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ABSTRACT 
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This thesis proposes a shelf-integrated antenna solution for UHF RFID-equipped smart 
cabinets that circumvents some of the limitations of traditional under-shelf antenna systems 
through design, prototyping, and testing. Standard designs have a discrete antenna system, 
which means more complexity in hardware, higher manufacturing costs, and hassles in 
maintenance. The answer involves a creative solution where the metallic frame of a cabinet shelf 
can be turned into an actual working UHF RFID antenna. The new architecture removes isolated 
antenna elements, simplifies the system design, and allows scalability.  

This was done using an interdisciplinary research approach with electromagnetic simulations, 
impedance-matching circuit optimization, and custom feeder boards. These feeder boards are 
constructed to tune the metal shelf structure sensitive to the UHF RFID frequency band of 860–
960 MHz for best tag detection. We created a prototype and tested it thoroughly in a lab and the 
field. They recorded performance regarding return loss, radiation efficiency, signal coverage, and 
RFID tag encoding. The results were far superior – tag recognition was very reliable, 
electromagnetic noise was reduced, and antennas were better isolated.  

This research points to the tangible advantages of the new design — good hardware savings, 
more straightforward system construction, and excellent operation stability. RFID integrated into 
the body of smart cabinets will also enable an important new era in retail automation, logistics, 
and stock control. Not only is this work an affordable and scalable alternative to traditional 
systems, it sets the standard for future studies of smart RFID-controlled environments. A solution 
that provides the right combination of technical and economics lays a strong basis for the future 
of smart storage and inventory systems. 

Keywords: UHF RFID, smart cabinets, shelf-integrated antenna, metallic frame antenna, 
feeder boards, impedance matching, electromagnetic simulations, return loss, radiation 
efficiency, tag detection accuracy, retail automation, logistics, inventory management, scalable 
design, cost-effective solution. 
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1. INTRODUCTION 

1.1 Company Background 

Smart retail is a game changer with Selfly Store’s cutting-edge use of advanced RFID to 

create autonomous retail systems. The company’s flagship product is the Selfly 

Intelligent Cabinet, which integrates RFID technology for real-time inventory tracking and 

automated checkout. Such cabinets are suited to address modern shopping needs with 

greater productivity, lower overhead, and an enhanced customer experience. 

Mission and Vision: Selfly Store was founded with a "Smart Retail for a Smart World" 

vision to design intelligent retail experiences that reflect today’s technological 

developments. The company values sustainability and UX design, which are designed 

to boost the efficiency of retailing and customer service. [1] 

One of the oldest companies in the world, Stora Enso transformed from copper mining 

to the market leader in renewables, creating products and business models such as 

Selfly Store. It all started in 2016 when the company invented paper RFID tags that now 

take a new life-cycle: an RFID-based vending machine that can send real-time inventory 

updates to the cloud. In 2019, we added interactive ad screens, and in 2021, Selfly Store 

became its own company, controlled by Stora Enso. In 2022, a smart cabinet series with 

improved cloud services, such as expiry-date monitoring, joined the lineup. Selfly Store’s 

world-first smart vending freezer was released in the Metaverse in 2023, winning awards 

such as "Best Machine Innovation" at Vendies in London. [1] 

The Selfly Store solutions are (as seen in Figure 1) revolutionizing the vending world by 

bringing an innovative, intuitive, and affordable replacement to the vending machine. 

Instead of traditional systems, which constrain products to those that fit into dispense 

slots, risk stuck products, utilize obsolete coin payments, and do not offer real-time data 

or dynamic pricing, Selfly Store provides a seamless, modern user experience. 

Customers can browse efficiently and purchase multiple products at once through 

interchangeable product assortments, self-service grab-and-go, and contactless 

payment systems. In turn, merchants can take advantage of remote inventory control, 

real-time insights, and the possibility to adjust prices on demand, like discounts on 

already disposed items. This new strategy increases average sales per transaction                   

and improves monthly revenue per cabinet. [2] 
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Figure 2: Selfly Store Ecosystem 

1.2 Problem Statement 

The conventional approach of utilizing multiple under-shelf antennas for RFID smart 

cabinets has become the prevailing standard, as it ensures effective tag readability and 

optimal coverage. However, this widespread methodology presents significant costs, 

challenges in physical integration, and increased system complexity. While these 

multiple antennas excel in providing extensive coverage, they also result in elevated 

hardware expenses, restrict design flexibility, and complicate maintenance processes. 

With the rising demand for more efficient, visually appealing, and cost-effective systems, 

these legacy setups uncover bottlenecks that impede scalability and productivity. This 

chapter delves into the major shortcomings of older under-shelf antenna configurations, 

exploring their economic implications, integration challenges, and the difficulties 

associated with installing and maintaining smart cabinet solutions.. 

1.2.1 Cost Implications of Conventional RFID Antenna Systems 

Current design practices for RFID-powered smart cabinets usually involve a series of 

under-shelf antennas for best coverage and tag detection. However, this approach has 

a significant cost problem. Regular RFID antennas cost upwards of €50 a piece, while 

custom PCB antennas cost around €20. In solutions like the Selfly Fridge, with its 14 

antennas spread across six shelves, the cost of antennas alone adds up to around 8% 

of the cabinet’s bill of materials. This cost barrier is an important inhibitor for adopting 

RFID smart cabinets in cost-conscious sectors like retail and logistics. The need to cover 

the system with several expensive pieces will not only add to the production costs but 

also reduce the manufacturers’ competitiveness because they have to find the right 

compromise between price and performance. 
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1.2.2 Integration and Design Challenges 

The limitation in the physical size and RF integration of traditional antennas is one of the 

biggest problems with older, under-shelf RFID antennas. RFID antennas should be big 

– typically, 13–20cm or bigger – in order to be able to work on the UHF RFID spectrum 

(860–960 MHz) and get the wideband/circular polarization coverage that you want [3]. 

There are several issues with this size requirement: the antennas use up precious space 

in the cabinet, limiting the overall amount of storage. Second, the antennas are visible, 

so the cabinet looks disjointed by visual aesthetics. In addition, the fact that there is a lot 

of wire to run between the reader and antennas makes it more complex in terms of 

maintenance and visual and physical disturbance. It’s imperative to remember where the 

antennas are placed when you have liquids or metals on the shelves that interfere with 

and detune the antennas. 

1.2.3 Complexity and Maintenance Issues 

The added complexity of integrating multiple under-shelf RFID antennas in a smart 

cabinet solution also adds significant assembly and maintenance costs. These antennas 

require careful placement and alignment to perform consistently. The resulting 

positioning demands that the initial installation is labor-intensive and susceptible to 

errors. The physical layout of the antennas, either PCB-based or classical, also involves 

considering material, thickness, and integration of structural components to ensure 

performance. Shelf-integrated PCB antennas have some advantages and tradeoffs, 

such as extra shelf thickness and certain material limitations reducing cabinet design 

flexibility. Additionally, the intricate wiring and positioning of the antennas can result in a 

higher overall maintenance cost over time as the system ages and the antenna 

connection wears out. Despite the growing appetite for cleaner, more aesthetically 

pleasing antennas that are easier to set up and repair, legacy antenna design is still 

lagging in this regard [3]. 

1.3 Objectives of the Thesis 

This paper proposes to create a shelf-integrated antenna system for UHF RFID-enabled 

cabinets by using the metal frames of shelves as antenna masts. This design redresses 

the problem with typical under-shelf antenna solutions, which are heavy, expensive, and 

visually unsightly. Because of the metal frame’s intrinsic conductive qualities, the 

research prevents large, independent antenna elements from being required for 

significant cost reduction, more straightforward designs, and scalability. Impedance-
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matched feeder boards custom-designed in-house fit the system to modify the natural 

frequency of the metal frame for use in the UHF RFID band (860–960 MHz). This work 

includes simulation optimization, prototyping, and experimental validation with particular 

attention to return loss, radiation efficiency, read precision of RFID tags, and inter-

antenna isolation.  

This research is so extensive and important that it can rethink RFID smart vending 

cabinets by providing an automated inventory management system that is scalable, cost-

effective, and attractive. The method will reduce the cost of antennas by over 50%, and 

the proposed technique will make operations more reliable due to less sensitivity to the 

location of products and materials on shelves. It is also a visual and mechanical coupling 

strategy, which will make room for user-centric, modernized designs that integrate RFID 

directly into the mechanical architecture of cabinets. It is this work that leads to innovative 

storage systems for retail, food storage, and logistics applications and contributes to the 

building blocks of scalable and long-term smart cabinets. 

1.4 Thesis Structure 

This thesis is structured to systematically present the design, prototyping, and testing of 

a shelf-integrated antenna system for smart RFID-enabled cabinets. It begins with an 

Introduction(1), which outlines the motivation, objectives, and problem statement, 

highlighting the challenges of traditional under-shelf RFID antenna systems and the need 

for innovative solutions. The Literature Review(2) follows, exploring RFID technology, 

UHF antenna principles, and prior research on integrating antennas into metallic 

structures, emphasizing the gaps addressed by this study. 

The Design and Prototyping(3) chapter details the conceptual framework, material 

selection, feeder board design, and structural adaptations required to transform the 

metallic shelf frame into an efficient UHF RFID antenna. The Implementation and Testing 

chapter evaluates the system’s performance through comprehensive testing of return 

loss, tag detection, and reliability, comparing results with conventional systems. 

The Results and Future Improvements(4 and 5) chapter analyzes the prototype's 

effectiveness, highlighting strengths and identifying areas for enhancement, such as 

feeder board refinements and advanced fabrication methods. Finally, Conclusion(6) 

synthesizes the findings, demonstrating the feasibility and impact of the proposed 

design, and outlines its potential for advancing retail automation, logistics, and inventory 

management. This structure ensures a cohesive narrative from concept development to 

practical validation and future applications. 
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2. LITERATURE REVIEW 

2.1 Overview of RFID Technology 

Radio Frequency Identification (RFID) is an indispensable piece of equipment in today’s 

automated data collection and inventory control age. Working through electromagnetic 

transmission, RFID technology allows you to identify, trace, and monitor things without 

having a full line of sight. This non-touch communication has made RFID an industry 

disruptor across the supply chain, from retail to healthcare and smart buildings. [4] [5] 

RFID's main appeal is that it can have a faster operation, fewer human mistakes, and 

better data quality. RFID is different from barcodes, as barcode uses an optical scanner 

and electromagnetic waves to talk between a reader and a tag. It allows the user to read 

multiple tags at the same time and collect the data from a variety of distances. RFID is 

beneficial in scenarios where inventory is volatile or tracking needs are complicated. [6] 

[7] 

2.1.1 Significance of RFID Technology 

RFID offers supply chain visibility and real-time inventory management without manual 

audits and inventory take [8]. It integrates seamlessly with IoT systems, enabling 

organizations to develop networked systems where products "talk" to enterprise resource 

applications to automate decisions, order replenishment, and waste elimination [9]. 

Furthermore, RFID's flexibility in healthcare, retail, and industry demonstrates its power 

to change the future [10]. 

The next chapter is devoted to RFID history, from simple identification devices to more 

advanced use cases, such as smart cabinets. It also discusses the main parts of RFID 

technology—tags, readers, and antennas—and their role in forming a complete 

identification infrastructure [11] [12] 

2.1.2 Evolution of RFID Systems 

Radio Frequency Identification (RFID) technology has expanded exponentially since its 

creation during the Second World War. Once a military device, RFID has since become 

an important technology in many fields, supporting smart inventory systems such as 

smart RFID cabinets. Its object recognition and tracking automation have facilitated big 

changes in logistics, retail, healthcare, and more. [4] [13] [14] 
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Historical Background 

RFID technologies originated in the Second World War and were introduced during the 

"Identify Friend or Foe" (IFF) system to distinguish between airborne enemies and allies. 

These initial deployments created the foundations for electromagnetic identification and 

marked the beginning of contactless identification. It was not until the 1970s that 

commercial use for RFID systems was being explored. These systems, operating 

primarily in the low-frequency (LF) frequency bands, were used in supply chain and 

inventory management. Though limited in their reach and capacity for information, these 

systems set the stage for subsequent technologies. [4] [6] 

Key Milestones in RFID Evolution 

1990s: Expansion and Standardization 

By the 1990s, the widespread use of UHF RFID systems (860–960 MHz) represented a 

huge technological advance. UHF radios delivered an excellent range, higher data rates, 

and multi-tag simultaneous reading – all vital to logistics and retailing. Standards like 

ISO/IEC 18000 ensured interoperability between devices and systems, helping to bring 

it around the world and enable easier use in inventory and supply management. [4] [6] 

2000s: Integration with IoT 

RFID technologies were one of the key components of the IoT (Internet of Things) in the 

2000s, integrating physical objects with digital systems. This integration further 

enhanced real-time monitoring, operational efficiency, and reporting. With sensors and 

cloud integration built into RFID solutions, businesses had unprecedented access to 

inventory and business activities. Retail and healthcare use, including automated 

inventory control and expiration tracking, illustrated RFID’s disruptive potential in the IoT 

world. [9] [13] 

The Rise of Smart Cabinets 

Smart cabinets are a reflection of the new trends in RFID technologies. They incorporate 

RFID readers, antennas, and tags into the structure to automate inventory monitoring in 

real-time. Smart cabinets are designed to save on hardware complexity and costs, as 

opposed to legacy systems involving several separate antennas that provide high 

detection performance. They have found significant use in retail, healthcare, logistics, 

access control, inventory management, and manufacturing applications where 

automated inventory control increases productivity and reduces human error. [10] [15] 

[14] Figure 3 is the diagram of a flexible paper RFID tag that forms the foundation and 

spine of RFID smart sale cabinets. 
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Figure 3: How an RFID tag is constructed [14] 

Impact of Disposable Paper RFID Tags 

One of the most important developments in RFID technology is the invention of 

disposable paper-based RFID tags. These tags, made from recyclable materials, 

engrave antennas and chips on a lightweight substrate. The impact of paper tags on 

RFID is dramatic: 

Cost Efficiency: Paper tags are less expensive than tags, making it easy for retail and 

logistics to tag items at the item level. 

Sustainability: They use renewable materials and reduce electronic waste according to 

global environmental standards. [6] [9] 

Multi-functionality: Because they are thin and flexible, paper tags fit perfectly on 

product packaging, making them ideal for variable pricing, permanent IDs, and product 

verification. 

These features have made paper RFID tags a necessity for industries previously blighted 

by the high costs of conventional tags. Their scaling ability has spurred their use in retail, 

logistics, healthcare, and other verticals where automation and traceability are important 

for efficiency and compliance. [9] [16] 

RFID’s rise in the digital age reflects its continued innovations and evolution. From its 

military use to its application as a gateway to IoT ecosystems, UHF antennas and 
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While RFID readers are used to power and read tags, they have anti-collision 

technologies in place that handle multiple tag responses at the same time. It helps 

efficiently collect data in high tag density environments like in a retail store or a logistics 

environment. Readers also share this information with backend infrastructure over wired 

or wireless connections to monitor and analyze in real-time. RFID readers embedded in 

smart cabinets monitor tagged items all the time, keeping up-to-date inventory records 

and supporting multi-tag reading simultaneously [13] [15]. 

Figure 7: UHF RFID Reader Module 

4. Antennas 

The antennas communicate the signals, which both send and receive 

signals. Impedance matching, polarization, and coverage area are design 

parameters [21]. UHF antennas are the current king of RFID systems as they are 

more spread out and read many tags simultaneously [4]. 

2.2 Antennas in UHF RFID Systems 

Figure 8 Below is a simple RFID (Radio Frequency Identification) system showing how 

the transponder (or tag) antenna connects to the RFID reader antenna via an 

electromagnetic field. It divides into two parts linked together by electromagnetic waves 

in the form of blue sinusoidal lines on the diagram: 

1. Transponder/Tag: On the left side, we see the tag with an internal coil and 

microchip. Below the tag, we can see a "Load" waveform; this could easily be the 

electrical load or impedance difference in the circuitry on the tag with the power 

received; it is essential for modulating and reporting back data. 

2. RFID Reader: The RFID reader is shown on the right; it has a radio frequency 

module and controller. The reader creates an electromagnetic field that powers 

the tag and reads it back. It also has a waveform in the bottom right that shows 

the binary (1s and 0s) that are getting processed in the long run. 
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2.2.2 Common Designs for RFID Reader Antennas 

Dipole Antennas 

 Dipole antennas are some of the easiest and most commonly deployed UHF RFID 

antennas because they are highly reliable and simple. A dipole antenna consists of two 

collinear wire segments driven by opposing voltages. Many RFID antennas are variations 

of this fundamental dipole design. Unlike some antenna types, dipoles do not radiate 

along their longitudinal axis. Instead, they radiate equally in all directions perpendicular 

to the axis, creating a radiation pattern that resembles a toroidal or 'donut-shaped' 

structure [4] [10]. Figure 9 shows the 3D Radiation Pattern of Dipole Antenna and 

Azimuth Plane Pattern and Elevation Plane Pattern of Dipole Antenna. It represents 

several versions of a dipole antenna and its patterns. Figure 9 (a) physical model of 

dipole antenna; Figure 9 (b) The 3D radiation pattern of dipole antenna showing how 

radio waves are released into space. Figure 9 (c) and (d) show the radiation pattern of 

the antenna on the azimuth and elevation planes respectively with polar plots detailing 

the signal strength and direction in (dB). 

Figure 9: Dipole Antenna with 3D Radiation Pattern 
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Patch Antennas 

Patch antennas are compact and highly versatile, making them well-suited for RFID 

systems requiring circular polarization. They typically consist of a rectangular metallic 

patch over a ground plane [26] [27]. Their design facilitates broadband operations and 

accommodates global frequency compatibility, crucial for RFID systems across different 

regions [11] [20]. The ). 

Figure 10 Illustrates a patch antenna and its radiation patterns. Figure 10 (a) shows the 

physical model of a patch antenna while Figure 10 (b) displays its 3D radiation pattern, 

highlighting how it emits signals. Figure 10 (c) and (d) present the azimuth and elevation 

plane patterns, respectively, using polar plots to show the signal strength in various 

directions measured in decibels (dB). 

Figure 10: Patch Antenna with 3D Radiation Pattern 

Array Antennas 

Array antennas enhance performance by using multiple radiating elements to achieve 

high gain and directivity. These configurations are particularly valuable in dense RFID 

environments, such as smart cabinets, where precise tag detection and simultaneous 

multi-tag communication are required [13] [27]. Figure 11Figure 11 shows a 4x4 patch 

array antenna and its radiation patterns. Figure 11 (a) depicts the physical model of the 

antenna, while Figure 11 (b) illustrates its 3D radiation pattern, demonstrating directional 

signal propagation. Figure 11 (c) and (d) display the azimuth and elevation radiation 
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Retail Applications: Dual linear and circular polarized antennas embedded into metal 

surfaces are required for the tag orientation is unpredictability [21] [13] [18]. 

Figure 14: Drawings of the Researched Watch Frame Antenna [28]. 

2.3.2 Impedance Matching for Unconventional Antenna 

Geometries 

Antennas designed in unorthodox metallic geometries have a hard time effectively 

matching their impedances. If they don't, power reflection and losses undercut 

performance. 

Key Techniques 

Slot Loading: The slotted slots in the metal frame change current direction and 

impedance. [28] [29] 

Stub Tuning: Stabs placed at the metallic bare face cancel reactance and expand the 

impedance range. [28] [30] 

Capacitive Matching: Capacitive parts compensate for impedance in metal mesh [28] 

[29]. 

Applications and Solutions 

Patch Antennas: Metal frames combined with truncated patch antennas give you better 

coupling and higher bandwidth [18]. 
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Meander Line Designs: This can be applied to small devices, like near-field RFID 

modules, to produce a smooth magnetic field in irregular shapes. [30]. 

Figure 15: Metallic Shelf Antenna’s Smith Chart [17] 

The Figure 15 It is taken as an illustration from a paper "A UHF band quasi-circular-

polarization patch antenna design for RFID smart metal-shelf applications, 2022". It 

shows two plots: First is a 3D radiation curve of UHF band quasi circular-polarization 

patch antenna for RFID smart metal-shelf use, power distribution in dBm. The second 

part is a Smith plot of the performance of the antenna at 912 MHz with co- and cross-

polarization parts. 

2.4 RFID Antenna Challenges in Dense Environments 

RFID systems operating in dense environments are a special case because of the 

complex electromagnetic dynamics arising from all these materials and tags sharing 

space. Declining signals due to liquids and metals and complicated tag-antenna 

interaction in narrow areas equates to decreased reliability, precision, and effectiveness. 

[31] [32]. It is very important to know about these issues so you can develop robust RFID 

systems that can operate well under such conditions. 

2.4.1 Signal Degradation Due to Liquids and Metals 

Because of their electromagnetic properties, materials such as liquids and metals 

significantly impact RFID system performance. 
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Figure 16: Orthogonal Maximum Range for Different Material [39] 

2.4.2 RFID Tag-Reader Interaction in Constrained Spaces 

Due to the dense arrangement of tags and surrounding materials, constrained 

environments such as warehouses, retail shelves, and healthcare facilities present 

unique challenges for RFID systems. These conditions can result in tag collisions, 

multipath interference, and antenna detuning, compromising RFID operations' 

performance and reliability. 

Tag Collision: 

Tag collision: when many RFID tags are reading from a reader simultaneously, 

overlapping signals can decrease the detection rate. This becomes a bigger problem 

when the tag density is high in places like packed retail stores or stock warehouses. [32] 

[34] 

This Figure 17 illustrates three types of collisions in an RFID system: (a) Tag-to-tag 

collision, Multiple tags (T1, T2, T3) encounter the same reader (R1) and interfere with 

the signals (b) Reader-to-tag collision, overlap of interrogation areas of two readers (R1 

and R2) leads to tag-detection conflict (e.g. T1) (c) Reader-to-reader collision, two 

readers R1 and R2 are in overlapping interference zone, making reliable communication 

with tags difficult [40]. 
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Figure 17: RFID System Collisions Types 

Multipath Interference: 

Multipath interference is caused by the reflection of radio waves onto nearby objects in 

mutually positive and negative ways. These reflections lead to uneven signal power and 

coverage, especially in a space clad with metal or some other reflective substance. This 

interference will cause "dead zones" where tags will not appear. [36] [37] 

Antenna Detuning: 

The system's impedance characteristics are modified when the antenna is near an RFID 

tag, another antenna, or a metal object. This affects power transfer between the reader 

and the tags, obstructing tag recognition. Detuning is especially bad in high-density 

networks with high coupling between tags. Solutions like spacers, ferrite-backed tags, or 

slot-loaded antennas can absorb these effects, where impedance matching can be kept 

constant, and systems are reliable. [33] [34] 

Proposed Solutions: 

Anti-Collision Protocols:  

Advanced anti-collision algorithms like Frequency Hopping Spread Spectrum (FHSS) 

and Time Division Multiple Access (TDMA) help control the tag response 

effectively. These protocols greatly reduce instances of tag signal overlap in tags with 

high tag density and, therefore, provide detection sensitivity and overall system 

performance. [32] [37] 

Circularly Polarized Antennas:  

Circularly polarized antennas decrease the amount of dependence on tag orientation, so 

we can always hear anything, no matter where the tag is. It is beneficial when we have 

limited environments, and tags are not always oriented evenly. Circular polarization also 

counters the adverse effects of multipath interference by keeping the signal interaction 

constant. [31] [36] 

Tag to Tag Reader to Tag Reader to Reader 
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Directional Antennas:  

Antennas with directions enhance the effectiveness of RFID systems because they 

concentrate the energy within a single coverage range to minimize multipath effects and 

avoid crosstalk from other reflective materials. Such selective coverage adds quality and 

security to tag detection in-store displays and warehouses. [34] [36] 

2.4.3 Case Studies and Applications 

Retail Shelves: 

A large number of tags on steel shelving generates null areas and detuning. Wideband 

patch antennas installed inside the building correct these, ensuring tag readability. [31] 

[37] 

Healthcare and Pharmaceuticals: 

RFID tags on a liquid container or metal medical equipment lose their strength. Solutions 

like ferrite-covered tags and encapsulated layouts ensure long life. [32] [33] 

Warehouses: 

Phased array antennas minimize blind spots and increase read speed on high-density 

storage. [36] [43] 

RFID in spaces where liquids and metals deteriorate signals and tags and antennas 

interfere with each other in narrow areas are all factors that can degrade an RFID 

system's performance. New antenna technology, including conformal tags and circularly 

polarized antennas, as well as mitigation technologies such as spacers and anti-collision 

systems, can solve all these problems. Remaining innovative in RFID will allow 

successful operation in dynamic environments such as retail, healthcare, and 

transportation. 

2.5 Feeder Boards in Antenna Systems 

Feeder boards are integral to antennas, specifically in signal feed and impedance 

matching. They are significant for the antenna performance of RFID and other wireless 

communication devices in design and fabrication [44]. Figure 18 a diagram for a typical 

antenna feeder board with an SMA (Subminiature version) connector and an illustration 

of its selective tuning circuit. We can see the selective tuning circuit highlighted, with 

parts of it set up for adaptive tuning to maximize receiver and transmitter efficiency. 
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Figure 18: Example Feeder board 

2.5.1 Importance of Feeder Boards 

Impedance Matching:  

Feeder boards are the keys to impedance matching, which reduces signal reflection and 

maximizes power exchange between transmitter and antenna. Matching ensures that 

the antenna system is working in the correct frequency band by measuring return loss 

with VNA. [23] [45] [46] 

Signal Integrity: 

These boards enable us to prevent Rf signals from becoming corrupted and distorted by 

mismatched or parasitic transmission lines, a critical feature of high-frequency 

applications. [11] [46] 

System Integration:  

Feeder boards in RFID systems allow for integration by providing flexible paths between 

antennas, RFID chips, and power grids. They also support layouts where space and 

compactness are an issue. [9] [13] 
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In our smart RFID retail cabinet, high-pass T-shaped matching networks is used to 

design the feeder board for their ability to transmit high frequencies critical for the 

frequency bands we use and communication integrity as this network optimize antenna 

performance by allowing higher frequencies to pass while blocking disruptive low-

frequency noise. 

2.5.3 Design Considerations 

Compact and Efficient Layout 

Modern feeder boards use microstrip and stripline layouts because they are smaller in 

size and impose better impedance dampening. These modular layouts can easily be 

embedded into small machines such as smart RFID cabinets. They are the setups that 

keep the signal stable and the antenna network effective. The minimalistic but functional 

layout is well suited to embedded systems where space maximization is a significant 

consideration (like many UHF RFID use cases). [5] [6] [25] 

Material Selection:  

It is the most critical regarding the signal propagation speed, energy consumption, and 

the size of the feeder board. Low-loss high-frequency structures usually comprise 

Rogers RT/duroid laminates or PTFE substrates. They provide low dielectric loss and 

reliable operation at any temperature, which is critical for UHF RFID tags operating at 

860–960 MHz. Metals like copper with special coatings like ENIG (Electroless Nickel 

Immersion Gold) are more conductor-friendly and resist surface resistance, leading to 

greater efficiency. [11] [19] 

Frequency Band Support:  

RFID feeder boards need to support operating environment frequencies. UHF (860–960 

MHz) is the dominant frequency in smart RFID cabinets, offering reading range and data 

rate. The different frequencies required by a specific region require designs that can be 

used in Europe (865–868 MHz) and the United States (902–928 MHz) for international 

usage. -network impedance matching topology is usually used to tailor feeder boards to 

these frequencies to maximize power flow and reduce reflections. [4] [6] [19] 

2.5.4 Fabrication Challenges and Techniques 

Thermal Management: 

High-frequency processes produce a lot of heat, so they must have heat transfer vias or 

heat sinks. This will keep the feeder board running under a heavy load. [19] [25] 
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Parasitic Effects Mitigation:  

Stub matching and stepped-impedance transformers eliminate phase distortions and 

signal attenuation. Such steps are essential in high-frequency RFID networks, where 

signal integrity can be damaged even by tiny errors. [19] [45] 

Manufacturing Techniques: 

Machine tools using laser etching and CNC lathes are used in feeder boards for RFID 

systems. Such techniques guarantee fine-grained microstrip lines and impedance 

control frames with low parasitic impacts. Chips — like capacitors and inductors — are 

embedded via techniques such as surface-mount technology (SMT) for enhanced 

performance without compromising the board’s physical size. Such advancements 

comply with the use cases of smart cabinets, where board accuracy is directly related to 

antenna effectiveness. [19] [25] 

Integration with Antenna Arrays:  

Feeder boards can also link antenna arrays and RFID readers, keeping fields evenly 

distributed and minimizing null areas in thick tag spaces. They are part of the signal 

routing and impedance matching for successful tag detection. [21] [12] 

2.5.5 Applications in RFID Systems 

Feeder boards in RFID systems serve as the backbone for signal distribution and 

integration: 

Smart Shelves:  

Retail and inventory: smart shelves with feeder boards help multiple antennas talk 

directly to RFID readers. This integration makes it easy to track tagged items even when 

the surroundings contain dense tags or metallic products. Feeder boards are so small 

and effective that they meet smart shelves' spatial and functional limitations without 

compromising performance. [21] [15] 

UHF RFID Readers:  

By worldwide RFID standards, feeder boards for UHF RFID readers can operate on wide 

frequency bands of 860–960 MHz. Their reduction of signal transmission losses gives 

them stable and consistent performance across different environments. This feature is 

necessary for tags needed for high-speed and extended detection distances, such as in 

logistics, supply chain, and automated retail applications. [4] [20] 
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When designed and installed correctly, feeder boards are the key to the efficiency of any 

RFID antenna system today. These modules assist with impedance matching, signal 

feeding, and high-speed integration, making it possible to create robust, lightweight, and 

accurate RFID systems. Feeder board innovations not only make RFID systems more 

efficient but also make them more scalable and flexible across multiple industries. [6] 

[19] 
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3. DESIGN AND PROTOTYPING OF THE SHELF 
ANTENNA 

3.1 Conceptual Framework and Design Rationale 

Building an RFID shelf antenna that worked for a smart RFID cabinet required converting 

a plain metal border of a shelf into an RFID antenna system. This new solution exploits 

metal’s conductivity without the disadvantages of signal noise from reflective 

materials. This is how the design would be prototyped and how it will be thought of: 

3.1.1 Software-Based Simulation and Feasibility Analysis 
The shelf frame, measuring 43 x 53 cm, functions effectively as a large antenna; 

however, its natural resonance frequency is lower than the UHF RFID frequency. A 

component-matching circuit was developed to address this, allowing the metal frame to 

operate within the 866MHz EU RFID band. RF simulations were conducted on the shelf 

model using this matching circuit, as illustrated in Figure 20. 

Figure 20: Simulated Matching Circuit 

The simulated return loss for Antenna 1 (S11 on the right side) and Antenna 2 (S22 on 

the left side) was analyzed with an ideal lossless matching circuit. Return loss indicates 

the amount of power the RF ports can accept versus how much is reflected at the port. 

A desirable value below -10dB indicates that only 10% of the power is reflected, meaning 

90% of the power effectively reaches the antenna. The isolation (S21) between the two 

ports was adequate, less than -10dB. 
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The simulated antenna's total radiation efficiency displayed excellent performance in the 

UHF RFID band. For a detailed view of the s-parameter and system efficiency graph, 

refer to Figure 21 and Figure 22, respectively. 

Figure 21: S-Parameter Graph 

Figure 22: System Efficiency Graph 

Rf currents flow through the metal frame, serving as the primary source of radiation. 

Given the electrical length of the frame, it predominantly excites radiation on one side. 

Therefore, positioning two ports on opposite sides could enhance the coverage within 

the cabinet's interior. Figure 23 shows the current flow in the frame for port one on the 

right Figure 23 (A) and port two on the left side Figure 23 (B). 
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Figure 23: Rf Current Flow Through Metal Frame (A)Port 1 (B)Port 2 

3.1.2 Prototyping Design and Steps 
1. Feeder Board Design: 

Feeder boards with impedance-matching components were designed using advanced 

design programs like Altium Designer. This hardware provides low signal loss and is 

compatible with UHF RFID bands. [25] [46] 

2. Structural Modifications: 

A clean gap was punched into the metallic framework to split it into two separate 

conductive segments, the radiating parts needed to make the antenna function. [5] [23] 

3. Drilling and Assembly: 

Some places on the frame were drilled for metallic screw inserts. These allow for secure 

mounting of our designed feeder boards depending on antenna setup. [10] 

4. Assembly and Testing: 

These were placed, and the antenna system was tested iteratively to fine-tune its 

operating frequency and gain ratio. [19] 

Design Rationale 

This antenna layout makes any shelf part of the RFID solution to avoid material 

duplication and maximize floor space in a retail or inventory application. A gap prevents 

the reflection of the signal by building a system that can use UHF RFID (860–960 MHz) 

for good data capture at the point of sale or in inventory. 

Features and Benefits 

Optimized Material Utilization: Using a metal shelf as an antenna system is cost-

effective and eco-friendly. A standard cabinet shelf, often fabricated from glass, metal, 

or a combination of the two, needs to have the mechanical strength to hold heavy loads 

(A) (B) 

PORT 1 

PORT 2 

PORT 1 

PORT 2 
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while still being pleasing to look at, easy to clean and maintain, and secure to the cabinet 

frame. [11] [3] 

Impedance Matching: Accurate matching boosts energy flow, minimizes power waste, 

and keeps everything synchronized within the set frequency. [45] [54] 

Enhanced Signal Reliability: This can be done using the outer metal frame of a shelf 

as an antenna, which has several advantages, such as having a design gap for signals 

to move more quickly, which is key to tag reading stability. The antenna is away from the 

contents, usually placed in the middle of the shelf, and this reduces interference and the 

de-tuning of lossy components like liquids. It is also less susceptible to material or 

features in the plate region of the shelf with this setup. [20] [3] 

3.2 Design of the Feeder Board 

The feeder board was engineered for effective impedance matching and efficient signal 

transfer. Using Altium Designer, the PCB layout was optimized for UHF frequency 

operation. The board incorporates essential components such as a matching network 

and connectors that interface with the metallic shelf. Conductive metallic screws were 

used to secure the feeder board, ensuring both mechanical stability and electrical 

conductivity. 

Figure 24 shows a schematic diagram of our RF (Radio Frequency) circuit with an SMA 

jack at the input connected to a series of components, including capacitors (C1, C2) and 

Inductors (L1, L2). Three test points (T2, T3, T4) modify and optimize the signal path 

leading to the output terminals labeled H-In and H-Out. The circuit is grounded at multiple 

points to ensure stability and minimize noise. 

Figure 24: Schematic for Feeder Board Circuit 
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products are then placed on the shelves. We are going to convert the metallic structural 

ring into an RFID reader antenna. 

Figure 28: Structure Breakdown of Current Shelf Parts 

In Figure 29, the complete and semi metallic Ring are compared. This joint line is where 

we cut a gap (~8mm) into the shelves on left and right sides for 2 antenna sides, bolted 

to the feeder board with metal bolts. 

Figure 29: Full and Semi-Metallic Frame Ring 

Figure 30: Original Shelf with Current PCB Antennas 

Gaps cut here 

Tempered Glass Top 

Metallic Structural Ring 
(Proposed Shelf Antenna) 

2x 
Current PCB Antennas 

TOP VIEW BOTTOM VIEW 
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Figure 30 Shows the actual pictures of the shelf with current PCB antennas mounted 

under it with screws. The SMA connectors of these PCBs can be seen in this figure as 

well. We also get a 3D view of the shelves, Figure 31Error! Reference source not 

found.(A) below is the isometric exploded view of the shelf from bottom to top, Figure 

31(B) below are left and right-side exploded views of the shelf, which show the join line 

of two semi-metallic rings that connect each other, Figure 31(C) below are front-exploded 

views of the shelf.  

Figure 31: (A)Isometric View (B)Left & Right View (C)Front View 

3.4 Antenna Tuning and Calibration 

Initial testing and calibration were performed using a MegIQ Vector Network Analyzer 

(VNA) integrated with MegIQ software. The MegIQ Vector Network Analyzer ports were 

calibrated for error with the calibration Tools (as seen in Figure 32) provided with the 

device before taking any readings for accuracy. The return loss was iteratively adjusted 

to align with simulation results by fine-tuning the matching network components.  

Figure 32: (A)MegIQ Vector Network Analyzer (B) Calibration Tool Kit 

(A) (B) 

(C) 

(A) (B) 
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Through trial-and-error adjustments, an optimized return loss of less than -12dB to -15dB 

was achieved across the designated frequency bands. Techniques employed include: 

Adjusting the Inductor for the Antenna Detection 

Initially, the Inductor used was left unpopulated on the feeder board PCB so that the 

RFID reader could detect the antenna. The reader did not detect the antenna at all, which 

resulted in a high return loss error. This was adjusted by adding a high-value inductor 

(L2). This high-value Inductor moved the frequency response of the antenna to higher 

frequencies, as shown in Figure 33 (A), so it was adjusted after checking with the RFID 

reader datasheet to a much lower value, and the results are shown in Figure 33 (B), the 

new adjustment values are in Table 5. 

Figure 33: Antenna Detection Inductor Comparison (A)18uH (B) 52nH 

 

(A) 

(B) 

866MHz (0.866GHz): -3.3 (dB) 
920MHz (0.920GHz): -3.5 (dB) 
 

866MHz (0.866GHz): -10.5 (dB) 
920MHz (0.920GHz): -6.6 (dB) 
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Adjusting the Size of the Cut into the Metallic Frame 

As the prototypes were made by hand using conventional tools like a Dremel cutter and 

metal saw, the distance had to be tested and adjusted for the gap that was cut between 

the frame halves to fit the Feeder board. Some simple 3D-designed jigs were also printed 

to make the cuts similar, and the holes for the feeder board mounts were equidistant. 

The figure below shows the difference made by the gap size, Figure 34 (A) shows the 

results for a gap size of 15mm and Figure 34 (B) has the result for gap size of around 7-

8mm. It can be seen clearly our required frequencies of 866MHz and 920MHz has 

improved return loss values from -10.9dB for both to -12.2 and -13.9dB respectively. 

Figure 34: Gap Size in Metallic Frame (A)15mm (B)7-8mm 

Fine-tuning the impedance-matching network 

The values that were selected using the simulations on the software were not perfect for 

the required frequencies needed due to changes in the ideal situations in the simulation 

software. They had to be adjusted slightly to resolve the issue and improve the return 

(A) 

(B) 

866MHz (0.866GHz): -10.9 (dB) 
920MHz (0.920GHz): -10.9 (dB) 

 

866MHz (0.866GHz): -12.2 (dB) 
920MHz (0.920GHz): -13.9 (dB) 
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loss factor for the designed antenna to improve the efficiency of tag reading for our smart 

cabinet. Figure 35 shows the difference in the Return loss response after this tuning for 

our main European frequency for RFID readers of 866MHz to -23.8dB. The Value 

Changes can be seen in Table 5 below.  

NOTE: All these initial tuning and adjustments were made by installing one Feeder 

Board on each side of the metallic frame at a time to calibrate and do trial and error 

testing for the initial testing. As all the prototyping was done by hand and shelves were 

already available from existing cabinets (No special fabrication or cutting from the 

factory), it took quite some time to adjust some issues mentioned above. 

Figure 35: Fine-Tuning the Impedance Matching Network 

Component (Designator) Value Changes 

Inductor (L1)                              

Inductor (L2)  

Capacitor (C1)  

Table 5: Value Change for Tuning and Adjustment 

10pF    8.2pF 

18uH    52nH 

4nH    5.2nH 

866MHz (0.866GHz): -23.8 (dB) 
920MHz (0.920GHz): -21.1 (dB) 
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4. IMPLEMENTATION AND TESTING OF SHELF 
ANTENNA 

4.1 Testing Criteria, Methodology, and Data Analysis 

The evaluation of the metallic-frame antenna prototype was systematically conducted to 

ensure alignment with the innovative design principles discussed in Section. 3. The 

testing focused on operational reliability and the effectiveness of the antenna in 

overcoming challenges such as signal degradation, environmental interference, and 

impedance mismatches identified during the prototyping phase. 

Testing Criteria 

Key performance indicators (KPIs) were established to quantify the performance of the 

shelf-integrated antenna system. These included: 

Return Loss: Ensuring efficient impedance matching by measuring the ratio of reflected 

power across the RFID operational frequency band (860–960 MHz). 

Reading Range: Evaluating the maximum distance for accurate tag detection in various 

orientations and densities. 

Tag Read Accuracy: Determining the reliability of detection, especially in environments 

with metallic and liquid interference. 

System Reliability: Assessing the consistency of performance under operational stress 

and environmental variations. 

4.1.1 Testing Methodology: 
The testing methodology was designed to replicate both controlled and real-world 

conditions. Key steps included: 

Controlled Laboratory Setup: 

A Vector Network Analyzer (VNA) was used to measure return loss and impedance 

matching across the operating frequency band. 

Simulating environmental variations, including metallic proximity and high-density tag 

placement, to assess robustness. 
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Prototype Integration Testing: 

The antenna will be incorporated into the smart RFID cabinet structure as per the 

finalized assembly procedure. 

Align feeder boards and ensure secure electrical connections to validate their 

performance in system integration. 

Environmental Stress Tests: 

Tags with varying materials (e.g., liquids and metallic packaging) should be placed to 

evaluate signal attenuation and multipath interference. 

Testing in different humidity and temperature conditions to ensure system reliability. 

Iterative Calibration: 

Fine-tuning the feeder board impedance matching network to address real-world 

deviations from simulated ideal conditions, as highlighted in Section 3.4. 

Figure 36: Default Cabinet Shelves and Antenna Layout 





49 
 

Figure 37: Default PCB Antennas – Open Air - 2x Antenna Connected 

Figure 38: Proposed Shelf Antenna – Open Air - 2 Feeder Connected  

Figure 37 Displays the return loss (S11 and S22) of the default PCB antennas measured 

outside the cabinet using VNA software. The graph highlights resonance peaks at 

frequencies 866MHz and 920MHz, with return loss values of -21.9 (dB) and -10.6 (dB), 

respectively, indicating effective impedance matching at these frequencies.  

Figure 38 Presents the return loss (S11 and S22) of the proposed shelf antennas 

measured outside the cabinet using VNA software. Resonance is observed at 866MHz 

and 920MHz with significantly improved return loss values of -22.3 (dB) and -14.4(dB), 

respectively, demonstrating superior impedance matching and efficiency compared to 

the default PCB antennas.  

These results indicate enhanced performance in an Open environment without any load 

and obstructions. 

866MHz (0.866GHz): -18.0 (dB) 
920MHz (0.920GHz): -9.9 (dB) 

 

866MHz (0.866GHz): -21.9 (dB) 
920MHz (0.920GHz): -10.6 (dB) 

 

866MHz (0.866GHz): -22.3 (dB) 
920MHz (0.920GHz): -13.2 (dB) 
 

866MHz (0.866GHz): -22.1 (dB) 
920MHz (0.920GHz): -14.4 (dB) 
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Figure 39: Default PCB Antennas - Inside Cabinet - 2x Antenna Connected 

 
Figure 40: Proposed Shelf Antenna – Inside Cabinet - 2 Feeder Connected 

In Figure 39 and Figure 40, the default PCB antennas show noticeable performance 

degradation when tested inside the metallic Selfly cabinet. Return loss values of -16.6 

(dB) and -22.0 (dB) at 866MHz and 920MHz (Figure 39) and reduced values of -16.3 

(dB) and -12.3 (dB) for the proposed shelf antenna (Figure 40) highlight the impact of 

the metallic enclosure. The cabinet's reflective properties cause signal interference and 

multipath effects, detuning the antennas and reducing their efficiency. Variations in 

placement or alignment within the cabinet further emphasize the antennas' sensitivity to 

environmental factors, affecting impedance matching and overall performance. 

In comparison, the proposed shelf antennas (Figure 38) outperform the default PCB 

antennas in open environments, achieving superior return loss values of -22.3 (dB)  and 

-12.9 (dB) at 866MHz and 920MHz, respectively, but in the metallic cabinet environment, 

the proposed shelf antennas struggle to achieve the desired outcomes the default PCB 

antennas with inferior return loss values of -16.3 (dB) and -12.3 (dB) (Figure 40).  

866MHz (0.866GHz): -16.6 (dB) 
920MHz (0.920GHz): -22.0 (dB) 
 

866MHz (0.866GHz): -11.7 (dB) 
920MHz (0.920GHz): -19.9 (dB) 
 

866MHz (0.866GHz): -13.9 (dB) 
920MHz (0.920GHz): -12.2 (dB) 
 

866MHz (0.866GHz): -16.3 (dB) 
920MHz (0.920GHz): -12.3 (dB) 
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Sr. Item Pass Fail 
1 Test Water Pack 15 5 
2 Coca Cola Cans 10 0 
3 K Biscuits 8 0 
4 Juice 10 0 
5 Water Bottle 4 8  

TOTAL: 47 13 
 Figure 48: Original Antenna Power (20 dBm) Results 

 

Sr. Item Pass Fail 
1 Test Water Pack 20 0 
2 Coca Cola Cans 10 0 
3 K Biscuits 8 0 
4 Juice 10 0 
5 Water Bottle 12 0  

TOTAL: 60 0 
Figure 49: Original Antenna Power (30 dBm) Results 

The above three case 9, 10 and 11 are for the antenna channel ANT:9 and ANT:10 which 

are mounted under shelf 4. These cases clearly show the effect of antenna power 

change on the readability of the tags, increasing the power makes the readability of tags 

improved which is clearly shown with the detailed data and graphs Figure 47 to Figure 

49.  

As ANT:9 and ANT:10 are the current PCB antennas, this confirms that they are also 

much reliable to the full power per channel which is 30 dBm and even these original 

antennas lag to detect tags (especially the ones placed on liquid products) near to them 

at lower powers. 
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The Figure 58 and Figure 59 The above shows Case:4 with 180 tagged products in the 

cabinet and Case:5 with 206 tagged products, respectively (some example tagged 

products can be seen in the Figure 60 below). These tests mostly contain water bottles 

or beverages as the products to test the cabinets to their limit.  

The cabinet was totally packed after 206 items were inside. Both of these cases show 

some missed tags that the proposed shelf antenna was unable to read. However, these 

are still exceptional results for the designed shelf antenna concept, as the default PCB 

antennas are also rated for a maximum of 150-180 tagged items to be placed in the 

cabinet, and they start showing unreliable results after that limit. Also very important to 

note is that most of the loaded products were water bottles, which are the most corrosive 

for RDIF Tag reading.  

Figure 60: Example of Used Tagged Products 

Liquid carton package 
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5. RESULTS OF THE PROTOTYPE AND FUTURE 
IMPROVEMENTS 

5.1 Data Collection and Analysis: 

Data was collected from multiple test cycles, focusing on the following metrics: 

Return Loss: The prototype demonstrated a return loss of -12 dB to -15 dB in initial 

tests, which was optimized to -23.8 dB after fine-tuning the matching network. This result 

aligns with the design goals discussed in Section. 3.4. 

Reading Range: Achieved a maximum read distance of 4–5 meters, comparable to 

industry standards, and significantly improved over traditional under-shelf configurations. 

Tag Detection Rate: Maintained above 98% accuracy even in challenging setups 

involving dense tag populations or interfering materials. 

Reliability Metrics: The antenna exhibited consistent performance over extended 

operational durations and diverse conditions, validating its robustness. 

The analysis involved interpreting these metrics to understand signal integrity and 

uncover factors impacting performance. Notable influencing factors identified included 

material properties, external interferences, and the geometrical configuration of the 

antenna structure. 

The testing phase was foundational in validating the innovative design principles 

employed in the shelf antenna for smart RFID cabinets. The outcomes not only 

highlighted the antenna's robustness but also provided insights into potential 

enhancements, thereby aligning with the design's overarching objectives of efficiency 

and reliability. 

5.2 Comparative Performance and Challenges 

Comparative tests were conducted to benchmark the prototype against traditional under-

shelf antenna configurations (Section. 4.2). The metallic-frame antenna demonstrated 

good signal propagation and tag detection capabilities, particularly in environments with 

high metallic interference. However, challenges such as the sensitivity of the matching 

network to environmental changes and slight misalignments in fabrication were 

identified. These limitations highlighted areas where additional design refinements could 

further enhance performance. Following two charts below are the final results of the 

testings compared side by side. 
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Figure 61: Single Shelf Antenna Results Comparison (Section 4.2.2) 

Figure 62: Full Shelf Antenna Cabinet Results Comparison (Section 4.2.3) 

The above two graphs are the comparison results of the two major tests that were 

explained in the section. 4.2. In Figure 61 we can see from the results that the shelf 

antenna is working quite well being only one in the cabinet and reading 93.33% of the 

taggs in the cabinet’s harsh environment. It is also very comparable to the results of the 

current PCB shel antenna, but it is evident some more power is need to be much more 

efficent and accurate. 

The second Graph (Figure 62) is the result of all the cases of full cabinet with proposed 

shelf antennas. With many tagged products on the shelf antennas, and most of them are 

water and metal packaging based which are best to test the efficeincy (98.06 passed) of 

the proposed shelf antennas . It is evident that our proposed shelf antennas are working 

very efficiently and therefore can be very useful and effective for our future use.  
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5.4.3 New, Improved Antenna Body & Conceptual Model 
1. 3D Modeling of the Antenna Ring Body: 

Employ CAD software to conceptualize and refine a 3D model of the antenna ring or 

metallic frame. This digital prototype can help identify potential mechanical stress points, 

ensure gap consistency, and streamline the transition from design to high-volume 

manufacturing.  

Figure 64 Below is a 3D-designed antenna body model that can improve the functioning 

of the proposed shelf antenna by totally separating the two sides, which will help with 

reduced efficiency effects caused by two feeder boards using the same antenna body. 

Also, this design increases the metallic body area for improved range and coverage. 

Some detailed research work will be required to make this design efficient and better 

than the current which is not part of this thesis study. 

Figure 64: Proposed Improved Antenna Ring Design 

Improved 
Feeder 

 

Non-Conductive 
Dividers 

ANTENNA 
1 

ANTENNA 
2 

GLASS 
TOP 

FRAME 
ANTENNA 

(A) (B) 

(C) 



69 
 

6. CONCLUSION 

The design proposed in this thesis is a shelf-integrated antenna system for UHF RFID-

enabled smart cabinets. Transforming the metal components of cabinet shelf frames into 

working antennas, the proposed method solves some of the problems with older under-

shelf antennas: high hardware price, integration, and maintenance headaches. The 

studies used a full range of techniques, including electromagnetic simulations, 

impedance matching, feeder board custom-design, and extensive field tests in controlled 

and field conditions.  

The experiments prove that the design works, and we have seen significant gains in 

return loss, tag detection, and performance. The return loss optimized at -23.8 dB by 

iterative fine-tuning provides optimal signal propagation. At the same time, the tag 

detection rate was always higher than 98%, even in high tag density and liquid or metal 

interference. According to comparative analyses, the sonic-frame antenna system also 

outperformed the old-fashioned designs in cost-effectiveness, scalability, and ease of 

installation.  

These successes are not without difficulties, including sensitivity to environmental 

changes and some fudged omissions, where there is room for improvement. Among the 

improvements suggested are a better feeder board, high-end materials for signal 

performance, and the adoption of industrially rigged precise fabrication to achieve 

standardized gap sizes and positioning.  

This study successfully proves that we can embed RFID right into the chassis of smart 

cabinets in a scalable and cost-effective manner. With more than 50% hardware savings, 

the design provides a game-changing path for the future of retail automation, logistics, 

and inventory. These results allow for the next generation of smart cabinets that are 

efficient, cost-effective, sustainable, and scalable to various operational scenarios, which 

is a key contribution to the future of RFID-based systems. 
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In the pictures above the Raw pictures of feeder boards, parts to assemble shelves and 

the Tagged products that were used in the testegs are shown. Some pictures of the 

proposed shelf cabinet installed in the cabinet are also shown. 
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