistency, and respiratory cycles alignment with PZT belt.

The PZT belt signal is shown in Figure 3.18, which exhibit a clear one-to-one cor-
respondence with the respiratory cycles, making them a reliable "ground truth'
reference for validating the target system’s output.

belt on abdomen

Volt (v)
?
I

Time (s)

Figure 3.18: PZT belt signal

To evaluate the accuracy of the RFID tag system, correlation was calculated be-
tween tags and the piezoelectric (PZT) belt when collocated on the same body
region (chest or abdomen) under multiple tag configurations. Note that all signals
were normalized in amplitude prior to comparison with the PZT reference, and thus
only waveform consistency and temporal alignment were evaluated.
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Representative examples of aligned waveforms under the 2-tag (chest-abdomen)
configuration are shown in Figure 3.19, illustrating the general agreement between
RFID and belt measurements. For comprehensive evaluation, the results from all
experimental settings are summarized in Table 3.1, which lists respiratory rate esti-
mates and maximum cross-correlation (Max CC) relative to the PZT belt.

normalized raw data: Respiratory Rate: tag:16.83bpm, belt:16.92bpm
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Figure 3.19: Results of PZT validation under setting in Figure 3.5a

Table 3.1: Respiratory rate and cross-correlation under different tag settings

Setting Location Resp. Rate (bpm) Cross-Corr.
RFID Belt

9. Upper Chest 17.87 17.82 0.8824
Thag Midline Abdomen  16.83 16.92 0.9277
Chest — RUT 17.00 17 39 0.8758
2-tag (bilateral) Chest — LUT 17.00 0.8691
Abdomen — RA 15.89 15.90 0.9153
Abdomen — LA 15.89 ' 0.9215
RUT 12.76 0.3156
At LUT 11.77 15.33 0.2821
~Lag RA 14.21 15,77 0.7405
LA 14.21 ’ 0.6934

The experiments demonstrate that RFID tags achieve high alignment and frequency
accuracy when placed in the same region as the belt sensor under 2-tag setups with
all correlations exceeding 0.86, with maximum cross-correlation exceeding 0.92 and
frequency errors below 0.1 bpm, indicating strong consistency across different tag
placements and body regions.

RFID tags demonstrated good bilateral symmetry and consistent respiratory sens-
ing on both the chest and abdomen with minimal side-to-side variance, although
the alignment performance on the chest was slightly lower than that on the ab-
domen, possibly due to the smaller motion amplitude of the thoracic cavity during

20



3. RFID-based Breathing Monitoring System

breathing. These results demonstrate that the RFID-based system provides reliable
measurements of the respiratory cycle, supporting its potential as an effective non-
contact method for respiratory monitoring.

However, under four-tag configurations, abdominal signals remained relatively sta-
ble but showed decreased accuracy and chest signals were more severely affected,
likely due to increased signal overlap and tag-to-tag interference.
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4

Tag Antenna Design

We explored the feasibility of using commercial RFID tags for respiration monitor-
ing in chapter 3. However, experimental results revealed that when placed directly
on human skin, the tags often failed to operate reliably. This issue is primarily due
to the high dielectric losses and permittivity of human tissue, which significantly
detune the tag antenna and degrade its performance. To overcome this limitation,
this chapter focuses on the design and simulation of a customized UHF RFID tag
antenna. The goal is to optimize the antenna structure for on-skin operation, min-
imizing performance degradation caused by proximity to the body. This enables
more stable and reliable signal acquisition for continuous respiration monitoring.

4.1 Antenna Design and Simulation

During the antenna design, we first conducted a comprehensive investigation and
comparison of several commercially available RFID tags, focusing on key parameters
such as small size, high scalability, moderate read range. Based on these evaluations,
the AD Bling R6 tag which is from Avery company|[36] was selected as the baseline
antenna design. This tag is originally designed for jewelry and cosmetics applica-
tions, featured a compact size and good adhesion properties. One of the key reasons
for selecting this tag is its meandered antenna structure, which allows for effec-
tive miniaturization without significantly compromising performance. The meander
geometry enables the antenna to achieve a relatively long electrical length within
a limited physical area, which is advantageous for compact wearable designs[37].
However, while the original design performs well in free-space conditions, its an-
tenna geometry is not optimized for on-body environments, where dielectric loading
and detuning effects can significantly degrade performance. This limitation is par-
ticularly important for wearable respiratory monitoring applications, which require
stable performance in close proximity to the human body. Therefore, this tag an-
tenna served as a starting point for further optimization to suit on-body operation.
To address this limitation, we refined the antenna’s geometric parameters with the
objective of maximizing its performance under on-skin conditions. Another an-
tenna shape is inspired by a previously proposed antenna design optimized for sens-
ing physiological parameters of the human body (temperature, pressure, heartbeat,
etc.), therefore, it has been optimized by human tissue simulation and can perform
well on human body[27].

To accurately assess and optimize the antenna performance, CST Microwave Studio
was employed to perform detailed electromagnetic simulations, in which multilayer
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human tissue models were incorporated, including skin, fat, and muscle. These simu-
lations were used to evaluate the antenna’s impedance matching, resonant frequency
shifts, and radiation characteristics in realistic body-mounted scenarios. Both an-
tenna designs share identical environmental parameters to ensure consistent com-
parative analyses and reliable performance assessments.

4.1.1 Antenna Geometry Designs

4.1.1.1 Meander Antenna Design

We adjusted the specific geometric values based on this meander antenna pattern,
to enhance the performance under body loading conditions. Figure 4.1 shows the
geometry of meander antenna, table 4.1 illustrates the parameters of meander an-
tenna.
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Figure 4.1: Geometry and key dimensions of the modified meander-line tag
antenna.

Table 4.1: Geometry parameters of the Loaded Meander Tag Antenna (mm)

Parameters | « b c d e t. te | w
Values 36 | 1741051406 |0.018 0.5 0.6

4.1.1.2 Doubleloop Antenna Design

The second antenna geometry draws upon previously published designs optimized
for on-body physiological monitoring applications [27]. To better suit the require-
ments of our respiratory monitoring scenario, the original structure was adapted
by adjusting both the shape and key geometric parameters to achieve improved
impedance matching and stable electromagnetic performance when placed near hu-
man tissue. Figure 4.2 shows the geometry of doubleloop antenna and optimized
parameters of doubleloop antenna.
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Parameter Value (mm)

a 5.4
b 17.1
J 2.7
h 10.8
1 8.1
1 23.4
Iy 23.4
m 4.05
ts 0.6
wq 1.8
Wao 0.9

Figure 4.2: Geometry and key parameters of the double-loop tag antenna

4.1.1.3 Simple Double-loop Antenna Design

Based on the original double-loop geometry, the antenna was further modified to
improve structural simplicity and symmetry. In particular, the T-match section
around the chip connection was redesigned into a more balanced configuration, en-
suring equal current paths on both sides of the feed. At the same time, the lower
part of the antenna was simplified by adopting a symmetric folded-line structure,
replacing the more intricate features of the original design. These modifications
result in a compact and symmetric layout, which not only facilitates easier manual
fabrication but also maintains stable impedance characteristics suitable for on-body
UHF RFID operation. The geometry and detailed parameters of the simple antenna
are shown in figure 4.3.

Parameter Value (mm)

30
9.5
18
2
12
0.7

O >R e =~

Figure 4.3: Geometry and key parameters of the simple double-loop tag antenna
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4.1.2 Environmental Setting in CST

In CST, we simulated the scenario where the RFID tag is placed on human body. A
three-layer human tissue model consisting of skin, fat, and muscle was defined, the
final antenna design and simulation are shown in figure 4.4. Both antenna designs

utilized identical environmental parameters to ensure fair comparisons, as listed in
Appendix Table A.1.

(a) Meander antenna sim- (b) Double-loop antenna (c¢) Simple Double-
ulation design design loop antenna design

Figure 4.4: Three antenna design simulations in CST

4.1.3 Antenna Simulation

In the CST simulations, a discrete port with a characteristic impedance of 50 Ohm
was used to represent the chip connection, simplifying the modeling process and
improving simulation efficiency. After the simulations were completed, the slp files
were exported.
However, the actual RFID chip impedance is not 50 Ohm, which means the sim-
ulated S11 values do not directly reflect the true reflection behavior between the
antenna and the real chip. Therefore, it is necessary to post-process the simu-
lation results to account for the actual complex chip impedance. MATLAB is
subsequently used to evaluate the impedance matching performance between the
simulated antenna and the real RFID chip, providing a more accurate representa-
tion of the reflection coefficient and impedance matching condition. In MATLAB,
the antenna impedance is first calculated from the simulated S;; data using the
following transformation:

1+ Sn

1—5n

where Zy = 50 Ohm is the reference impedance used in CST simulations, and S,
is the reflection coefficient exported from the slp file.

Next, the actual impedance characteristics of the RFID chip is calculated using its
real resistance and capacitance parameters. The chip impedance in RC parallel
circuit[38] was modeled as[39]:

Zant = ZO :

(4.1)

1

Zchip(f) = W (42)
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. To evaluate the actual matching performance between the antenna and chip, we
compute the reflection coefficient at the antenna-chip interface as:

Zchi - Zant
[epp = —omip — Zant 4.3
hip Zchip + Zant ( )

The chips we used are specified according to the information provided by Impinj
[38]. The capacitance and resistance values for the two types of chips can be found
in Table 4.2 and Table 4.3 respectively. Our operating frequency is 868 MHz, which
allows us to calculate the complex impedance of the chip. Based on the antenna
impedance obtained from CST simulations, we can calculate the reflection coefficient
of the antenna when the chip is mounted. This enables us to estimate the potential
losses due to impedance mismatch.

Table 4.2: Monza R6-P Enduro Chip Port Parameters (used for meander
antenna)

Parameter | Typical Value | Comments
C, 1.44 pF Chip capacitance, including Enduro pads.
R, 1.2 kQ Chip resistance.

Table 4.3: Monza R6-P Non-Enduro Chip Port Parameters (used for double-loop
antenna)

Parameter | Typical Value | Comments
Cp 1.13 pF Chip capacitance, excluding Enduro pads.
R, 1.2 kQ Chip resistance.

4.1.3.1 Design 1: Meander-Line Antenna
Impedance Matching

The meander antenna impedance is shown in figure 4.5, at the 868 MHz, the sim-
ulated antenna impedance is Z,,; = 14.76 + 7127.28 2, while the chip impedance
is Zenip = 13.36 — 7125.91 Q. Ideally, for optimal power transfer, the antenna
impedance should be the complex conjugate of the chip impedance. Therefore, the
results indicates a good impedance match. This suggests that the designed antenna
is well-tuned to the chip at 868 MHz, which helps minimize reflection and maximize
the power delivered to the chip.
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Antenna Input Impedance
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Figure 4.5: Impedance matching of Meander Antenna
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Figure 4.6: Reflection coefficient (S7;) of Meander Antenna Design.

Figure 4.6 shows the reflection coefficient (S1;) of the loaded meander-line antenna.
The resonance point is observed near 868 MHz, with S;; below —10 dB. Table 4.4
shows the detailed performance results: The antenna exhibits a resonant frequency
of 865.60 MHz, which is close to the target UHF RFID band (around 868 MHz),
indicating effective frequency tuning. The minimum reflection coefficient |I'| reaches
-30.83 dB at resonance, signifying excellent impedance matching and minimal power
reflection. The -10 dB bandwidth spans 34.45 MHz, providing sufficient tolerance for
slight detuning effects due to fabrication error or human loading. The wider -3 dB
bandwidth of 112.71 MHz further confirms the antenna’s ability to maintain good
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performance across a broad frequency range. Overall, these results demonstrate that
the proposed design achieves both effective resonance and robust matching within
the intended operating band, making it a promising candidate for body-worn UHF
RFID applications.

Table 4.4: Meander Antenna Performance Parameters (Design 1)

Parameter Value

Resonant frequency 865.60 MHz

Minimum |I'| (Reflection coefficient) —30.83 dB

—3 dB bandwidth 112.71 MHz (819.12-931.82 MHz)
—10 dB bandwidth 34.45 MHz (848.39-882.84 MHz)

Radiation Pattern

Figure 4.7 shows the 3D far-field radiation pattern of the meander-line antenna,
where the main lobe directionality and spatial energy distribution can be clearly
observed. To further analyze the antenna’s behavior in principal planes, figure 4.8
presents the 2D radiation patterns of the meander-line antenna at 860 MHz in the
¢ = 0° (E-plane) and ¢ = 90° (H-plane). In the E-plane, the main lobe gain (¢ = 0°)
is —23.7 dBi with a broad beamwidth of 180°, indicating an omnidirectional pattern
but weak radiation strength. In contrast, the H-plane (¢ = 90°) exhibits a higher
main lobe gain of —8.78 dBi, a more focused beam (3 dB beamwidth of 10.4°),
and good sidelobe suppression, demonstrating a directional radiation characteristic.
However, the overall gain remains low, suggesting moderate performance.

1 235
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Figure 4.7: 3D Radiation pattern of Meander Antenna
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Figure 4.8: 2D polar radiation patterns of meander antenna in two orthogonal
planes.

4.1.3.2 Design 2: Double-loop Antenna
Impedance Matching

The doubleloop antenna impedance is shown in figure 4.9. At 868 MHz, the sim-
ulated impedance of the double loop antenna is Z,,; = 19.00 4+ 7162.61 €2, while
the selected doubleloop antenna chip impedance is Z.p;, = 21.55 — j159.35 Q. This
indicates that the antenna and chip are nearly complex conjugate pairs, which is
the ideal condition for maximum power transfer. Although a small mismatch exists
in both real and imaginary parts, the values are sufficiently close to ensure efficient
impedance matching. This is further supported by the following low reflection co-
efficient (|I'| = —21.27 dB) observed at resonance, confirming that the antenna is
well-matched to the chip at the operating frequency. Such matching contributes to
minimal power loss and improved read range performance.
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Figure 4.9: Impedance matching of Doubleloop Antenna.
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Figure 4.10 shows the S}; parameter of the doubleloop antenna design. Table 4.5
summarizes the detailed performance parameters of the doubleloop antenna. The
antenna exhibits a resonant frequency of 864.30 MHz, which is very close to the
target 868 MHz operating frequency, indicating good frequency tuning. The min-
imum reflection coefficient |I'| reaches —21.27 dB, suggesting excellent impedance
matching and minimal power reflection. The antenna demonstrates a wide —3 dB
bandwidth of 131.89 MHz, ensuring robust performance across a broad frequency
range. Additionally, the —10 dB bandwidth is 40.11 MHz (844.62-884.73 MHz),
covering the entire European UHF RFID band (865-868 MHz), making the antenna
suitable for practical RFID applications. Overall, the doubleloop antenna shows
good resonance, strong impedance matching, and adequate bandwidth characteris-
tics.

Reflection Coefficient on Chip

-10

[ (dB)

chip

r

-15 1

868 MHz: -20.09 dB

-20 - o

25 s s s s s
0 0.5 1 1.5 2 2.5 3
Frequency (GHz)

Figure 4.10: Reflection coefficient (S7;) of Doubleloop Antenna Design.

Table 4.5: Doubleloop Antenna Performance Parameters (Design 2)

Parameter Value

Resonant frequency 864.30 MHz

Minimum |I'| (Reflection coefficient) —21.27dB

—3 dB bandwidth 131.89 MHz (806.57-938.46 MHz)
—10 dB bandwidth 40.11 MHz (844.62-884.73 MHz)

Radiation Pattern

Figure 4.11 shows the 3D far-field radiation pattern of the doubleloop antenna.
Figure 4.12 shows the 2D far-field radiation patterns of the double-loop antenna
in the E-plane (¢ = 0°) and H-plane (¢ = 90°) at 868 MHz. In the E-plane, the
antenna exhibits a broad omnidirectional pattern with a maximum gain of -15.5 dBi
and a 3 dB beamwidth of 198.7°, indicating excellent coverage capabilities suitable
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for wireless communication applications. The side lobe level of -3.8 dB suggests
acceptable pattern quality with minimal interference potential. Conversely, the H-
plane shows a more directional characteristic with a narrower 3-dB beamwidth of
95.8° while maintaining the same peak gain, though with elevated side lobe levels
of -1.4 dB. This asymmetry between the two principal planes is attributed to the
antenna’s geometric structure and ground plane effects, resulting in a radiation
pattern that provides a good compromise between omnidirectional coverage and
moderate directivity. Overall, the doubleloop antenna indicate a maximum gain
of approximately —18 dBi, which is considered significantly low for practical RFID
applications. This poor radiation performance may be attributed to the compact
structure and loop geometry, it might result in destructive interference and limited
current distribution, impairing far-field radiation efficiency.

Figure 4.11: Radiation pattern of Doubleloop Antenna.

Farfield Gain Abs (Phi=0) Farfield Gain Abs (Phi=90)

phi= 0 30 30 phi=180

60 - ‘\

90

120\ e 0 /120

150 150
180 150

150

180

Thesai o vescoth Theta / deg vs. dBi

(a) Radiation pattern in E-plane (b) Radiation pattern in H-plane
(¢ =0°) (¢ =90°)

Figure 4.12: 2D polar radiation patterns of doubleloop antenna in two
orthogonal planes.
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4.1.3.3 Design 3: Simple Double-loop Antenna
Impedance Matching

The simple doubleloop antenna impedance is shown in figure 4.13. At 868 MHz, the
simulated impedance of the double loop antenna is Z,,;, = 17.42 4+ 57160.33 €2, while
the selected doubleloop antenna chip impedance is Zg;, = 21.55 — j159.35 Q. The
antenna and chip impedances at 868 MHz are very close, nearly achieving conjugate
matching. This indicates that the double-loop antenna is well matched to the chip
at the target frequency, ensuring high energy transfer efficiency.
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Figure 4.13: Impedance matching of Simple Doubleloop Antenna.
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Figure 4.14: Reflection coefficient (S7;) of simple Doubleloop Antenna Design.
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Figure 4.14 shows the reflection coefficient of the simple doubleloop antenna and
Table 4.6 summarizes the key performance parameters of the antenna. The simple
doubleloop antenna utilizes the Monza R6-P non-Enduro Chip. Simulation results
show that the simple double-loop antenna resonates at 867 MHz, which is only 1
MHz away from the target frequency of 868 MHz, indicating excellent frequency
alignment. The minimum reflection coefficient is —19.26 dB, the chip and antenna
have achieved approximate conjugate matching. The —10 dB bandwidth of 42.22
MHz and —3 dB bandwidth of 138.75 MHz fully covers the UHF RFID band while
providing tolerance for possible detuning in practical environments. Overall, the
design provides deep matching, high efficiency, and sufficient bandwidth at 868 MHz,
which ensures strong potential for long read ranges.

Table 4.6: Simple Doubleloop Antenna Performance Parameters (Design 3)

Parameter Value

Resonant frequency 867.00 MHz

Minimum |I'| (Reflection coefficient) —19.26 dB

—3 dB bandwidth 138.75 MHz (811.21-950.07 MHz)
—10 dB bandwidth 42.22 MHz (848.31-890.53 MHz)

Radiation Pattern

Figure 4.15 shows the 3D far-field radiation pattern of the simple doubleloop an-
tenna. Figure 4.16 shows the 2D gain radiation patterns of the simplified doubleloop
antenna at 868 MHz. It can be observed that the antenna maintains acceptable ra-
diation performance in both principal planes (¢ = 0° and ¢ = 90°). The main lobe
directions are close to the vertical axis, and the beamwidths are relatively wide, at
206.7° and 94.7°, respectively, indicating good coverage characteristics. The peak
gain is approximately —13.2 dBi.

dBi
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Figure 4.15: Radiation pattern of Simple Doubleloop Antenna.

34



4. Tag Antenna Design

Farfield Gain Abs (Phi=0) Farfield Gain Abs (Phi=90)

Phi= 0 Phi=180 Phi= 90 Phi=270

90

10N e 120

180

Theta / deg vs. dBi Theta / deg vs. dBi
(a) E-plane (¢ = 0°) (b) H-plane (¢ = 90°)

Figure 4.16: 2D polar radiation patterns of simple doubleloop antenna in two
orthogonal planes.

4.2 Fabrication and Evaluation of the Flexible An-
tenna Prototype

Following the completion of the antenna design, we proceeded with the physical
fabrication and experimental validation of the antenna. Considering the difficulty
and cost of the manufacturing process, we choose to use doubleloop antenna, we
implemented two different fabrication methods for the antenna and subsequently
assessed the performance of the prototypes using a vector network analyzer.

4.2.1 Manufacturing of the antenna

4.2.1.1 Method 1: Conductive silver adhesive deposition through stencil

The antenna is intended for on-skin respiratory monitoring, the substrate material
must be highly flexible, soft, and biocompatible to ensure conformal contact with
human skin and minimize discomfort during long-term wear. PDMS (Polydimethyl-
siloxane) meets these criteria due to its excellent mechanical flexibility, chemical
stability, and skin-friendliness, making it a widely adopted substrate in wearable
biomedical devices[40].

For the antenna conductor, silver conductive adhesive was selected as the antenna
material due to its unique suitability for flexible and skin-integrated applications.
Unlike traditional metallic conductors that require high-temperature and long-time
processing, silver conductive adhesive can be deposited at 100°, which is critical
for maintaining the mechanical integrity of soft substrate PDMS. Moreover, it of-
fers sufficient electrical conductivity in the UHF band, while its viscoelastic nature
enhances adhesion and mechanical compatibility with stretchable or deformable sur-
faces. These properties are particularly advantageous for wearable antennas used in
respiratory monitoring, where close skin contact and long-term comfort are essential.
Additionally, its low cost and compatibility with stencil-based patterning methods
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further support rapid prototyping[41].

Based on the designed antenna pattern, a custom stencil was manufactured(is shown
in figure 4.17a). We first fabricated the PDMS substrate, the base agent and curing
agent (Sylgard 184, Dow Corning) were weighed and mixed at a 10:1 ratio by weight.
The mixture was thoroughly stirred using a glass rod, during which numerous mi-
crobubbles were introduced. The viscous mixture was then poured into a dish to
form a thin layer and left undisturbed for degassing at room temperature (or placed
in a vacuum desiccator if available). Subsequently, the sample was thermally cured
in a 70°C oven for 1.5-2 hours. After curing, the PDMS layer was carefully peeled
off and trimmed to the desired dimensions. After the PDMS implementation, we
do the antenna fabrication process, the stencil was first placed precisely onto the
surface of the flexible PDMS substrate. The silver conductive adhesive was then
applied uniformly over the stencil(is shown in figure 4.17b); the adhesive penetrated
through the stencil’s apertures corresponding to the antenna pattern and deposited
onto the substrate surface, thereby forming the pre-designed antenna geometry(is
shown in figure 4.18). After the conductive adhesive cured (70°, 1h), a final flexible
antenna prototype was obtained.

(a) Doubleloop antenna sten- (b) Apply silver glue to the
cil stencil

Figure 4.17: Fabrication process of the doubleloop antenna using stencil printing.

Figure 4.18: Antenna pattern obtained
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4.2.1.2 Method 2: Copper tape engraving

The antenna pattern was manually engraved onto the copper surface, according
to the simple antenna pattern and parameters, we manually engraved the antenna
pattern on the copper tape with a small needle, the final result of the manually
crafted antenna is shown in figure 4.19.

Figure 4.19: Apply adhesive copper tape as antenna

4.2.2 Performance evaluation of the antenna

A vector network analyzer (VNA) was employed to evaluate the performance of
the fabricated flexible antenna prototype. The VNA(is shown in figure 4.20) was
configured with a start frequency of 100 MHz and a stop frequency of 5 GHz, using
a bandwidth of 1 kHz and a frequency step size of 980 kHz, resulting in a total of
5000 sampling points.

During the measurement, an SMA handheld probe was used to contact the antenna
feed terminals located at the chip gap, ensuring reliable electrical connection at both
ends of the antenna. The reflection coefficient (S11) was recorded from the VNA,
and the corresponding data were post-processed in MATLAB to calculate the input
impedance of the antenna over the measured frequency range.

To ensure consistency with the simulation environment used in CST, the antenna
was placed directly on the skin surface during testing, as shown in Figure 4.21. This
placement replicates the realistic electromagnetic conditions experienced in practical
applications and allows for a more accurate comparison between the measured and
simulated results.
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(a) Use SMA to test the copper tape (b) Use SMA to test the stencil
antenna printing antenna

Figure 4.21: Evaluation of the antenna

Measured performance of the antenna prototype

To evaluate the performance of our designed antenna, we measured the input impedance
of two RFID tag antennas fabricated using different methods: Conductive silver ad-
hesive deposition by using stencil and Engraving by hand on copper tape. The
impedance measurements were conducted using a calibrated Vector Network Ana-
lyzer (VNA), and the results were processed in MATLAB to extract the real and
imaginary parts of the antenna input impedance across a frequency range of 0.1-5
GHz.

Figure 4.22 shows the impedance characteristics of the copper-fabricated antenna.
At 868 MHz, the input impedance is significantly mismatched, with a real part
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of approximately 22.35 Ohm and an imaginary part of -194.79 Ohm, indicating a
strong capacitive behavior and poor impedance matching.

In contrast, the silver paste antenna, shown in Figure 4.23, exhibits an input
impedance of 2.39 Ohm (real) and -161.87 Ohm (imaginary) at 868 MHz. Although
this still indicates poor matching at the target frequency, a resonant behavior is
observed near 653 MHz with an S11 of approximately -11 dB, suggesting partial
impedance matching in the lower UHF band.

These results highlight that the antenna impedance characteristics is significantly
affected by fabrication material, likely due to differences in surface roughness, con-
ductivity, and fabrication uniformity.
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Figure 4.22: Impedance matching of Doubleloop Antenna prototype(copper
tape).
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Figure 4.23: Impedance matching of Doubleloop Antenna prototype(silver paste).
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Discussion

5.1 Results Analysis

Experimental results show that RFID tags can accurately reflect the periodicity of
respiration. Under normal breathing conditions, the waveforms extracted by the
system exhibit good temporal consistency with the reference signals obtained from
the PZT belt. However, several issues still remain.

Amplitude Differences(RFID vs. PZT)

In the experiments, a PZT belt was employed as the reference signal. However, it
is important to note that the physical quantities measured by the PZT sensor and
the RFID system are fundamentally different. The PZT sensor primarily responds
to local mechanical stress and strain variations associated with respiration, rather
than measuring radial displacement at a specific region [34]. This is particularly rel-
evant in the chest, where lateral expansion of the rib cage contributes significantly
to chest wall movement [35]. In contrast, the RFID system is sensitive to the spatial
displacement of the tag relative to the reader antenna. While PZT sensors capture
composite mechanical deformation of the body surface, RFID systems typically mea-
sure geometric distance changes, and are more sensitive to directional displacement.
Consequently, the amplitude outputs of the two systems are not directly comparable
in a quantitative sense, and in our work the PZT belt was only used for validating
respiratory phase and cycle consistency, rather than displacement magnitude.
Despite this limitation, analysis of raw RFID displacement signals provides valu-
able insight into regional breathing mechanics. RFID measurements revealed a
consistent and physiologically meaningful trend: abdominal tags exhibited greater
displacement amplitudes than chest tags. For example in Figure 5.1, abdominal
recordings showed average displacements around 30 mm, whereas chest recordings
were 8.5 mm. This result is consistent with known biomechanics of quiet respiration,
where abdominal expansion contributes more prominently to anterior—posterior mo-
tion compared to thoracic motion. The PZT reference signals qualitatively corrob-
orated this trend, with abdominal placements producing higher voltage amplitudes
than chest placements (e.g., 1.51 V vs. 0.97 V).
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Figure 5.1: Belt and bilateral tag signals of abdomen or chest respiration

Bilateral (Intra-region) Differences

In addition to regional differences, We also observed notable bilateral variations
when two RFID tags were placed symmetrically within the same anatomical re-
gion, which were not expected. While waveform shapes were generally consistent,
the amplitudes sometimes diverged considerably between the two sides. For in-
stance in Figure 5.2, in one chest trial, the left upper thoracic tag recorded an
average displacement of 13.78 mm, whereas the right upper thoracic tag recorded
only 5.81 mm. Similarly, abdominal measurements occasionally showed left-right
discrepancies, such as 21.68 mm versus 10.1 mm. These intra-region inconsistencies
may result from small differences in tag placement, asymmetric tissue compliance,
variations in electromagnetic coupling with the reader, or intrinsic differences be-
tween individual RFID tags.

Although the RFID system is capable of extracting respiratory rhythms, it some-
times exhibits deviations in representing the amplitude of chest and abdominal
movements during inspiration and expiration. In some cases, the measured dis-
placement can be approximately three times greater than the physiological norm.
This discrepancy may be partly due to the radiative characteristics and structural
limitations of the tag itself. The commercial RFID tags used in this experiments
were originally designed for general-purpose environments and were not optimized
for placement on human skin. The dielectric properties of the skin and surrounding
soft tissue can affect the antenna’s radiation performance, thereby impacting the
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tag’s ability to sense subtle positional changes.
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Figure 5.2: Disagreement in bilateral tag signals of abdomen or chest respiration

5.1.1 Considerations on Tag Deployment

In the initial experimental design, six RFID tags were planned to be deployed at
distinct anatomical sites across the chest and abdomen—specifically, the right up-
per thorax (RUT), left upper thorax (LUT), right lower thorax (RLT), left lower
thorax (LLT), right abdomen (RA), and left abdomen (LA) to comprehensively cap-
ture multidimensional respiratory motion. However, preliminary experiments con-
sistently revealed unstable signal strength from at least two of the six tags. These
tags frequently exhibited weak or intermittent readings, likely due to suboptimal
contact with the skin, inconsistent electromagnetic coupling, or partial obstruction
caused by body curvature or posture at certain locations. To improve data reliability
and simplify the experimental configuration, we reduced the number of active tags,
testing two simplified setups: a two-tag configuration and a four-tag configuration.
These arrangements provided more stable and consistent signal acquisition without
substantially compromising the fidelity of respiratory motion tracking. While this
simplification was effective for the current study, it inherently limits spatial reso-
lution and the ability to capture complex, multidimensional chest and abdominal
movements.
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5.1.2 Tag antenna fabrication

The fabrication and packaging processes of the RFID tags used in this experiment
also have space for improvement. The current tags were manually attached, and
traditional manufacturing methods may introduce issues such as poor positional re-
peatability, bending-induced deformation, and inconsistent conductive paths, all of
which can compromise data stability and repeatability. To enhance system relia-
bility and measurement precision, more refined manufacturing approaches could be
adopted. These include inkjet printing with conductive ink to fabricate antennas or
directly printing antenna patterns on flexible PCBs, both of which could improve
tag consistency, adhesion, and electrical performance. Additionally, there exists sub-
stantial inter-individual variability in breathing patterns. Different breathing styles
(e.g., thoracic vs. abdominal breathing) and pathological conditions (e.g., obstruc-
tive or restrictive pulmonary diseases) can alter respiratory behavior and waveform
characteristics. Consequently, defining a universal threshold for abnormal pattern
detection based on RFID signals remains challenging. Clinical assessment often re-
quires a combination of physiological parameters and domain-specific knowledge. In
this thesis, the abnormal detection threshold was conservatively defined based on
exceeding the physiologically plausible range of displacement, serving primarily to
eliminate motion-induced artifacts rather than for clinical diagnosis.

5.2 Future Work

The proposed RFID-based respiratory monitoring system has provided a clear frame-
work and direction for non-contact assessment of breathing, however, several as-
pects require further improvement and resolution before practical deployment can
be achieved. Current measurements occasionally overestimate chest and abdomi-
nal excursions by two to three times physiological limits, and bilateral recordings
sometimes show inconsistent amplitudes between the left and right sides. These dis-
crepancies may arise from subject-specific breathing habits, tag sensing limitations,
dielectric influences of skin tissue, or placement variability, and future studies should
clarify the reasons to improve measurement reliability. Moreover, the PZT belt used
as the reference in this study is not ideally suited for validating geometric displace-
ment, more accurate benchmarks should be proposed. The present signal analysis
algorithm mainly rejects random motion artifacts beyond physiological ranges, but
does not yet detect disease-related alterations in waveform period or amplitude; fu-
ture developments should focus on extracting clinically relevant features to support
diagnostic applications. On the hardware side, while antenna reflection coefficients
indicated good impedance matching, the realized gain was relatively low (approx-
imately —14 dBi), underscoring the need for improved antenna design to enhance
efficiency and stability. In addition, manual fabrication introduced variability, sug-
gesting that precise machine-based manufacturing methods such as inkjet printing
or flexible PCB production should be adopted to ensure consistency. Finally, for
clinical applications, optimized tags could be packaged into adhesive, bandage-like
patches that enhance comfort, portability, and ease of placement, thereby facilitating
reliable respiratory monitoring in both clinical and home healthcare environments.
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Conclusion

Real-time monitoring of respiratory function has been addressed through the devel-
opment of a passive UHF RFID-based system for non-invasive and localized mea-
surement. Commercial RFID hardware combined signal processing enabled accu-
rate extraction of respiratory features, with results showing close agreement with a
reference PZT respiratory belt. Compact tag antennas were designed, optimized,
and fabricated using different techniques, showing the possibility for on-body oper-
ation. Overall, the study provides a framework suggesting that RFID technology
could serve as a low-cost and unobtrusive approach for respiratory monitoring, the
methodology and findings can be extended to broader healthcare applications, in-
cluding clinical respiratory monitoring and integration into loT-based remote health
platforms.
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Appendix 1

A.1 Environmental Parameters in CST

Table A.1: Simulation setup and material parameters

Component Description
Substrate Material PDMS (e, = 2.8, tand = 0.02), thickness: 0.5 mm
Metal Layer Copper, conductivity 5.8 x 107 S/m

Human Tissue Model | Skin: 1 mm, ¢, = 43.8, 0 = 0.6 S/m
Fat: 10 mm, ¢, = 5.64, 0 = 0.1 S/m
Muscle: 10 mm, &, = 54.5, 0 = 0.6 S/m

Boundary Conditions | Open boundary

Port Discrete port with a default impedance of 50 2

Mesh Setup Hexahedral mesh; simulation iterated until S-parameter
variation was less than 10™* (40 dB)
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