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Abstract

An omni-channel strategy is a method of selling and promoting products that offers
customers a comprehensive and cohesive shopping experience. However, this strategy
relies on store managers having an accurate, real-time understanding of product avail-
ability at all their distribution and retail facilities. Smart shelving is an important
avenue for furthering the development of omni-channel retailing and meeting peo-
ple’s needs. This thesis primarily focuses on the construction of a low-cost context
awareness infrastructure for smart shelving using passive UHF RFID tags and radio
tomographic imaging (RTI) algorithms.

Firstly, location estimations without fingerprinting in one direction can reach an
accuracy of 91.7% on four tested objects. Secondly, the number of stacked layers from
1-3 when placing items on the shelf can be estimated. It is shown that an increase
in product volume on the shelf could be related to tag RSSI level changes for five
different tested products.

In addition, material classification could be achieved by tag RSSI attenuations.
Tests are done between three classes (metal, glass, and plastic), with three objects
each class. In the three-location tests, it is possible to clearly differentiate between
three types of materials based on the value of variations in tag RSSI attenuations.

Finally, the integration of battery-free environmental sensors is accomplished by
incorporating an RFID tag equipped with resistance measurement capability and a
photoresistor. By measuring the resistance of the photoresistor, the designed light
sensor could provide additional information (besides the tag RSSI change) about the
volume of material on a shelf. Moreover, this can be done using only a single UHF
RFID Gen 2 protocol.

Thesis Supervisor: Sanjay Sarma
Title: Professor of Mechanical Engineering
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Chapter 1

Introduction

Omnichannel retailing refers to a comprehensive approach that seamlessly integrates

multiple channels and touchpoints to provide customers with a unified and personal-

ized shopping experience. Smart shelves play a crucial role in omni-channel retailing

by leveraging advanced technology to provide real-time inventory tracking, personal-

ized product recommendations, and seamless integration with online platforms, en-

hancing the overall customer experience across multiple channels.

The two most common technologies used to implement smart shelves are computer

vision (CV) and radio frequency identification (RFID). CV offers effective automated

visual recognition and analysis of products, but it still has limitations in accurately

interpreting depth, handling challenging lighting conditions and occlusions, and dis-

tinguishing objects with similar shapes or appearances, impacting its overall perfor-

mance and reliability in practical applications. Moreover, the extensive deployment

of cameras in data collection substantially escalates the costs related to implementing

computer vision technology. Conversely, RFID presents a cost-effective solution for

supporting smart shelves, primarily emphasizing object interaction detection rather

than offering comprehensive item information encompassing precise positioning, ap-

proximate quantity, or material composition.

This thesis serves as an exemplification of a low-cost RFID sensing technology

that can be integrated with other shelf sensing technologies, aiming to enhance con-

text awareness, reduce data collection requirements, and minimize overall costs. The
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proposed RFID-based smart shelf awareness system focuses on three primary objec-

tives: "real-time merchandise tracking", "stock tracking" and "material classifica-

tion". These goals are accomplished through the implementation of localization and

sensing techniques within a unified RF protocol.

Regarding RFID localization, both range-based and range-free approaches have

been investigated. While range-based methods offer relatively precise location detec-

tion, they often suffer from high computational complexity. On the other hand, range-

free approaches, such as fingerprinting and Radio Tomographic Imaging (RTI), have

been developed. However, fingerprinting localization is susceptible to environmental

changes, requires extensive calibration, and exhibits limited scalability. Moreover,

RTI algorithms have not been widely utilized in small-scale applications, typically

confined to outdoor areas of approximately 50 square meters.

Although RFID sensing typically relies on independent RFID-based sensors to

provide information, it lacks the capability to simultaneously transmit data from other

RFID tags that are not specifically designated as sensors with the same protocol.

In addressing these limitations, this thesis proposes a range-free, non-fingerprinting,

UHF RFID-based system with RTI implementation for indoor smart shelf applica-

tions and small-scale environments. The obtained results are employed for location

estimation, stocks monitoring, material classification, and environmental sensing, all

under the Class 1 Gen 2 protocol.

The subsequent sections of this thesis will be organized as follows: Chapter 2

provides an introduction to the background and promising application fields of the

proposed system. Chapter 3 presents an overview of the existing research work on

RFID localization and sensing. Chapter 4 delves into the fundamental principles of

RFID and its relevance to the RF communication of the proposed system. Chap-

ter 5 details the methodologies and experimental design employed in this project.

Chapter 6 presents the measurement results obtained, and Chapter 7 encompasses

the concluding remarks and outlines future directions for research.
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Chapter 2

Promising application fields of the

proposed system

2.1 Omni-channel retailing

As the background of the thesis, omni-channel retailing refers to a business strategy

that aims to provide a seamless shopping experience to customers across multiple

channels, such as online, mobile, and physical stores (Figure 2-1). This means that

customers can shop and interact with the retailer through various channels, and expect

a consistent and personalized experience regardless of the channel they use [1, 2, 3, 4].

According to Mckinsey’s report in 2021, since the onset of the pandemic, over 33% of

the American population has incorporated omnichannel capabilities, such as online

purchases followed by in-store pickups, into their regular shopping practices. Fur-

thermore, nearly 66% of these individuals express intentions to sustain this behavior

in the future [5].

After customers have successfully identified the desired product for purchase, they

commonly proceed to the purchasing stage. At this point, customers have the flexi-

bility to make their purchases through various channels, such as a retailer’s website,

an online marketplace, or even a brick-and-mortar store.

One of the key drivers behind the development of omni-channel retailing is the

rise of mobile technology [6, 7]. With the widespread adoption of smartphones and
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Figure 2-1: Omni-channel retailing

tablets, customers now have access to a range of digital devices which are various

channels to interact with retailers. This has created new opportunities for retailers to

engage with customers and offer personalized shopping experiences. Another driving

factor is the increasing importance of customer experience in the retail industry.

Customers today expect a high level of convenience, choice, and personalization from

retailers. By providing a seamless omni-channel experience, retailers can meet these

expectations and build long-term customer loyalty.

Smart shelves, which are equipped with sensors and cameras or other technologies

that enable retailers to track inventory levels, analyze customer behavior, and deliver

personalized promotions in real-time is one of the key technologies enabling omni-

channel retailing.

2.2 Smart shelves

As the approach this thesis to add to omni-channel retailing, smart shelves allow

retailers to more effectively manage their inventory and improve their supply chain

efficiency. By providing real-time data on inventory levels, smart shelves enable re-

tailers to restock their products more quickly and accurately, reducing the likelihood

of out-of-stock situations. This is particularly important in the era of omni-channel
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retailing, where customers expect to be able to order products online and pick them

up in-store or have them delivered quickly to their homes. Smart shelves are also

able to increase supply chain efficiency, improve inventory management, and enhance

customer engagement and loyalty. As the retail industry continues to evolve and cus-

tomers become more demanding in their expectations, smart shelves will likely play an

increasingly important role in enabling retailers to deliver the seamless, personalized

shopping experience that customers expect.

As an example, Amazon Go is a revolutionary retail concept that leverages ad-

vanced computer vision and machine learning technologies to create a checkout-free

shopping experience. With Amazon Go, customers can walk into a store, pick up

items they want to purchase, and leave without having to go through a traditional

checkout process.

There are several technologies currently being used in the development of smart

shelves. Research works including RFID have been done to track inventory levels and

monitor customer behavior. Medeiros et al. [8] present an RFID-based low-cost smart

shelf for book identification at UHF. Hrebenciuc et al. [9] proposed an RFID low-cost

system for large setups of shelves. Joan Melià-Seguí and Rafael Pous implemented the

classification of human interaction on a real smart shelf according to RFID features

[10]. Another recent technology that has been used in smart shelves is computer

vision. This technology uses cameras and image processing algorithms to recognize

and track products in real time. This allows for accurate tracking of products without

the need for physical contact or manipulation of the products, which can be especially

useful in certain retail environments, such as those with fragile or perishable goods.

Approaches for product detection with computer vision are reviewed in this study

[11]. Shi et al. developed a smart library book sorting application with computer

vision and barcode identification algorithms [12].

However, computer vision does have limitations [13, 14]. One key limitation of

computer vision is its reliance on visual data. This means that it can struggle in

situations where there is low light or other factors that make it difficult to capture clear

images. Additionally, computer vision systems may struggle to accurately interpret
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depth information, which can limit their ability to perform certain tasks. Figure 2-2

shows one of the limitations that computer vision might have when applied to the

top of the shelf. The camera is the ZED 2 stereo camera from Stereolabs. Pasta

boxes have been divided into three piles, with the number of layers increasing from

one to three (corresponding to an increase in the total number of objects from 3 to 9),

there was no significant difference in their appearance from the camera’s perspective

(especially for the middle stack) Figure 2-3. Another limitation can be observed when

attempting material classification using a top-down camera view Figure 2-4.

Figure 2-2: Placement of Zed 2 camera above the tested area

The use of AIoT, or artificial intelligence over the Internet of Things, has become

an inevitable trend in the development of RFID technology. For instance, Li et al. [15]

proposes a novel hybrid system that integrates computer vision and RFID technology

to recover the relative motion paths of RFID tags attached to individuals, and then

establishes correlations between these paths and the physical motion paths of the

individuals, which are captured using a 3D depth camera. Hsiao et al. [16] propose

a new sensor deployment method for improving passive RFID localization accuracy.

Duan et al. [17] present a system that combines both technologies to achieve precise

localization and tracking of tagged objects .

Other artificial intelligence technologies are also being used to analyze the data

collected by smart shelves and provide retailers with insights into customer behavior
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Figure 2-3: Camera view when pasta boxes are stacked from 1 to 3
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Figure 2-4: Camera view when one metal can (right) and one glass can (left) are put
in the area

and preferences. Equipped with multiple sensors and cameras to track customer

behavior, smart shelves can provide real-time recommendations and promotions based

on a customer’s preferences and purchasing history [18, 19].

The purpose of this thesis is to use RFID technology to assist smart shelf systems

by providing context awareness. Three aspects (“real-time merchandise tracking”,

“stocks tracking” and “material classification”) are focused. These three applications

are not only practical but also provide more possibilities and feasibility for future

omni-channel strategies.

2.2.1 Real-time merchandise tracking

Real-time tracking of merchandise has become an important aspect of retail man-

agement. It enables monitoring of the location and movement of products in real

time. The purpose is to improve supply chain efficiency, prevent losses due to theft or

misplacement, and increase customer satisfaction by providing accurate information

about the availability of products.

Historically, real-time tracking in retail was accomplished using barcode scanning

and handheld devices [20]. Afterward, the use of RFID allows for the automated

tracking of products in real-time without the need for manual scanning. Initially,
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tags that can be read by RFID readers are attached to products, providing real time

information about their location and movement. However, this requires every single

item to be tagged, which can be a time-consuming and expensive process, especially

for large inventories. Additionally, the cost of RFID tags can add up quickly, further

increasing the expense of implementing a real-time tracking system.

2.2.2 Stocks tracking

While merchandise tracking refers to the process of monitoring individual products

from their arrival in the store until they are sold, stock tracking involves monitoring

the number of products available in stock. Both processes are essential for retailers to

ensure that they have sufficient inventory to meet customer demand and to minimize

the risk of overstocking or stock-outs.

Stock tracking helps retailers to optimize their inventory management by providing

real-time data on stock levels, which can help retailers or companies identify trends in

product sales, enabling them to adjust their product offerings or promotional strate-

gies accordingly. It also leads to an essential component of inventory management in

various industries, from retail to manufacturing- auto-restock. Auto-restock refers to

the process of automatically replenishing stock levels when they fall below a certain

threshold. By automating the restocking process, companies can reduce the time and

resources required to manually monitor and order inventory, and ensure that stock

levels are always maintained at optimal levels. One of the most common solutions

is the use of an inventory management system with automated replenishment capa-

bilities [21, 22]. With automated replenishment, the inventory management system

is integrated with the supplier’s system, and when inventory levels reach a certain

threshold, the system automatically generates a purchase order for replenishment.

This technology can reduce manual errors and ensure that stock levels are always

optimized.

On the hardware side, similar to merchandise tracking, barcodes, and RFID are

widely applied for auto-restock by tracking their movement in and out of the inventory

while they have similar limitations as mentioned in 2.2.1.

23



2.2.3 Material classification

Material classification refers to the process of categorizing products based on their

material properties, such as plastic, metal, or glass. It helps in supply chain manage-

ment, allowing businesses to track their inventory, monitor production, and improve

overall efficiency. Firstly, material classification helps retailers to reduce waste by

enabling them to better track and manage products that are close to or past their

expiration date. By categorizing products by material, retailers can quickly identify

which products are most likely to expire and take action to prevent waste, such as

discounting or donating the products before they expire.

Secondly, material classification enables retailers to implement sustainable prac-

tices. By tracking the number of items made from each material type, retailers can

identify which materials they are using most and prioritize sustainable alternatives.

For instance, if a retailer discovers that they use a significant number of plastic items,

they can consider switching to biodegradable materials such as paper or plant-based

plastics. This can further help retailers reduce their environmental impact and im-

prove their brand image.

Thirdly, material classification can improve the efficiency of the supply chain [23].

By identifying the material type of each item, retailers can streamline their sorting

and stocking processes. This efficiency can reduce the time and labor required for

inventory management, allowing retailers to allocate their resources more effectively.

In reality, products made of glass may require specialized handling and transportation

to prevent breakage, while products made of plastic may be more resilient and require

less care during transport.

Several technologies and applications have been developed to enable material

classification, including RFID, computer vision, and machine learning algorithms

[24, 25, 26]. A camera can capture images of products on a shelf, and machine

learning algorithms can be used to classify the products based on their shape, color,

and other visual properties.

The promising advantages of material classification in retailers are numerous. Ad-
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ditionally, by better understanding the types of products they carry and their cor-

responding material properties, retailers can create targeted marketing campaigns

and product displays that appeal to specific customer segments, further increasing

customer satisfaction and loyalty.
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Chapter 3

Existing related research work

In this section, the state-of-the-art of UHF RFID being applied to do localization and

sensing works are to be briefly introduced.

3.1 UHF RFID localization

While being used for localization, UHF RFID is able to provide location information

without requiring line-of-sight or direct physical contact with the tags. This makes

it suitable for applications where traditional localization technologies, such as Global

Positioning System (GPS), may not be feasible or effective, especially in indoor envi-

ronments or areas with obstructions.

Other localization technologies include infrared, ultrasonic, wireless local area

network (WLAN), Bluetooth, Ultra-Wide Band, ZigBee, etc. However, they are more

or less constrained by short range, high construction cost, limited energy consumption,

limited coverage area, poor real-time performance, or the need for line-of-sight (LOS)

[27].

In terms of the localization principle, current methods can be categorized into

two types: range-based and range-free. Range-based localization methods are widely

employed in traditional positioning applications. By analyzing as Received Sig-

nal Strength Indicator (RSSI), Time of Arrival (TOA), Time Difference of Arrival

(TDOA), or phase of the RFID signals, it is possible to estimate the location of the
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tagged objects based on geometric relationships [28, 29, 30, 31, 32]. Although range-

based localization methods have a simple principle, they suffer from drawbacks such

as low accuracy, extensive computational requirements, and sensitivity to complex

environmental conditions.

On the other hand, range-free methods rely on scene analysis, where environmental

parameters are quantified to create an information map specific to the localization sce-

nario. This approach can be classified further as fingerprinting and non-fingerprinting

methods. In fingerprinting, there are two phases: the online phase (Real-time phase)

and the offline phase (Training phase). In the offline phase, RSS regarding location

is measured and stored in a database, while in the online phase, the tested location

estimation is gained by comparing RSS measurements with the database. For non-

fingerprinting, an approach known as Radio Tomographic Imaging (RTI) [33] has been

studied, which utilizes RSSI information to create images of signal attenuation in the

environment. This approach holds promise for applications such as mobile human

positioning and through-wall localization and is the approach this thesis applies.

3.2 UHF RFID sensing

UHF RFID sensors provide high accuracy and reliability in data collection, enabling

precise and consistent measurements. They exhibit a wide sensing range and can

operate in harsh environments, making them suitable for various applications, as

[34, 35, 36, 37] presented.

Previous studies have focused on establishing a correlation between the analog

response of the tag and a sensor integrated into its antenna structure. This sensor

component can cause impedance mismatch at the antenna-chip interface, leading

to modifications in transmitted power. To directly process analog measurements

and digitally transmit the information to the reader, RFID tags are designed to be

equipped with built-in Analog-to-Digital converters [38]. This reduces the impact of

disturbance introduced by the wireless link between the reader and the tag. Being

compatible with EPC Gen 2, the tags could be integrated with other functions, to
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establish a complete sensing system [39].

This thesis has a part of battery-free environmental sensing, with EPC compat-

ible tags, to add values to the context awareness system. Furthermore, this work

also provides possibilities for a sensor platform that enables large-scale integration of

sensors and utilizes real-time data for decision-making and control.
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Chapter 4

Basics of RFID technology

In this thesis, UHF RFID serves as the foundation of the entire system. The tag’s

response, Received Signal Strength (RSS), is used for a series of calculations and

analyses to provide an estimation of the objects’ quantities, materials, and positions

on a smart shelf. The following sections will introduce the basic principles of RFID,

the generation of signals, and the communication process of the RFID system. For

explaining the sensing platform, the Class 1 Gen 2 protocol is also introduced.

4.1 History of RFID

Radio Frequency Identification (RFID) is a wireless technology that has been used in

various applications such as supply chain management, inventory control, and asset

tracking.

The concept of RFID dates back to World War II when British engineers used a

radar system to identify their own planes from the enemy planes, by changing attitude

and thus changing the signal backscattered to radar.

Later in the 1970s, works are aiming at electronic toll collection, animal and

vehicle tracking, and factory automation. RFID technology has then been extensively

deployed, finding widespread utilization in various domains.

Presently, numerous organizations worldwide, including prominent retail chains,

employ RFID tags for diverse purposes such as asset tracking, inventory management,
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and quality control procedures. Enabled by technological advancements, these tags

have the capability to monitor a wide range of items.

4.2 Types of RFID

There are three types of RFID tags: passive, active, and semi-passive. Tags could

also be differentiated by frequency range (low, high, and ultra-high)

Active tags, possess their own power source and transmitter enabling the tag to

broadcast its signal, tend to be significantly more costly and are typically reserved

for the tracking of exceptionally valuable assets, such as equipment within the con-

struction, automotive, or healthcare sectors.

Passive RFID tags do not have a built-in power source but instead rely on the

electromagnetic energy from the reader to power the tag and transmit data. Passive

RFID tags are smaller and less expensive than active tags, making them well-suited

for applications where cost and size are important factors. However, passive tags have

a shorter read range than active tags and are less reliable in environments with high

levels of interference.

Semi-passive RFID tags, also referred to as battery-assisted tags, are equipped

with an internal battery but differ from active RFID tags as they do not transmit pe-

riodic signals. Instead, the battery is solely utilized to activate the tag upon receiving

a signal, allowing the entirety of the reader’s energy to be reflected back.

4.3 Radio basics of UHF RFID

4.3.1 UHF RFID and its current applications

UHF RFID tags and readers commonly function within the frequency range of 860-960

MHz. Compared to low-frequency (LF) and high-frequency (HF) tags, UHF RFID

tags have a faster data transfer rate and offer significantly extended read ranges up

to 50 feet. Their ability to rapidly transfer data makes them particularly suitable

for applications necessitating simultaneous reading of multiple items, such as boxes
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of merchandise passing through a warehouse entrance. The use of UHF technology

spans many markets; including retail, healthcare, life science, pharmaceutical, anti-

counterfeiting, transportation, and manufacturing. Some of the common use cases of

UHF RFID are:

Logistics and Supply Chain Management:

One of the primary applications of UHF RFID is in logistics and supply chain

management. UHF RFID enables real-time tracking of inventory and assets, which

can help companies improve efficiency, reduce costs, and optimize their supply chain

operations.

Retail:

By using UHF RFID tags on products, retailers can track inventory levels in real

time, reducing the likelihood of stockouts and overstocks. UHF RFID can also help

retailers improve their omnichannel capabilities, by enabling them to track products

across different channels and locations.

Healthcare:

UHF RFID can be used to track patients and monitor their movements throughout

a healthcare facility, ensuring that they receive the appropriate care and treatment

[40]. UHF RFID can also be used to track medical equipment and supplies, reducing

the likelihood of loss or theft.

4.3.2 Radio Basics

Electromagnetic Waves

RFID technology uses electromagnetic waves to communicate between the reader

and the tag. According to Daniel Dobkin’s book, “The RF in RFID” [41], an antenna

is a device to produce currents and charges whose effects don’t cancel for a distant

observer. The emission of electromagnetic waves from a transmitting antenna induces

a voltage in a receiving antenna.
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Modulation

RFID technology uses modulation techniques to encode data on electromagnetic

waves. The reader sends a signal to the tag with a specific frequency, and the tag

responds by modulating the reflected signal with its own data. During modulation,

the carrier frequency is multiplied by a slowly varying signal, which is known as the

baseband information, thus spectrum becomes wider. RFID signals or symbols, are

digitally modulated to carry a binary “0” and “1”.

For instance, pulse-interval encoding (PIE) is a coding technique that involves

encoding the binary data before modulation. In PIE, a binary ’1’ is represented by

a brief power-off pulse following a prolonged full-power interval, while a binary ’0’ is

represented by a shorter full-power interval accompanied by the same power-off pulse

(Figure 4-1). The resulting encoded baseband signal is subsequently employed for

modulating the carrier signal.

Figure 4-1: Pulse-interval encoding

Backscatter Radio Links

RFID tags use backscatter radio links to communicate with the reader. To transmit

information to the reader, the RFID tag modulates the backscattered signal. Start

with transmit antenna current, if there is a load existing in receive antenna, a current

will be induced. The induced current can then generate radiated waves back. How-

ever, if the load in receive antenna is not enough for transferring induced voltage to

current, there will be no backscattered (Figure 4-2).

Methods to encode the signal from RFID tags are based on quantifying the number

of transitions in the tag’s state within a specific time frame. Alternatively, these
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Figure 4-2: Backscattered link

methods involve manipulating the frequency of the tag’s state transitions. Thus, all

tag codes utilized in RFID systems are variations of frequency-shift keying (FSK).

It is important to emphasize that the frequency referred to in this context does not

pertain to the radio carrier frequency, such as 900 MHz, but rather the tag’s baseband

frequency, typically around 100 or 200 kHz. For instance, a binary ’1’ could be

encoded by a tag to transition its state 100 times per millisecond, while a binary

’0’ might entail 50 state transitions per millisecond. This is also called subcarrier

modulation as the frequency being altered is the frequency at which a carrier wave is

modulated in amplitude.

Tags’ response signal

The reader evaluates the tag’s response and delivers the tag’s data alongside the

Received Signal Strength Indicator (RSSI). RSSI is a metric that quantifies the power

received from the reflected signal of an RFID tag when queried by a reader. It

essentially denotes the power level of the tag’s backscattered response signal in relation

to the power level of the reader’s initial transmission signal. RSSI values serve to
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provide a general assessment of the tag’s responsiveness within a read zone. When

comparing different tags, RSSI can offer valuable insights into their performance

within a similar environment. However, it is important to note that RSSI values do

not provide an accurate measure of the tag’s distance from the antenna in a passive

RFID system.

In addition to RSSI, the majority of RFID readers enable the measurement of both

the power and phase of the tag signal. By combining both phase and RSSI informa-

tion, some applications have been developed to do localizations or other tracking jobs

[42, 43].

RFID protocols

RFID protocols are the set of rules that govern how RFID tags and readers commu-

nicate with each other.

EPCglobal Generation 1 Class 0 (G1C0)

EPCglobal G1C0 laid the initial groundwork for the development of standardized

RFID protocols. The Class 0 classification initially referred to tags that were factory-

programmed as read-only. The use of Electronic Product Codes (EPC) with both

64-bit and 96-bit lengths was envisioned and has been commercially implemented.

Read symbols for Class0 are pulse-length-encoded and amplitude-shift-keyed, while

tag symbols are defined by the frequency of transitions of the tag between different

scattering states. Furthermore, the communication protocol between the tag and

reader is structured to occur in a bit-by-bit query-response format, as opposed to a

traditional packet transmission followed by a tag response. As a result, the integrated

circuit within the tag can be designed to decode the reader bit and determine its

response immediately after the gap, thereby facilitating modulation during the final

portion of the reader symbols.

As the Class 0 protocol documentation characterized Class 0 tags as being pre-

written at the factory, no mechanism for writing new data to the tags was established.

Despite this, the need to write EPC to tags frequently arises in practice. Conse-

quently, field-writeable tags were developed. Given that the standard document did
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not specify the memory organization or commands required for such tags, different

vendors resorted to disparate and incompatible approaches.

EPCglobal Generation 1 Class1 (G1C1):

Class 1 tags are considered passive tags, capable of backscattering a distinct ID

to a reader. This classification assumes that tags can be reprogrammed at least

once. Tags featuring EPC of both 64-bit and 96-bit lengths have been commercially

introduced. Vendors such as Alien Technologies have sold significant numbers of Class

1 tags.

ClG1’s reader symbol is also pulse-duration-encoded amplitude-shift-keyed, and

tag symbols are frequently-shift-keyed (the number of state transmissions is different

for binary ‘0’ and ‘1’). Tags are equipped with security measures and support LOCK

and KILL commands. The KILL command, which is shielded by an 8-bit password,

features a timeout period following a KILL attempt aimed at preventing dictionary

attacks on this vulnerable key. However, the timeout period is inadequate protection,

and Class 1 tags cannot be considered secure against KILL attacks. In contrast to

Class 0, the Class 1 protocol employs a reasonably traditional packetized half-duplex

protocol in which the reader forwards a complete command packet, and the tags

transmit a complete reply.

ISO 18000-6C (EPCglobal Class 1 Generation 2):

In 2004, EPCglobal introduced a new standard called Class 1 Generation 2 (Gen

2), which was later adopted as ISO 18000-6C. This standard aimed to address the

limitations of Gen 1 by providing a longer read range, faster data transfer rates, and

enhanced security features. Gen2 operates in the 860-960 MHz frequency range. It

also incorporates anti-collision features, allowing multiple tags to be read simultane-

ously, and provides support for encryption and authentication.

Compared to previous protocols, Gen2 has enhancements such as flexible tag data

rates, spectral control of reader and tag transmissions, variable-length commands for

inventory speed improvements, and explicit specification of memory maps.

Tag memory organization

Gen 2 tags have a memory with two obligatory banks and two optional memory
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banks. They are numbered in binary: Figure “00” is the Reserved bank which contains

the 32-bit KILL and ACCESS passwords;

“01” is the EPC bank which includes 32-bit Protocol Control word, EPC as well

as CRC16 for error checking;

“10” is the Tag ID bank which contains identifying information;

“11” is the User bank that is available for any application-specific data. It is

a rewritable memory area and is typically used to store information specific to the

application for which the tag is being used. The user memory bank can be accessed

and modified by authorized parties using RFID readers with appropriate permissions.

Reader and tag symbols

Reader symbols in Gen2 are amplitude-modulated and pulse-interval-encoded

(PIE). The binary ‘0’ in the PIE system is represented by a power-on interval followed

by an equally long power-off interval. The length of the binary ‘0’ symbol, referred to

as Tari, determines the total duration of the symbol. The pulsewidth PW is defined

as half of Tari. A binary ‘1’ symbol, with a total duration ranging from 1.5 to 2 Tari,

has the same pulsewidth as ‘0’ but an extended power-on interval. The standard Tari

values are 6.25, 12.5, and 25 microseconds, which correspond to symbol rates of 160,

80, and 40 kbps (Figure 4-3).

When multiple readers are operating in the same area, interference can occur,

leading to reduced read range or even failure to read the tag. To mitigate these

issues, different operating categories for RFID readers have been defined, each with

corresponding limitations on the transmitted spectral width. The first operation

involves a single interrogator and requires the reader transmission to comply with

the regulations set by the relevant authority. This category is suitable for situations

where only one reader is present in the area.

The second operation is intended for cases where multiple interrogators are present

in close proximity, and the number of readers is relatively small compared to the

number of channels available. In this category, the reader transmission is constrained

to minimize interference in adjacent or second-adjacent channels.

The third operation, known as Dense Interrogator operation, is designed to ensure
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Figure 4-3: Reader symbols

successful tag reading even when all available channels are being used by a reader

transmitter. In this category, the transmitted spectrum width is tightly controlled

to prevent interference between readers. This category is suitable for high-density

reader environments, such as in warehouse or distribution center settings.

For tag symbols, the default operating mode (FM0) and Miller-modulated sub-

carrier (MMS) encoding are defined in Gen2. In FM0, a binary “0” and “1” has the

same symbol time (denoted as Tpri), while “0” has an additional state transition in

the middle. In terms of implementation, FM0 signaling is straightforward and has a

bit rate of 1 per symbol time. However, its successful operation relies on the precise

detection of a single transition to differentiate between data bits. Additionally, the

signal spectrum of the tag is not optimal for preventing interference from co-channel

readers.

MMS is aiming to offer greater flexibility in balancing the tradeoff between noise

and data rate and managing the spectrum. In MMS, transition ways of binary “0” and

“1” are exchanged (baseband coding), and there is no state transition at the symbol

edges between consecutive 1s, or between a 1 and a 0. Then the baseband coding is
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subjected to multiplication using a square wave, which comprises M cycles in each

baseband symbol. As a consequence, the resulting signal exhibits a square wave-like

pattern and experiences periodic phase inversions. With a larger M number, more

cycles are needed to transmit one binary symbol. Thus, the rate of transmission

of data is reduced but the spectrum turns to be narrower. MMS enables improved

spectral efficiency and lower power consumption.

States and commands

Medium access control is followed by Q protocol or slotted Aloha variant, by which

a numerical parameter Q is contained in Query command. In Gen2, tags have multiple

states such as “Ready”, “Arbitrate”, ”Reply”, ”Acknowledged”, ”Open”, ”Secured” and

“Killed”, transitioning between each other according to Query command and the tag’s

response. There are commonly applied commands for users such as “Read”, “Write”,

“Lock” and “Kill”.

Read command can read from any memory area that is not locked against reading.

Parameters for read commands are:

• Memory Bank: specifies whether the Read command accesses Reserved, EPC,

TID, or User memory.

• Word Pointer: specifies the starting word address inside Memory Bank, where

words are 16 bits in length.

• WordCount: specifies the number of 16-bit words to be read.

• RN: handle of the tag to be read

• CRC16: error check on the command.

Writing syntax is very similar to that of Read, except that the WordCount is

replaced by the 16 bits of cover-coded data to be written.

Overall, Gen 2 represents a significant improvement over previous generations of

RFID technology and has been widely adopted in a range of applications. Gen 2 tags

also include memory that can be read and written to, allowing for additional data
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to be stored on the tag, such as production date, batch number, or other relevant

information.
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Chapter 5

Methodologies and experiment design

5.1 RTI mechanism

Introduction

Radio tomography imaging (RTI) [33] is a non-invasive remote sensing technique

that has gained significant attention in recent years due to its unique advantages,

such as its ability to operate in harsh environments, penetrate obstacles, and pro-

vide continuous, real-time monitoring. Moreover, with the advancements in wireless

communication technologies, the increasing availability of low-cost radio transceivers,

and the development of sophisticated signal processing techniques together with ma-

chine learning algorithms, RTI has become a practical and cost-effective solution for

imaging and monitoring objects or environments using radio frequency signals.

Fading

Fading is a phenomenon in radio frequency communication that results in the at-

tenuation (reduction of signal strength) or distortion of a transmitted signal as it

propagates wirelessly. This can lead to reduced signal strength, increased noise and

errors, degraded overall system performance or even short failure of communication.

Fading could occur due to a variety of factors, including the physical characteristics of

the wireless channel, interference from other RF sources, and environmental factors
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such as atmospheric conditions. In general, fading is caused by the fact that radio

waves travel through space and encounter obstacles and reflections that cause them

to scatter and interfere with each other.

There are two main types of fading: path loss and multipath fading. Path loss

occurs when a signal is attenuated as it travels through space due to distances, the

presence of obstacles, or atmospheric absorption. Multipath fading occurs when trans-

mitted signals encounter multiple reflectors in the environment during their propaga-

tion, resulting in constructive and destructive interference that can cause fluctuations

in the received signal strength.

RTI works by utilizing the attenuation and scattering effects of radio waves as they

propagate through a region of interest. As the signals propagate through the region,

they are attenuated by any objects present, causing fluctuations in the received signal

strength. By analyzing these fluctuations, RTI algorithms can reconstruct an image

of the object or objects within the region, which can also provide valuable insights

into the underlying physical properties of the medium.

The use of attenuation in RTI is particularly useful because it enables imaging of

objects that are otherwise difficult or impossible with other wireless techniques. For

example, RTI can be used to track people or objects behind walls or other obstacles,

making it useful for applications such as security and surveillance. However, it’s

important to note that attenuation can also present challenges for RTI, particularly

in environments with high levels of multipath (many reflective surfaces) or other

interference. In these cases, sophisticated algorithms and signal processing techniques

are needed to extract useful information from the attenuated signals.

Model of RTI

Within the linear model by Joey Wilson and Neal Patwari [33], for K nodes in the

RTI network Figure 5-1, 𝑀 = 𝐾2−𝐾
2

unique links (one node to another) exist. The

signal strength 𝑦𝑖 (𝑡) of a particular link i at time t can be expressed as:

𝑦𝑖 (𝑡) = 𝑃𝑖 − 𝐿𝑖 − 𝑆𝑖 (𝑡)− 𝐹𝑖 (𝑡)− 𝑣𝑖 (𝑡) (5.1)
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where:

• 𝑃𝑖: Transmitted power in decibels.

• 𝑆𝑖 (𝑡): Shadowing loss in decibels due to objects that attenuate the signal.

• 𝐹𝑖 (𝑡): Fading loss in decibels that occurs from constructive and destructive

interference of narrow-band signals in multipath environments.

• 𝐿𝑖: Static losses in decibels due to distance, antenna patterns, device inconsis-

tencies, etc.

• 𝑣𝑖 (𝑡): Measurement noise

Figure 5-1: Illustration of RTI network. Radio links are between wireless nodes and
weights could be distributed to each voxel in the tested region.

The shadowing loss 𝑆𝑖 (𝑡) can be estimated by summing up the attenuation that

happens in each voxel. A weighting factor is employed because the contribution of

each voxel to the attenuation of a specific link varies. Mathematically,

𝑆𝑖 (𝑡) =
𝑁∑︁
𝑗=1

𝑤𝑖𝑗𝑥𝑗(𝑡) (5.2)

𝑥𝑗(𝑡) is the attenuation occurring in voxel j at time t, and 𝑤𝑖𝑗 is the weighting of

pixel j for link i. If a link does not pass through a specific voxel, that voxel is excluded
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from consideration by assigning a weight of zero. It is worth mentioning that voxels

are in three-dimensional space where attenuations truly happen, while pixels are in

two-dimensional space where the image is generated. Thus, RTI provides a mapping

from three-dimensional to two-dimensional space, by imaging attenuations to each

pixel in the region.

By considering the difference of signal strength at two time points, and all static

losses can be cancelled after subtraction, the change in RSS could be expressed as:

∆𝑦𝑖 = 𝑦𝑖 (𝑡𝑏)− 𝑦𝑖 (𝑡𝑎) = 𝑆𝑖 (𝑡𝑏)− 𝑆𝑖 (𝑡𝑎) + 𝐹 𝑖 (𝑡𝑏)− 𝐹𝑖 (𝑡𝑎) + 𝑣𝑖 (𝑡𝑏)− 𝑣𝑖 (𝑡𝑎) (5.3)

With Eq. 5.3, this can also be expressed as:

∆𝑦𝑖 =
𝑁∑︁
𝑗=1

𝑤𝑖𝑗∆𝑥𝑗 + 𝑛𝑖 (5.4)

Where 𝑛𝑖 is the noise from fading and measurement noise 𝐹 𝑖 (𝑡𝑏) − 𝐹𝑖 (𝑡𝑎) +

𝑣𝑖 (𝑡𝑏) − 𝑣𝑖 (𝑡𝑎) and ∆𝑥𝑗 = 𝑥𝑗 (𝑡𝑏) − 𝑥𝑗 (𝑡𝑎) is the difference in attenuation at voxel 𝑗

from time 𝑡𝑎 to 𝑡𝑏.

In matrix form, the system (with 𝑀 links and 𝑁 voxels in total) can be interpreted

as:

∆𝑦 = 𝑊∆𝑥+ 𝑛 (5.5)

where:

∆𝑦 = [∆𝑦1,∆𝑦2, . . . ,∆𝑦𝑀 ]𝑇 (5.6)

∆𝑥 = [∆𝑥1,∆𝑥2, . . . ,∆𝑥𝑀 ]𝑇 (5.7)

𝑛 = [𝑛1, 𝑛2, . . . , 𝑛𝑀 ]𝑇 (5.8)

46



[𝑊 ]𝑖,𝑗 = 𝑤𝑖,𝑗 (5.9)

In summary, ∆𝑦 denotes the difference of RSS measurements in all links, n in-

terprets the noise for all links, and ∆𝑥 is the attenuation which is used to generate

maps, W is the weighting matrix of dimension M×N, for each row, weights for every

pixel of that particular link are included. All variables are measured in decibels (dB)

but in this thesis, signals are in decibels per milliwatt (dBm).

Figure 5-2: pRFID based RTI network where links are between antenna and RFID
transponders.

In 2012, Benjamin et al. [44] applied RTI in device-free user localization, using

passive RFID (pRFID) field communication, containing transmitters/transponders

and receivers/antennas Figure 5-2. Forward link from transponder and reverse link

from the transponder back to reader are defined, and multiple voxels are uniformly

segmented from a target region. A bistatic weighting model is also defined to differ-

entiate forward and backward links, since an object might generate different attenu-

ations regarding to power difference. This work is a new approach to do device-free
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indoor user localization with passive RFID.

5.2 Weight model

The weight matrix generally describes the influence from physical objects on paths’

signal strength. According to study by Patwari et al. [45], one method for determining

the weighting of each link in the network is to employ an ellipsoid with foci at the

locations of each node. Voxels that fall outside the ellipsoid are assigned a weight

of zero, while voxels that lie within the line of sight (LOS) path determined by the

ellipsoid are weighted inversely proportional to the square root of the link distance.

This weighting scheme takes into account the intuition that longer links provide less

information about the attenuation in voxels they traverse.

The weight model can be described mathematically as:

𝑤𝑖𝑗 =
1√
𝑑

⎧⎨⎩1, if 𝑑𝑖𝑗 (1) + 𝑑𝑖𝑗 (2) < 𝑑+ 𝜆

0, otherwise
(5.10)

Where d denotes the spatial separation between two specific nodes, 𝑑𝑖𝑗 (1) and

𝑑𝑖𝑗 (2) refer to the distances from the centroid of pixel j to the locations of the two

nodes associated with link 𝑖. Meanwhile, the parameter 𝜆 is a modifiable factor that

characterizes the extent of the ellipse’s width 5-3.

Figure 5-3: Illustration of weighting model
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5.3 Regularization for ill-posed problems

The linear equation 𝑦 = 𝑊𝑥 + 𝑛 represents a fundamental model for characterizing

the relationship between an input signal 𝑥 and an output signal 𝑦. The equation

takes the form of a linear mapping between the input signal and the output signal,

where W represents a matrix of coefficients that define the linear transformation and

n represents additive noise that corrupts the output signal. This model is commonly

used in applications such as data transmission, image processing, and audio process-

ing, where the goal is to recover the original input signal from a noisy or distorted

version of the signal. By estimating the values of the matrix W and the noise n, it is

possible to develop effective algorithms for signal recovery and denoising, making the

𝑦 = 𝑊𝑥+ 𝑛 equation a powerful tool in the field of signal processing.

RTI has the form as well, in which y is the measured data and x is the desired

attenuation matrix. One common solution is the least-squared-error method. Math-

ematically,

𝑥𝐿𝑆 = argmin
𝑥

‖𝑊𝑥− 𝑦‖22 (5.11)

The least-squares solution is a widely used method in statistical analysis and

optimization for finding the best-fit parameters of a model that minimizes the sum of

the squares of the residuals between the predicted values of the model and the actual

observed values. The method is based on the principle of minimizing the sum of the

squared residuals, which is equivalent to finding the maximum likelihood estimate

of the parameters in a linear regression model. The least-squares solution can be

applied to a wide range of problems, including curve fitting, regression analysis, and

time series analysis, and is known for its simplicity and efficiency.

Letting the gradient of Eq. 5.11 to be zero, least square solution can be obtained:
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𝜕(argmin
𝑥

‖𝑊𝑥− 𝑦‖22)/𝜕𝑥

=
𝜕[(𝑊𝑥− 𝑦)𝑇 (𝑊𝑥− 𝑦)]

𝜕𝑥

=
𝜕(𝑥𝑇𝑊 𝑇𝑊𝑥− 𝑦𝑇𝑊𝑥− 𝑥𝑇𝑊 𝑇𝑦 + 𝑦𝑇𝑦)

𝜕𝑥

= 2𝑊 𝑇𝑊𝑥− 2𝑊 𝑇𝑦

(5.12)

𝑥𝐿𝑆 = (𝑊 𝑇𝑊 )
−1
𝑊 𝑇𝑦 (5.13)

However, this solution is only valid when W is full-rank and is not suitable for

ill-posed inverse problem, which is commonly the case RTI belongs to.

Ill-posed problem is firstly mentioned by Jacques Hadamard, saying that a problem

is well-posed, if:

• it is solvable

• its solution is unique

• its solution depends continuously on system parameters, otherwise it is an ill-

posed problem. The solution to an ill-posed problem is not unique or stable with

respect to small perturbations in the data. The key to solve these problems is

to find a stable and reliable solution with robustness to errors and noise in the

data.

A powerful tool for the analysis of the least squares problem is the singular value

decomposition (SVD). By doing SVD decomposition of weight matrix:

𝑊𝑚𝑥𝑛 = 𝑈Σ𝑉 𝑇 (5.14)

where 𝑈𝑚×𝑚 and 𝑉 𝑛×𝑛 are orthogonal matrices and Σ𝑚×𝑛 is a rectangular diagonal

matrix with non-negative real numbers on the diagonal. The columns of U and the

columns of V are called left-singular vectors 𝑢1, 𝑢2, . . . , 𝑢𝑚 and right-singular vectors

𝑣1, 𝑣2, . . . , 𝑣𝑛 of 𝑊 , respectively. The sorted diagonal entries of 𝜎𝑖 are uniquely
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determined by 𝑊 and are known as the singular values of 𝑊 , and the number of

non-zero singular values is equal to the rank 𝑟 of 𝑊 .

The singular value decomposition can be written as:

𝑊 =
𝑟∑︁

𝑖=1

𝜎𝑖𝑢𝑖𝑣
𝑇
𝑖 (5.15)

𝑥𝐿𝑆 = 𝑉 Σ−1𝑈𝑇𝑦 =
𝑁∑︁
𝑖=1

1

𝜎𝑖

𝑢𝑇
𝑖 𝑦 𝑣𝑖 (5.16)

From the above expression, the solution could be out-bounded with small singular

values of 𝑊 . In practice of RTI, small singular values in weight matrix 𝑊 lead to

unstable results. For example, for a pixel arrangement of 5 × 10 in horizontal and

vertical directions and 50 cm distance between antennas and tested area (refer to the

later test setup chapter), the largest singular value of weight matrix is 1.55 while the

last three smallest singular values are with order of magnitude of 10−16 and 10−17.

As one of the common solutions to deal with ill-posed question, the method in-

volves adding a regularization term to the object function with a regularization hy-

perparameter 𝛼:

𝑓(𝑥) =
1

2
‖𝑊𝑋 − 𝑌 ‖2 + 𝛼‖𝑄𝑥‖2 (5.17)

By adding this term, the model is encouraged to find a balance between fitting

the measured data and producing a smooth and more generalized image. The regu-

larization term is typically in the form of the L2 norm of the image gradient, which

effectively smooths the image and reduces noise. By taking derivative of Eq. 5.17,

the solution could be calculated as

𝑥𝐿𝑆 = (𝑊 𝑇𝑊 + 𝛼 𝑄𝑇𝑄 )
−1
𝑊 𝑇𝑦 (5.18)

𝑄 is a matrix usually as a difference matrix evaluating the derivative operator

[46]. For 2D plots, both derivatives in horizontal and vertical directions, 𝐷𝑥 and 𝐷𝑦,

are applied, leading to
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𝑥𝐿𝑆 = [𝑊 𝑇𝑊 + 𝛼(𝐷𝑇
𝑥𝐷𝑥 +𝐷𝑇

𝑦 𝐷𝑦)]
−1𝑊 𝑇𝑦 (5.19)

Elements in 𝐷𝑥 and 𝐷𝑦 could be calculated by exponential spatial decay [47, 48]:

𝐶𝑚,𝑛 = 𝑒‖𝑝𝑚−𝑝𝑛‖/𝛿 (5.20)

where 𝛿 is the correlation distance between pixel m and pixel n.

Truncated Singular Value Decomposition (TSVD) is another popular method used

in data analysis and signal processing for dimensionality reduction and noise reduc-

tion. Based on SVD, TSVD involves only a subset of the largest singular values and

their associated singular vectors, and discards the rest. This results in a low-rank

matrix which is a compressed representation of the original matrix. TSVD is able to

capture compressed representation of the received signal and thus has been shown to

improve the accuracy of RTI image reconstruction by reducing noise and improving

resolution. This method has pros as a computationally efficient solution to large-

scale data problems. However, the main drawback of TSVD is that it requires a

prior knowledge of the number of singular values and the noise level in the received

signal, which can be a challenging task practically. Additionally, the truncation of

singular values may lead to loss of information, which may affect the performance of

downstream analysis. In this thesis, TSVD is not applied but might be explored in

the future to get a comparison with Tikhonov Regularization method.

5.4 Test setup

Tests are done in an indoor room with experiment tables, digital displays, laboratory

sink and electronic equipment such as DC supply, oscilloscope, digital multimeters,

etc. The shelf is made up of plastic, and is placed in the central area of the room

Figure 5-4.

The shelf region is a rectangular region with length of 60 cm and width of 32

cm. Three and six SMARTRAC Frog 3D RFID tags (18 tags in total) are attached
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Figure 5-4: Test setting environment
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to short and long sides, respectively. Four RFMAX S9028PCR antennas are placed

around the shelf region, with a perpendicular distance of 50 cm to the shelf Figure

5-5. All RF signals are read through an Impinj Speedway R420 reader.

Figure 5-5: Placement of antennas and UHF RFID tags

5.5 Design problems

Studies have been done towards the numbers and placement of antennas. [44] Link

density is defined as the total number of direct links (antennas to tags) in a single

pixel. To get more intuitive thinking about relationship between RF paths and the

particular pixel, we could use water reservoirs as an example Figure 5-6. Every link

passed the pixel can be imagined as one water valve, whereas the weight corresponding

to that link can be considered as open position of valve. The total volume of water

in the reservoir is weighted sum of all sources. The larger link density of a pixel is,

the easier for signal changes affect its attenuation. It is assumed that the probability

of the object being placed in any given pixel is equal. Thus, in the design process,

we strive for a uniform link density across the shelf, for detecting each possibility to
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the maximum extent.

Figure 5-6: Each pixel could be thought as a water reservoir. Every link passing by
could add a water valve to it, by which the open position of valve is controlled by
weight assigned to that particular pixel.

With only two antennas, if they are placed in the diagonal direction facing each

other, signals from all tags can be captured and added to heat map. However, links

from antennas to tags might not be dense enough to cover the full region, thus pre-

cision and sensitivity of heat maps will be impacted. For the purpose of generating

denser RF links, four antennas are applied to the experiments. The four antennas

can be facing towards sidewalls (Setting 1) or diagonals (Setting 2) of the testing

region Figure 5-7. The key consideration is to gain the largest transmission energy

but not fall into short range region where the distance between the source and the

observation point is small compared to the wavelength of the wave and wavefronts

are curved. That is,

𝑅 >
2𝐷2

𝜆
(5.21)

where R is the distance, D is the maximum linear dimension of an antenna, 𝜆 is

wavelength. To make sure no tag response is missing, a minimum distance of 50cm

is quarantined between any antenna and its nearest tag. For each setting, all direct

links are drawn and link density for every pixel is evaluated. For the rest of the part,

setting 1 is chosen to collect data.
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Figure 5-7: Two different placements of antennas
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5.6 Measurement signal

Each measurement is made up of all four antennas reading 18 tags in the frequency

range of 902.75 MHz - 925.25 MHz. All tests are done in Dual Target search mode,

session 0 and maximum reader power and sensitivity. For measuring time of 1 min,

around 3000 data points (Figure 5-8) can be measured for each antenna reading a

single tag, spreading among frequency range. As a result, each frequency channel’s

RSSI value is the average value of all datapoints corresponding to that channel.

Figure 5-8: RSSI vs. frequency in 902.75 – 927.25 MHz of one antenna reading one
tag

Since the RTI method takes advantage of “difference” in each RF link before and

after an object’s presence, there is always a calibration stage. In the experiment,

RSSI values for all links are measured and stored when the shelf is empty (Stage

0). Then RSSI is measured after objects are placed on shelf (Stage 1) and difference

values ∆𝑅𝑆𝑆𝐼 between two stages are obtained. For every measurement, Stage 0 is

measured once and used repeatedly, while in frequently-changing situation, recalibra-

tion is essential. Due to the construction and destruction interference effect, ∆RSSI

could have positive and negative values among different frequency channels, so the

absolute value of the difference is taken, which is the original input data for further

computation.
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5.7 Parameter optimization

There are multiple parameters in the RTI model.

- Correlation distance 𝛿

In real life, direct RF link could have multi-path effect and the environment is

full of reflections. This means that an object lay in one direct path might also bring

attenuations to neighboring paths. In the expression of covariance matrix C, each

element is defined as the covariance between two pixels using an exponential spatial

decay, in which 𝛿 describes how significant are those effects.

- Width of weighting ellipse 𝜆

In the weight matrix, whether a pixel has a weight to a particular link is deter-

mined by whether the corresponding voxel falls into the RF link region. 𝜆 is the

parameter describing the range of the ellipse region.

- Number of channels taken into consideration n

Since the measurements are done with dynamic activities going on, environment

changing might influence signal differences between two phases. However, those

changes might be small compared to those caused by object’s existence. Some portion

of channel data could be chosen to represent input data, with the aim to eliminating

the influence of environmental factors. For the results shown, data from all channels

are taken into account, this is due to the relative stable environment for most of the

experiments.

- Regularization parameter 𝛼

Within Tikhonov Regularization, a parameter 𝛼 is to tune the effect of regular-

ization.

To gain the range of each parameter, a prior test with two known positions has

been down (Figure 5-9).

With the prior knowledge of two positions, accuracy can be calculated by averaging

the Euclidean distances between real and estimated pixel center of position 1 and 2.

Studies have been done on influences on localization accuracy when one parameter is

altering and others are fixed.
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Figure 5-9: Two prior positions for parameter optimization

Parameter Value
𝛿 3
𝜆 3
𝛼 0.1
n 50

Table 5.1: The parameters to obtain the maximum accuracy of the two tested posi-
tions

The parameters to obtain the maximum accuracy of the two tested positions are

summarized below (Table 5.1):
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Chapter 6

Results

6.1 Location estimation without fingerprinting

Three positions are designed to be detected, which are on the upper left corner, middle

right and bottom of shelf area Figure 6-1.

Figure 6-1: Illustration of three pre-defined positions

Measurements for each position are taken with four different objects (paper roll,

olive oil bottle filled with oil, empty glass jar, empty plastic water bottle) Figure

6-2. Figure 6-3 shows that the real testing cases for three tested positions and Figure

6-4 shows position estimation results. The actual positions of the objects can be

represented on heat maps as (1,1), (5,2), and (3,3) in the form of (horizontal position,

vertical position).

Due to RF links effects caused by environments, such as multi-path and interfer-

ence effects, the signal can be corrupted with noise and accuracy of the image will be
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Figure 6-2: Objects whose location to be estimated

Figure 6-3: Real testing cases for three positions (left: 1, right: 2, bottom: 3 in Figure
6-1)
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Figure 6-4: Position estimation of four different objects at three positions
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Figure 6-5: Attenuation values in each heat map of Figure 6-4
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affected. Thus, when the predicted position deviates by one pixel length (in the hori-

zontal direction) or width (in the vertical direction) from the actual position, we still

consider the prediction accurate. The results indicate that in the horizontal direction,

this system can predict the object’s position relatively accurately, yielding consistent

results for different test subjects. Only 1 out of 12 estimation is mis-estimated, leading

to an accuracy of 91.7%. However, in the vertical direction, although the predicted

results consistently fall within the defined range of correct predictions (achieving ac-

curacy rates as high as 91.7% as well), they tend to exhibit relative instability across

different test cases. That is, the system could tell whether the object is in the left,

right or the middle part of the shelf, but could not achieve a satisfying precision

and stability on up, down or middle differentiation. This is mainly because that the

overall width of testing region is 32 cm, which raises serious challenges for RF link-

based methods, with limitation of radio wavelengths. There are also only three tags

on the sides, resulting in less data collected during each measurement. Besides, the

objects’ sizes are large compared to voxels’ size, direct radio link might go through

multiple voxels with the same x coordinator but neighboring y coordinator. Thus,

when attenuations happen, they could be projected to multiple pixels and increase

the likelihood of mis-estimation.

6.2 Stocks monitor and auto-stock reminder

With the heatmap generated from position-estimation, some assistive information

could be drawn by extracting characteristics.

With the same settings for generating heat map, by comparing the largest atten-

uation number in the map (where the location estimation is referred to), different

stocks could be distinguished. As objects are layered from one to three stacks, the

chance of interfering with RF links get increased. However, this also depends on the

thickness and size of the objects Figure 6-6, material used in packages and themselves.

If the object is too thin, RF links could pass through relative easily and the difference

between one and two stacks are not distinct. If the object is too thick, when objects
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are stacked into three, the total height is over the height of communication region

between antennas and tags, so differences between 2 to 3 stacks could not be detected

effectively.

Figure 6-6: Height refence of tested objects, whose length varies from 8cm to 20cm

Below shows heat map when objects with different thickness from 1 to 3 stacks

(Figure 6-7, 6-8, 6-9, 6-10, 6-11). Considering objects’ thicknesses and sizes, only 1

(milkshake), 2 (animal crackers), 5 (sweetener), 6 (domino’s sugar), 7 (pasta box) are

measured.

Attenuation for five different objects from 1 to 3 stacks are shown in Figure 6-12.

The overall maximum attenuation values have a tendency to increase with number of

stacks, which is mostly consistent between all test cases. The relative relationships

among attenuation values across different objects serve as indicators of their respective

capacities to attenuate RF links. For instance, sugar bags, due to their large size, tend

to cause interference with a substantial number of RF links within their proximity.

Milk shakes, on the other hand, possess a metal coating within their packaging and

contain water, which renders them highly reflective and contributes to their elevated

attenuation levels. In contrast, sweeteners and animal crackers exhibit relatively

lower attenuation values, primarily attributable to their lack of water content, absence

of metal films or other reflective elements, and internal voids. Consequently, these

objects behave akin to empty paper shields, resulting in their lower appearance within

the provided illustration.

Besides differentiating stacks of object, the overall load on the shelf is also an

interesting topic. By summing all attenuation values up, total number of objects on
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Figure 6-7: Heat map for five different types of objects from 1 to 3 stacks (Animal
cracker)

Figure 6-8: Heat map for five different types of objects from 1 to 3 stacks (Milkshake)
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Figure 6-9: Heat map for five different types of objects from 1 to 3 stacks (Pasta)

Figure 6-10: Heat map for five different types of objects from 1 to 3 stacks (Sugar)
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Figure 6-11: Heat map for five different types of objects from 1 to 3 stacks (Sweetener)

Figure 6-12: Attenuation for five types of objects from 1 to 3 stacks
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the shelf could be estimated. Figure 6-13 shows that through the total number of

objects increasing from three to nine, the summation also shows an increasing trend.

Although it is hard to achieve a monolithic line, this trend could help to generate

a qualitative estimation of the overall load on the shelf. Within experiments, three

piles are defined and objects are placed from one per pile (3 objects in total) to 3 per

pile (9 objects in total) Figure 6-14. Every possible combination to place objects have

been measured, and the sum of attenuation is the average value of each combination.

Figure 6-13: Relationship between sum of attenuations and total number of objects
on shelf

Figure 6-14: Different numbers of objects being placed on shelf
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% Position 1 Position 2 Position 3
Plastic 100 100 66.7
Glass 100 100 100
Metal 100 100 100

Table 6.1: Location estimations for plastic, glass and metal tested in three locations

6.3 Material classification by tag RSSI attenuation

Three types of material (metal, plastic and glass) are measured, each class has three

tested objects (Object 1 to 3 from left to right) with similar diameters and sizes Figure

6-15. For each measurement, a specific object with certain material type is placed on

one of the three locations, RSSI is recorded for three minutes. Before making material

classifications, Figure 6-16, Figure 6-17, Figure 6-18 show the position estimation

results for three materials on three positions.

Figure 6-15: Test sets from plastic, glass and metal class

Similar with the first section of the results chapter, estimation results perform

more precise and stable in the horizontal direction. By only considering the horizontal

estimation, an accuracy matrix of each material is shown in Table 6.1. The overall

averaged accuracy is 96.3%. Position estimation of metal objects in position 3 has

a shift to the right compared with true position, which probably due to the third

position causing more side-effects such as multi-path or fading in the test environment

at that time. However, that results remain consistent among three materials and still

fall into the range of correct estimation.

Materials are differentiated in dielectric values, which lead to higher or lower

attenuations of the same radio path.

Followed by measurements among metal, glass and plastic objects in the previous
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Figure 6-16: Attenuation of three materials (three objects for each material) at posi-
tion 1
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Figure 6-17: Attenuation of three materials (three objects for each material) at posi-
tion 2
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Figure 6-18: Attenuation of three materials (three objects for each material) at posi-
tion 3
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Averaged max attenuation Position 1 Position 2 Position 3
Plastic 139 180 671.7
Glass 939.1 529 1023
Metal 2244 1061 2368

Table 6.2: Averaged maximum attenuation value for plastic, glass and metal tested
in three locations

part, we could make use of attenuation value to get a sense of material composition

of the tested object 6-19. Table 6.2 concludes the average attenuation value of the

darkest pixel from three-position measurements. When objects are placed in the same

position, objects made of the same material result in similar levels of attenuation,

while different materials cause significant differences. In the three-location tests,

plastic exhibits the lowest attenuation value, while metal generates higher levels of

attenuation. This aligns with the dielectric constant and reflective capabilities of

metal. Therefore, RF signals can be effectively utilized for material classification.

Figure 6-19: By averaging all maximum attenuation values of measurements of one
type of material, classifications could be done according to relative relationship be-
tween materials.

This is an approach which has small calculation complexity and small commands

for memory. However, since it is dependent on relative relationship between materials,

it is easily affected by the environment and calibration process is required frequently.

In the future, more efforts will be made to eliminate the influence of environmental
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factors.

6.4 Battery-free environmental sensors

Battery-free RFID sensors, with the advantages of small, lightweight, and cost-

effective, can be used to monitor various environmental parameters such as temper-

ature, humidity, pressure, and light. In addition, using RFID technology as environ-

mental sensors is able to operate in real-time. This means that data can be collected

and transmitted to a central database immediately, allowing for timely response to

environmental changes or anomalies.

Developed by Farsens (which has been bought by Rich RFID in Shenzhen, China),

the ROCKY100 chip has gained widespread attention for its unique capabilities and

potential applications in various industries. As a passive, battery-less RFID chip, the

Rocky 100 offers an efficient and cost-effective solution for wireless data collection

and transmission.

The ROCKY100 chip is an EPC Class-1 Generation-2 (C1G2) RFID tag inte-

grated circuit (IC) that adheres to the ISO/IEC 18000-6 Type C standard. This chip

offers advanced capabilities, such as sensor measurements and actuator control via

SPI communication. It also has a configurable regulated output voltage from LDO

regulator and configurable GPIOs to communicate with external devices, triggering

operations and retrieving data prior to back-scattering the obtained answer to the

reader. The ROCKY100 chip operates a fully passive mode, where it harvests energy

from RF bean from the reader. However, it could also work in the Battery Assisted

Passive (BAP) mode where an external power source is applied to achieve a better

performance.

Serial Peripheral Interface (SPI) communication (Figure 6-20) is a widely used

synchronous communication protocol that enables data exchange between microcon-

trollers, sensors, and other peripheral devices in embedded systems. In SPI commu-

nication, data is transmitted in a master-slave configuration, where one device acts

as the master, controlling the communication, and one or more devices function as
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slaves, responding to the master’s commands. The master device initiates commu-

nication by generating a clock signal and transmitting data bits in a serial format,

while the slave devices receive and respond to the data.

As a SPI master device, ROCKY100 could communicate with slave device with

four wires:

• CS: Chip Select signal to enable the slave device, driven by the SPI master.

• SCK: Serial Clock, driven by the SPI master.

• MOSI: Master Output Slave Input data port, driven by the SPI master.

• MISO: Master Input Slave Output data port, driven by the SPI slave.

Figure 6-20: SPI protocol

To initiate the communication, read command in RFID protocol is needed by

specifying Memory Bank, Word Pointer and Word Count.

In ROCKY100’s memory, the SPI bridge is corresponded to any memory address

starting from CURRENT_SBA (SPI Base Address) in the User memory bank. By

default, CURRENT_SBA is 0x06 and the data stored in 0x06 is 0x100 (This could

be altered by Write into address 0x06 the new data through C1G2. That is to say,

by reading from the address 0x100 of the User bank, ROCKY100 could start a SPI

communication as Master and could get response from Slave as the content of some

specific memory addresses.

On the hardware side, to build up a sensing platform, ROCKY100 is usually

connected with a micro-controller (MCU) via SPI wires (mentioned above), which
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is controlling one or multiple sensors Figure 6-21. Farsens developed several RFID

wireless battery free sensors with ROCKY100. For example, the RMETER-RM tag,

which is a battery-less resistance sensor, consists of a ROCKY100 IC for energy

harvesting and wireless communication, a micro-controller with integrated ADC (12

bits) and signal conditioning circuitry for measuring resistive sensors.

Figure 6-21: Communication within RFID sensor

Two approaches are applied to read from a RFID tag’s memory. The first one

is through the Impinj’s demo software ItemTest [49] (Figure 6-22) that can be used

with all Impinj RFID readers. In ItemTest, after entering the memory of this chip

(by acknowledging its specific EPC), user could read certain words in certain memory

bank and address (Figure 6-23).

Figure 6-22: In Impinj software, user could read contents from a tag’s memory after
specifying EPC of the tag.
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Figure 6-23: Example of reading 4 words start from address 256 from User bank

The second approach to read from tag’s memory is using Octane SDK which is a

development library that support 𝐶# and Java applications for Impinj RAIN RFID

readers and gateways.

By specifying the memory bank, word count and word offset to “User”, “4” and

“256” (decimal of 0x100), data acquired by sensors could be obtained (Figure 6-24).

Note that reading results are encoded in single precision floating point format (Little

Endian). According to tag’s design, two QOS bits which indicated the validity of

sensor data will be embedded in reading results (Figure 6-25).

Figure 6-24: Example of a valid resistance measurement data with ItemTest

With the resistance sensor, a new approach is raised to monitor the overall load

situation on shelf together with a photoresistor, by monitoring the light intensity

which would alter with the total number of objects on the shelf.
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Figure 6-25: QOS bits could indicate the validity of sensor data.

A photoresistor is a passive electronic component that exhibits a reduction in re-

sistance proportional to the intensity of incident light on its sensitive surface. The

behavior of a photoresistor is characterized by a decrease in resistance as the inci-

dent light intensity increases. When the incident light surpasses a specific frequency

threshold, photons absorbed by the semiconductor material provide sufficient energy

for bound electrons to transition into the conduction band. As a result, free electrons,

along with their corresponding holes, facilitate the conduction of electricity, leading

to a decrease in resistance. It is important to note that the resistance range and

sensitivity of a photoresistor can vary significantly across different devices. Addition-

ally, unique photoresistors may exhibit diverse responses to photons within specific

wavelength ranges.

In the proposed sensing system, the Rocky100 based resistance sensor is connected

to a photoresistor with 2-5 kohm Figure 6-26 and these elements are put in the

backside of the shelf. The shelf is placed against the wall, which controls lighting

on the shelf surface to only come from the front and both sides Figure 6-27. Firstly,

the system is tested in different environment lighting, such as with light on/off, w/o

flashlight of cellphone shining directly from near or far distance. Since the resistance

sensor is compatible with commercial UHF RFID readers (through C1G2), lighting

situation could be detected by reading operations with Impinj R420 reader. Results

shows that it could manage to differentiate among environment lighting Figure 6-28.

Regarding to the shelf region, while putting more and more stuffs on the shelf

Figure 6-29, more shadows are predicted to be generated and decrease the overall

light on the photoresistor. This leads to its resistance changing. Figure 6-30 shows

the resistance when one to three stacks of boxes are placed in front of light sensor.
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Figure 6-26: Rocky100 connected to a photoresistor

Figure 6-27: Placement of light sensor and direction of light
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Figure 6-28: Resistance of photoresistor under different lighting. Small flashlight
means taking the flashlight of cellphone away at around 50 cm and shine at the
photoresistor. Big flashlight means that it shines from close up at the sensor.

There is an obvious jump between one and two stacks, which is mainly caused by

direct shadow on photoresistor after one layer is added to two layers. It is worthy

to note that despite one layer doesn’t generate shadow on photoresistor, it will still

absorb, reflect or scatter some light from the light source, which will also increase

resistance of photoresistor. This shows that this light sensor is sensitive enough to

detect lighting changes which are not detectable by observing shadow positions.

For further explore the light sensor, Figure 6-31 shows the change of photoresistor

resistance when various number of objects are put on the shelf. There are three piles

of objects on the shelf, with a total number of objects ranging from 3 to 9. For each

specific total number of objects, three combinations were measured, and the final

resistance value was obtained by taking the measured values of resistance for these

three combinations. When determining the combinations, for a total of 4-6 objects,

the highest pile does not exceed two objects; for a total of 7-9 objects, the highest

pile has three objects. This is because in real-life shelf arrangements, each type of

goods has a fixed display area, and we assume that the salesperson prefers to place
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Figure 6-29: Situation when two stacks of boxes are placed in front of the photoresistor

Figure 6-30: Resistance of photoresistor when one to three stacks of boxes are placed
in the front
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the goods evenly rather than have one pile be significantly taller or shorter than the

others. For example, for total number of 5, combinations could be (1,2,2), (2,1,2) and

(2,2,1) from left to right. Figure 6-32 shows examples of different compositions with

total number of 6 objects.

From Figure 6-31, it can be observed that although the number of objects in

the middle pile (which has the greatest impact on the resistance value) varies, the

overall resistance value still increases as the total number of objects increases. This

is because that the total number has a relationship with stack number of the middle

pile. Additionally, the influence of the adjacent piles on the light transmission also

plays a role. Based on the data from the average of the three combinations, the final

resistance value can provide an qualitative estimation of the overall inventory and the

highest layer of objects on the shelf. In future work, with multiple light sensors in

the back, more quantitative data can be obtained.

Figure 6-31: Resistance vs. total number of objects. Numbers could also indicate the
maximum layer on the shelf.

84



Figure 6-32: Three tested combinations for total number of 6 objects
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Chapter 7

Conclusions and future work

7.1 Conclusion

In this thesis, a smart shelf with context awareness is built using passive UHF RFID

and the RTI algorithm. First, a non-fingerprinting method was employed to estimate

the positions of objects on the shelf. Experiments were conducted with four different

objects at three locations. Estimation accuracy in both horizontal and vertical direc-

tion reach 96.3% while horizontal estimation is with larger stability and precision.

Furthermore, by summing all the attenuation numbers on the heat map, the num-

ber of layers at which an object is placed on the shelf can be determined. Five different

products were tested, and as the number of layers increased from one to three, this

value showed a monotonically increasing trend.

Testings were also performed on three materials (metal, glass, plastic) from the

same three positions. The mean location estimation accuracy for all test cases is

96.3%. After generating a heat map, the type of material can also be detected by

examining the maximum attenuation value. Objects from the same material class

exhibit similar attenuation values, while there is a significant difference between dif-

ferent materials. This characteristic can be utilized for material classification.

Lastly, battery-free environmental sensors are designed to be integrated by adding

an RFID tag capable of resistance measurement and a photoresistor. Assuming there

are three piles of objects on the shelf, the total number of objects on the shelf and
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the highest number of layers can be estimated by measuring the resistance of the

photoresistor.

7.2 Future work

In order to further substantiate the conclusions presented in this study regarding the

various trends discussed, including position detection, material identification, and

stack analysis, it is advisable to conduct additional experiments. For instance, mod-

ifying the testing environment to vary its level of reflectivity would provide valuable

insights. The work of material classification using tag RSSI attenuation can also be

further generalized to eliminate the influence of environmental factors.

Furthermore, the analysis of heat maps through filtering or differentiation of the

original heat map may offer the potential to determine the metallic composition of

products on a shelf. By discerning the patterns of pixel changes, it is hypothesized

that the presence of metal, which can interfere with RF fields, could lead to less

stable heat maps across pixels. This technique shows promise in detecting instances

where consumers have misplaced certain product types. Nonetheless, further research

is required to validate and refine these findings.

The current outcomes are predicated on the assumption that all nodes are situated

within the same plane, thereby resulting in two-dimensional information. However,

practical scenarios involve a third dimension, and computer vision algorithms often

encounter difficulties in acquiring depth information. To surmount this limitation,

the installation of additional antennas in a perpendicular direction would establish

RF links in an alternative plane. Expanding the system in this manner would enable

the retrieval of supplementary information, such as object height and shape.

On the sensing aspect, similar approaches can be applied to simultaneously control

multiple sensors utilizing a unified protocol and RF communication. This would fa-

cilitate the detection of environmental parameters, including temperature, humidity,

and pressure, based on specific requirements. Additionally, employing the SPI pro-

tocol enables the control of actuators, significantly broadening the range of potential
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applications. One notable example is the utilization of digital labels, which offer en-

hanced dynamism and flexibility in presenting product information and pricing within

retail stores. Kroger has successfully employed digital shelf-edge technology to dis-

play product prices, promotions, and nutritional information. By sending commands

from an RFID reader, multiple tasks can be orchestrated and executed efficiently.

Finally, power harvesting remains a significant concern in the context of passive

RFID applications. The exploration of various techniques for power harvesting, par-

ticularly in relation to sensors, represents a significant area for further investigation

and advancement.
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