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Abstract  

Nowadays, there is a growing demand for reliable assets security and management in 

various industries. The company SolarWave is eager to implement a comprehensive 

security system to produce active protection for their expensive product: solar panels. 

This security system is not only including assets tracking, monitoring but also 

combined with a control system, which is used to binary control a switch of solar 

panel to be on in presence of the correct ID and off in absence of the correct ID. One 

of the technologies that made this concept viable is known as Radio Frequency 

Identification (RFID). 

The thesis project is a sub-project in the development project whose content is 

mentioned as above. It contains two main parts. One is the system solution for the 

company. The other is RFID tag design which is in parallel with the company solution 

in order to reach a scientific level of a master thesis. 

In this thesis, I systematically analyze the operating mechanism and characteristics of 

RFID, and propose both active and passive RFID solutions for the company. And I 

also suggest an alternative radio technology ZigBee which can be used instead or as a 

complement to RFID. Meanwhile, I propose two designs of RFID tag according to the 

specification of the solar panel. One is modified meandering antenna. This kind of 

antenna is very effective and popular in RFID tag design in order to minimize the size 

of antenna. The other is inductively coupled loop antenna. It is a very useful method 

for conjugate matching in RFID tag antenna. The required input resistance and 

reactance can be achieved separately by choosing appropriate geometry parameters. It 

makes the antenna easier to match to the tag chips. Both the RFID antenna designs are 

simulated on Ansoft HFSS 12. 
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1 Introduction 

In this development project, the company SolarWave wants to proactively implement 

a state-of-the-art and comprehensive security system to produce active protection for 

their expensive product: solar panels. The primal prototype of the protection system is 

planned to use an identification system combined with a control system, so that a 

switch of solar panel will be binary controlled to be on in presence of the correct ID 

and off in absence of the correct ID. One of the technologies that made this concept 

viable is known as Radio Frequency Identification (RFID). 

RFID is an automatic identification technology, which uses RF signal to identify the 

tagged objects and collect the relevant data in a non-contact manner. A basic RFID 

system consists of three components: a data carrier (also called a Tag or a 

Transponder), a radio-scanner unit (also called a Reader) and an Antenna.  

The early RFID technology can be traced back to radar equipment which was 

invented in 1930s and aircraft Identification Friend or Foe system which was invented 

by the British Air Force and widely used in allied forces during World War II (1939) 

[1]-[4]. Compared with the traditional automatic identification system (e.g. barcodes), 

RFID technology has many advantages. The identification target does not need to be 

visible. RFID can read the data through the external materials. It is also able to 

directional or non- directional read or write data at long range. And it can 

simultaneously read data from multiple tags and work under harsh environments. 

Moreover, RFID can store a large amount of information, and physically locate the 

objects by tags, and so on. 

Nowadays, across the globe and among many industries, RFID technology has 

evolved far beyond the days of barcodes in retail. Companies, individuals and states 

all benefit from such a technology. It has become very popular in many areas such as 

logistics, access control, transportation, pet management, counterfeit struggle, 

e-documents, biometric passports, etc.  

The thesis project is a sub-project in the development project whose content is 

mentioned at the beginning. The thesis contains two main parts. One is the system 



solution for the company. It is to propose a suitable RFID solution for the solar panel. 

In the design of the RFID solution, operation frequency, environmental conditions, the 

total cost, which kind of tags, and how to achieve the specified switch controlling 

function are the main considerations.  

The other part of the thesis is RFID tag design which is in parallel with the company 

solution in order to reach a scientific level of a master thesis. A typical tag consists of 

an antenna and a microchip transmitter with internal memory. It is attached to the 

tagged object with a unique ID code. The antenna generates an electromagnetic wave 

to the tag. The energy of the electromagnetic wave energizes the chip inside the tag. 

The tag uses the chip to modulate the stored data and the modulated signals is 

recovered by the antenna, and then send to the reader unit for interpretation. 

The three main points of design RFID tag is the size of the tag antenna, impedance 

matching between tag antenna and chip, and the environmental factor of the tag 

antenna performance. Now, modern integrated circuit technology has reduced the size 

of the tag chip to below 1 square millimeter. Observably, the label of Ultra High 

Frequency (UHF) band antenna will be much bigger than the chip. Therefore, in order 

to be able to be attached to small objects, the tag antenna must be miniaturized. 

Besides, tag antenna and chip need impedance matching design, in order to effectively 

improve the energy extracted from the electromagnetic field and increase the 

operating range (or reading distance). In addition, since the effect of the attached 

object and the surrounding environment the tag antenna often appears performance 

deterioration such as frequency offset, low efficiency and so on. Thus, it is very 

necessary to consider the environmental factor of antenna design.  

1.1 Aim of the report 

The aim of this thesis is 

� To systematically analyze the operating mechanism and characteristics of RFID  

� To investigate the existing RFID products that is suitable for the company 

requirements 

� To suggest alternative technique that can be used as a replacement or as a 



complement of RFID 

� To design a smaller size RFID tag antenna and manufacture a working prototype. 

1.2 Layout of the thesis 

The thesis report is organized as follows: 

Chapter 2 gives an introduction of what RFID is, describes the principle of RFID 

communication techniques and more detail about RFID reader and RFID tag.  

Chapter 3 gives a solution proposal for the RFID system, with the existing products. It 

also describes the idea how to use RFID system in a control system to remote control 

the solar panel power on or off. Moreover, it gives an introduction of how the 

alternative (radio) technique: ZigBee works, which can be used as a replacement of 

RFID 

Chapter 4 gives two design proposals for the RFID tag. And it describes the 

simulation result of RFID antenna design on Ansoft HFSS 12. 

Chapter 5 gives the conclusion of the project. 

2 RFID system and alternative technique 

2.1 Overview of RFID system 

RFID is a simple wireless system, used to control, detect and track objects. In other 

words, an RFID tag which attached to an object is an intelligent barcode. One of its 

important applications is that it can communicate through RFID readers to the global 

network to show where the object is. RFID technology has wide frequency range and 

can support many applications, from inventory management, asset tracking to 

assembly automation improvements, health care. Thereby it enables manufacturers to 

know the location of each product during its operation life, and also help to control 

and manage all types of tangible assets. It is observable that RFID is going to be more 

ubiquitous than barcode system, and its applications are only limited by your 

imagination. 

A typical RFID system is composed of three main parts: Tag, Reader and Data 

Management System, see Figure 2.1 



 

Figure 2.1 The frame of RFID system 

 

The RFID tag part can also be subdivided into two parts, antenna and tag chip. Each 

tag contains a unique identification code to identify the attached objects. When the tag 

receives the RF signal from the reader, the tag will "wake up", and according to 

instructions of the reader to complete the corresponding action, and then send stored 

target information back to the reader. The storage unit of the tag can be repeatedly 

read and written more than 10,000 times. 

Reader also can be subdivided into two parts, antenna and reader unit. It sends RF 

signal to the tag for “wake up” by using reader antenna, and receives the target 

information from the tag. After the initial filtering and signal processing, reader will 

extract and analyze the tag information. The useful data will be sent to data 

management systems through network. 

Data management system is mainly used for data storage and information 

management. Data management system can be the simple local software, and also can 

be the distributed Enterprise Resource Planning (ERP) management software which 

integrated in RFID management module.  

In briefly, tag and reader are responsible for identifying and capturing data, data 

management system is responsible for managing and manipulating the data 

transmitted. 

RFID Reader RFID Tag 
Energy / Data 

Tag Antenna  Reader 

Antenna  
Network  

Data Management System  



 

Figure 2.2 A inductive coupling RFID system 

 

One key element of operation in RFID is data transfer. It happens between a tag and a 

reader. There are two main communication techniques, coupling and backscattering.  

Communication through coupling 

Coupling, in general, is the process of transferring energy from one medium to 

another similar medium, such as a metallic wire or an optical fiber. There are two 

common types: capacitive (electrostatic) coupling and inductive (magnetic) coupling. 

Inductive coupling is the transfer energy from one circuit to another through a shared 

magnetic field due to the mutual inductance between the two circuits. Inductive 

coupling is used by low-frequency or high-frequency RFID systems. Due to the long 

wavelengths of the lower frequency waves, the length of traditional dipole would be 

too long. So the tag and the reader use a loop-style coil for an antenna, see Figure 2.2. 

The power transfer between tag and reader highly depends on the operating frequency, 

angle made with the antennas (for maximum power transfer, the tag antenna and 

reader antenna should be in the same plane), and the distance between the antennas 

[5].  

The main character of inductive coupling RFID system is as below: 

� Short read/write range (only works in the near field of the RF signal) 

� Low cost 

� Big antenna size  

� Low transmission speed 



 

Communication through backscattering 

Backscattering is the communication technology used by UHF or microwave 

frequencies RFID system. It is the process of collecting an RF signal (energy), 

processing the signal with the data it carries, and reflecting it back to where it came 

from. In the RFID system, it works like a reader sends the electromagnetic wave to a 

tag at a specific frequency; the tag receives the wave, encodes the information into the 

wave, and scatters it back to the reader. A charge device such as a capacitor contained 

in the tag makes this reflection possible [5] [6].  

The backscatter modulation RFID system is shown in Figure 2.3. The main character 

of such system is as below: 

� Long read/write range  

� Small antenna size  

� High transmission speed 

 

Figure 2.3 The backscatter modulation RFID system 
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Type Power Supply 
Operation 

Life 
Size Cost 

Tag 

Transmit 

Range 

Processing 

capability  

Active tag Has battery 

Depend 

on the 

battery, 

life is 

limited 

Large, 

thick, 

heavy 

Expensive Long(>3m) High 

Passive tag 

No battery, 

obtains the energy 

from the 

electromagnetic 
field 

Long 

operation 

life 

Small, 

thin, 

light 

Inexpensive Short(<3m) Low 

Semi-active 
tag 

Has battery 

Longer 

than 

active tag 

(because 

power is 

only 

consumed 

when the 

tag is 

activated) 

Large, 

thick, 

heavy 

Inter- 

mediate 
Short(<3m) High 

Table 2.1 The properties of three different tags 

2.2 RFID tag 

Tag, also known as transponder, holds the data that is transmitted to the reader when 

the tag is interrogated by the reader [6]. The most common tags today include an 

antenna and an Integrated Circuit (IC) with memory, which is essentially 

microprocessors chip.  

According to the communication methods between tags and reader, there are three 

types of RFID tag, passive, active and semi-active. The main difference is whether the 

battery is encapsulated in the tag or not. The most popular tags today are passive tags. 

These tags require no battery power and can be produced at very low cost. They get 

their power by harnessing the electromagnetic energy emitted from the reader. Active 

tags have their own power supply. They do not require energy provided by reader to 

energize them. Thus, active tags can automatically send signal to the reader. 

Compared with passive tags, active tags have longer working range and more 



complex application, but shorter operation life, bigger size and heavier weight. 

Semi-active tags are between active and passive tags. They have batteries on board. 

They use power from the onboard battery to operate the tags. However, they still need 

electromagnetic field generated by reader to "wake up" and transmit the information 

stored in the tag back to the reader [6]. The main properties of three different tags are 

as shown in Table 2.1. 

2.3 RFID reader 

The reader, also referred to as the interrogator, is a device that captures and processes 

tag data, and is also responsible for interfacing with a host computer [6].  

In the case of passive and semi-active tags, the reader provides the energy required to 

activate or energize the tag in the reader's electromagnetic field. The reach of this field 

is generally determined by the size of the antenna on both sides and the power of the 

reader. The size of the antenna is generally defined by application requirements. 

However, the power of the reader, which defines the intensity and reach of the 

electromagnetic field produced, is generally limited by regulations. Each country has 

its own set of standards and regulations relating to the amount of power generated at 

various frequencies [6].  

 

 

Figure 2.4 The typical passive RFID tags with antenna 



Frequencies 
low frequencies 

120-140kHz 

high frequencies 

13.56 MHz 

ultra high 

frequencies 

860-950 MHz 

microwave 

frequencies 

2.45 GHz  

Operating range Up to 1 meter Up to 1 meters  Up to 3 meters  4-12 meters 

Advantages 

 

Simple and 

robust 

technology 

Lots of 

shapes and sizes 

Insensitive to 

disturbances 

Good penetration 

Works best 

around metal and 

liquid 

Good 

anti-collision 

Large assortment 

relatively 

transponder 

Common 

worldwide 

standards 

Longer read 

range than LF 

(low frequency) 

tags 

Lower tag costs 

than LF tags 

Good 

anti-collision  

Fast speed  

Long read range  

Cheap price  

Good standards 

 

Good 

anti-collision 

Very fast data 

transfer rates 

Very long 

transmit ranges 

Commonly used 

in active and 

semi-active 

modes 

Disadvantages 

Limited anti 

collision 

Slow data 

transfer 

Unable to read 

through liquid 

Poor 

performance 

around metal 

Incompatibility 

issues related to 

regional 

regulations 

Susceptible to 

interference from 

liquid and metal 

Poor 

performance 

around liquid and 

metal 

Examples of 

usage 

Animal 

identification 

Industrial 

automation 

Access control 

Payment and 

loyalty cards 

(Smart Cards) 

Access control 

Anti-counterfeiti

ng 

Various item 

level tracking 

applications such 

as for books, 

luggage, 

garments, etc. 

Smart shelf 

People 

identification and 

monitoring 

Supply chain and 

logistics such as: 

inventory 

control, 

warehouse 

management, 

asset tracking 

Access control 

Electronic toll 

collection 

Industrial 

automation 

Table 2.2 Radio frequency ranges of RFID systems and the corresponding properties 

 



2.4 RFID antenna 

The antennae are the conduits for data communication between the tag and the reader. 

Antenna design and placement plays a significant factor in determining the coverage 

zone, range and accuracy of communication [5] [6]. 

The tag antenna is usually manufactured with the tag chip on the same surface and 

packaged as one single unit. Figure 2.4 shows several common passive tag and 

antenna configurations. Since the tag chip can be very tiny, below 1 square millimeter, 

the dimension of the entire tag packaging is typically determined by the size and 

shape of the antenna. The packaging characteristics for the antenna of reader also vary 

greatly depending on application requirements. In certain cases such as handheld 

readers, the antenna is fabricated directly on the reader. In other cases, several 

antennae can be mounted away from a reader unit and positioned strategically to 

enhance the quality and range of the radio signals [5][6].  

2.5 RFID operation frequency  

The operation frequency is a very important element in RFID system. The 

characteristics of different operation frequencies are needed careful consideration in 

designing an RFID solution. The most common RFID frequency ranges are Low 

Frequency between 120 and 140 kHz. It is the near-field propagation which offers an 

operating range between 0 and 1 m. To achieve a higher operating range, it is 

necessary to raise the system frequency in order to take advantage of the far-field 

propagation characteristics, which as high frequency at 13.56 MHz, ultra high 

frequency at 860-950 MHz, and microwave frequency at 2.45 GHz. In general, the 

frequency defines the operating range and the data transfer rate between the tag and 

the reader. The lower the frequency, the shorter the operating range and the slower the 

transfer rate. However, the rate and the operating range are not the only two 

considerations in designing an RFID solution. Environmental conditions, such as the 

substrate that tags are attached to and the presence of other radio wave producing 

devices, also play a significant role in determining the optimal operating frequency 

for a particular application. The Table 2.2 describes most popular radio frequency 



ranges of RFID systems and the corresponding properties [7].   

2.6 Alternative technique 

According the requirements of the solar panel active protection, another viable 

technology is ZigBee, which can be used instead or as a complement to RFID. Built 

on top of the IEEE 802.15.4 (Wireless Personal Area Network (WPAN) 

communication standard), ZigBee is a low-cost, low-power-consumption, 

low-date-rate, short-range wireless technology developed by ZigBee Alliance, which 

is an association of more than 250 Original Equipment Manufacturer (OEM), 

semiconductor manufacturers, technology providers, and end users [8].  

ZigBee-based wireless devices operate in 868 MHz, 915 MHz, and 2.4 GHz 

frequency bands [8]. Some of their characteristics are shown in Table 2.3. The 

maximum data rate is only 250 K bits per second. The constraint of the technology is 

low data rate. So ZigBee is targeted mainly for battery-powered wireless control 

applications where low data rate, low cost, and long battery life are main requirements. 

ZigBee enables devices to self-assemble into wireless mesh monitoring and control 

networks that automatically configure and heal themselves, and work for years on 

very little power [9]. Global association of companies ZigBee Alliance notes that 

ZigBee technology will be embedded in a wide range of products and applications 

across consumer, commercial, industrial and government markets worldwide to 

improve everyday life [10]. 

 

Frequency Band Radio Channels Availability Max Data Rate Data Modulation 

868 MHz 1 Americas 20 kbit/s BPSK 

915 MHz 10 Europe 40 kbit/s BPSK 

2.4 GHz 16 Global 250 kbit/s 16-ary orthogonal 

Table 2.3 ZigBee frequency bands and their characteristics 

 

 

 



ZigBee architecture: 

ZigBee wireless networking protocol layers are shown in Figure 2.5 [8]. Medium 

Access Control (MAC) and Physical (PHY) layers are defined by the IEEE 802.15.4 

standard. ZigBee builds a Network (NWK) layer and an Application (APL) layer on 

top of the two layers. The PHY layer provides the basic communication of the 

physical radio, which is simply translates packets into over-the-air bits and back again. 

The MAC layer provides the concept of a network to make reliable single-hop 

communication, including a Personal Area Network (PAN) ID, and networking 

discovery through beacon requests and responses. The NWK layer is responsible for 

mesh networking, broadcasting packets across the network. The APL layer includes 

applications objects defined by the user, ZigBee device object, and application 

support sublayer. The ZigBee device object is responsible for overall device 

management. The application support sublayer provides servicing to both ZigBee 

device object and applications objects. The APL layer acts as a filter for the 

applications running above it on endpoints to simplify the logic in those applications 

[11]. 

Device types and roles: 

There are three types of roles in an IEEE 802.15.4 wireless network: coordinator, 

PAN coordinator, and device. Coordinator is a device that is capable of relaying 

messages. PAN coordinator is a coordinator that is the principal controller in personal 

area network. If a device is not acting as a coordinator, it is simply called a device [8]. 

IEEE 802.15.4 also defines two types of devices: Reduced Function Device (RFD) 

and Full Function Device (FFD). RFD implements a subset of the IEEE 802.15.4, 

which means has limited capabilities. RFD devices cannot act as coordinator and only 

intended for very simple applications such as turning on or off a switch. FFD is 

capable of performing all the duties described in the IEEE 802.15.4 standard and can 

accept any role in the network [8].  



 

Figure 2.5 ZigBee Wireless Networking Protocol Layers 

 

ZigBee defined three types of devices, depending on their networking capabilities: 

ZigBee coordinator, ZigBee router and ZigBee end device. ZigBee coordinator is the 

core device in a ZigBee network. Meanwhile, it is an IEEE 802.15.4 PAN coordinator. 

There is normally only one ZigBee coordinator in each network. It can build the root 

of the network tree to initiate a ZigBee network and bridge other ZigBee devices to 

join into the network. A ZigBee router is a device that can act as an IEEE 802.15.4 

coordinator. Its major function is to contribute in mesh routing of network 

communication between devices and support device associations. ZigBee end device 

can only talk to parent devices (coordinator and router devices). It is unable to relay or 

route data from other devices. As a result, it only needs to care about its own data. 

End device requires the least amount of memory and is allowed to be asleep the major 

time. Therefore end device is normally the least expensive, longest operation life 

device in the network. Besides some routers can also have an end device role.  

 

 

 



 

Figure 2.6 A basic ZigBee topology 

 

Moreover, the NWK layer of ZigBee supports star and peer-to-peer (tree, mesh) 

topologies. Star networks support a single ZigBee coordinator with one or more 

ZigBee end device, which can be up to 65,536 in theory. Mesh network routing 

permits path formation from any source device to any destination device. A ZigBee 

network starts its formation as soon as devices become active. A basic ZigBee 

topology is shown in Figure 2.6. ZigBee transmission distances can be up to 10 to 100 

meters, depending on the output power and the environment conditions. 

3 System solution for the company 

3.1 RFID solution for solar panel 

In this development project, the company needs to proactively implement a 

state-of-the-art and comprehensive security system for the protection of their 

expensive product: solar panels. They hope to have a reliable anti-theft system to 

produce active protection, which means every solar panel enables to be identified, 

tracked and monitored. Meanwhile, if the solar panel is stolen, it will not be usable 



anymore. The entire device will be shut down by a certain control system inside the 

junction box, which is on the back of the solar panel. One of the viable technologies 

to realize this requirement is RFID technology. In such specific application, the RFID 

will be used in a remote control system. The brief structure is shown in Figure 3.1. 

Inside control system there is a switch, which is used to control the solar panel. When 

the identification of the tagged solar panel is recognized by the RFID reader, the 

switch will be remotely controlled to be on. The solar panel will become active in 

presence of the correct ID. Otherwise, the switch will be off. The solar panel will be 

shut down. So outside the operation range of the RFID reader or without correct ID, 

the solar panel can not work anymore.  

The thesis project is a sub-project in the development project whose content is 

mentioned as above. The elemental design of the RFID solution is required to include 

asset identification, tracking and monitoring on a regular basis. And it also needs to be 

extensible so that further functionality can be added later. Both passive and active 

RFID solution can achieve the purpose.  

 

Figure 3.1 The brief structure of RFID control system 

 

3.1.1 Passive RFID solution 

Passive RFID tags have been used in assets tracking and inventory management for 

many years. And considering tag costs are one of the key considerations in an RFID 

deployment, passive RFID tag solution, which is no-battery, less expensive and with 



favorable form factor, is the initial selection for the solar panel. 

Different systems use different frequency bands, low frequency (125 kHz, 135 kHz), 

high frequency (13.56 MHz), ultra high frequency (860 – 950 MHz) and microwave 

frequency (2.45 GHz). The different frequency bands have different qualities. There 

are four main factors that are influenced by the frequency: the operating range, the 

transfer rate, the ability to penetrate materials and the ability to withstand 

electromagnetic background noise. In this case, the initial RFID system is primarily 

approach to general asset tracking system. The passive tag is planned to be hidden 

into the junction box of the solar panel, which is nearly 43 mm × 43 mm. The 

substrate, which the tag is attached to, is electrical insulation material. Considering 

the environment conditions of the tag and comparing the properties of different 

passive RFID products in open market, UHF RFID is decided to use in the solution.  

Europe standard UHF (865 – 868 MHz) RFID solution: 

The whole RFID system contains three main parts: passive UHF tag, UHF RFID 

reader, and data management system which is the software to collect and manage the 

RFID data.  

 
Figure 3.2 The brief structure of RFID System 

 

Passive UHF EPC tags comply with EPC Class 1 Gen2 standard. This standard is 

class 1 generation 2 UHF air interface protocol standard. It defines the physical and 

logical requirements for a passive-backscatter, Interrogator-talks-first, RFID system 

operating in UHF range [12]. EPC (Electronic Product Code) is a numbering scheme 



that allows assignment of a unique identifier to any physical object, and allows for 

encoding of much more detailed item data than UPC (Universal Product Code) used 

in barcode systems. In this system, Passive UHF EPC tags are attached to every solar 

panel. Every solar panel can be identified by an electronic product code in an 

automatic hands-free manner. Antennae is mounted away from the reader unit and 

positioned strategically to enhance the quality and range of the radio signals. 

Typically RFID antennae are installed at where refer to as 'choke points' such as 

entrances, passageways or tunnels. All tagged products can be automatically 

monitored and recorded the location. Data management system is used to manage and 

manipulate the data transmitted between the tag and the reader and between the reader 

and the host computer. The brief structure of RFID System is shown in Figure 3.2. 

The UHF RFID system components are shown as below: 

Tag:  

UH113-MZ3 passive tag is designed by LAB-ID Company. The tag has 96 bit EPC 

memory and optimized performance when attached to different non metallic materials. 

It also has very small form factor and good read range. Common applications are 

apparel and brand protection as well as item-level logistics. The main features of the 

tag are shown as below in Table 3.1 [13]. 

Reader: 

UHF RFID reader R600 (see Figure 3.3) is designed by Scirocco Company. The 

reader has extremely reliable reading / writing performance. Up to 4 antennas can be 

connected. The reader also conforms to the ISO 18000-6C (an international standard 

that describes a series of diverse RFID technologies) UHF standard, which guarantees 

interoperability with EPC Class 1 Gen 2 compatible tags. The specification of the 

reader is shown in Table 3.2 [14]. 

Antenna:  

UHF RFID reader antenna A100 (see Figure 3.4) is designed by Scirocco Company. 

This antenna has enclosure’s square, symmetrical design. It can be mounted for 

vertical or horizontal polarization without restriction to how the front cover is oriented. 

The specification of the antenna is shown in Table 3.3 [15]. 



UH113-MZ3 passive tag 

Inlay Specifications 

 

Standard compliance: ISO 18000-6C (EPC Class 1 Gen 2) 

Operating frequency 860 -- 870 MHz 

Operating temperature  -40 °C to +65 °C 

Storage temperature -40 °C to +85 °C 

EPC memory: Impinj Monza™ 3 + 96 bit EPC memory 

Application area: Apparel and brand protection, item-level logistics 

Dimensions: 37.5 x 20.32 mm 

Antenna:  28.8 x 9.1 mm - aluminium 

Delivery format dry inlay, wet inlay, label 

Table 3.1 The specification of the tag UH113-MZ3 

 

 

Figure 3.3 UHF RFID reader R600 

 

 

 



UHF RFID reader R600 

Interfaces  Ethernet TCP/IP, RS232/485, 2+2+2 parallel I/O, 

relay 

Dimensions  160 x 218 x 46 mm 

Antenna connection  4 TNC female 

Transmitting frequency 4 channels within 865-868 MHz 

Radio frequency protocol ISO 18000-6C (EPC Class 1 Gen 2) 

Read/write range 5 m reading, 3.5 m writing 

Data speed  170 reads/sec (EPC), 40 reads/sec (TID) 

Power input 10 -- 30 Vdc, 12 W reading/writing 

Weight 1.5 kg  

Protection class (IEC 60529) IP 65 

Temperature operating -20 to +50 °C 

Radio certification  EN 302 208-1, -2 

Electromagnetic compatibility EN 301 489-1, -3 

Vibration IEC 60068-2-6 0.01 g2/Hz, 0.5h x3 dir, 10-2000 Hz  

Cover Aluminium housing 

Table 3.2 The specification of the reader R600 

 

 

Figure 3.4 UHF RFID reader antenna A100 

 

 

 



UHF RFID reader antenna A100 

Polarisation  Linear  

Dimensions 212 x 212 x 46 mm 

Antenna connection  TNC female, 50 ohms 

Frequency range 865-868 MHz 

Gain 8 dB 

Weight 0.5 kg  

Protection class IP 65 

Temperature, operating -40 to +55 °C  

Radio certification  EN 302 208-1, -2 

Electromagnetic compatibility EN 301 489-1, -3 

Vibration IEC 60068-2-6 0.01 g2/Hz, 0.5h x3 dir, 10-2000 Hz 

Cover Polycarbonate/aluminium housing 

Table 3.3 the specification of the antenna A100 

 

Data management system: 

Software for PC is designed by Scirocco Company. This host-based software runs on 

a standard Windows operation system (ME, 2000, or XP) and is tightly integrated 

with reader R600. 

On the other hand, since the passive RFID tag does not have its own power source, 

such as a battery, it responds to the signal sent by the reader by taking power from the 

reader’s signal. How to get required energy to remotely control the switch of solar 

panel becomes the biggest problem in passive RFID solution. Designing special 

structure and big size tag antenna or adding another power supply to the control 

system may solve this problem. But it will increase complexity in manufacturing solar 

panel and it is not extensible and changeable for future functionality. 

3.1.2 Active RFID solution 

Active tags usually operate in the UHF and microwave frequency ranges (455 MHz, 

2.45 GHz, and 5.8 GHz). And compared with passive RFID tags, active tag has its 



own power source, longer operating ranges from 20 to 100 meters, and larger memory 

capacity up to 8 MB.  

In this case, it is considered that there is a switch inside active tag. Since active tag 

has reliable power supply, this internal switch can be used to directly control solar 

panel. If correct ID is present, the switch will be on, and the solar panel will work. 

Otherwise, the solar panel will keep inactive. Hence the state of solar panel can be 

directly controlled by active tag without any extra device. Besides in this case the 

tagged object is solar panel, active tags do not need any onboard batteries. They can 

own reliable source of power produced by solar panel. With this long operation power 

supply, they also enable to include value features such as alarm system, onboard 

temperature sensors, motion detection, or telemetry interfaces. Due to its longer 

operating range and larger memory capacity, an active tag can be integrated with a 

GPS (global positioning system) to pinpoint the exact location of the tagged object. 

These advantages of active tag make active RFID preferable to passive RFID in the 

situation when the RFID tag cannot simply be used as a "license plate".  

According to the proposal of the specific active tag, I searched all existing products in 

open market. Unfortunately, there is no available existing products satisfied the 

proposal.  

3.2 ZigBee solution  

In this project, a ZigBee- based room access system includes a portable ZigBee device 

that acts as the key and a battery-powered ZigBee device inside the door that locks 

and unlocks it  

Figure 3.5 is a simplified diagram of a tracking and control system. A ZigBee device 

is attached to a solar panel. There are several fixed ZigBee nodes with known 

locations. The mobile ZigBee node, tagged on solar panle, broadcasts a signal that is 

received by all fixed nodes. The signal becomes weaker if it travels longer. Therefore, 

the strength of the signal reaching each of the fixed nodes can be different. The 

approximate location of the mobile node can be estimated. Then this location 

information is transmitted to a ZigBee gateway. A ZigBee gateway provides the 



interface between a ZigBee network and other networks, such as an internet protocol 

network. The location information is then transmitted over the Internet to host 

computer to monitor and track the solar panel. Meanwhile, the fixed or another 

portable ZigBee devices act as a key to check the ID of solar panel. If the ID is correct, 

the battery-powered ZigBee device which is attached to solar panel will remotely 

control the switch on to activate solar panel.  

 

Figure 3.5 The brief structure of ZigBee control system 

 

4 RFID tag design 

4.1 Introduction 

In order to reach a scientific level of a master thesis, a RFID tag design is in parallel 

with the company solution. And because a passive RFID solution was the initial 

suggestion, this specification of this design is decided according to initial solution for 

the company: UHF passive tag．In this chapter, two types of antenna design will be 

introduced. One is modified meandering antenna. This kind of antenna is very 

effective and popular in RFID tag design in order to minimize the size of antenna. 



And the design also has the best simulation result in HFSS. The other is inductively 

coupled loop antenna. It is a very useful method for conjugate matching in RFID tag 

antenna.  

A tag normally consists of a chip and an antenna. In passive tags, the energy required 

to drive the chip comes from the interrogation system itself. A backscattering 

modulation is achieved when the microchip acts as a switch, to match or mismatch its 

terminal impedance to the antenna [16]. The impedance matching between tag 

antenna and chip is very important thing. In order to realize the maximum power 

transmission reflected from tag, the tag antenna has to conjugate match to the chip. 

Figure 4.1 shows the equivalent circuit of tag. The chip impedance ZL is given by RL 

+ jXL and the antenna impedance ZA is given by RA + jXA. When ZL = ZA
*
, the 

maximum transmitted power Pt by a tag can be expressed as below: 
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Figure 4.1 The equivalent circuit of tag 



 

Figure 4.2 The geometry of a meander-line antenna having multiple unequal turns 

 

In RFID applications, the input impedance of the chip is no longer 50 Ω or 75 Ω. 

Generally, the resistance value of chip is under 100 Ω and its reactance is from -300 Ω  

to -100 Ω. That means the designed tag antenna impedance must be a complex value 

too [17]. It is a challenge to design the antenna that will have complex input 

impedance with the constraints such as small size, low cost etc.  

In this tag design, the SMT EPC Gen2 IC chip is used. The operating frequency of the 

tag antenna is 866.5 MHz, using FR4 as the antenna substrate. The dielectric constant 

is 4.4. In order to conjugate match to the chip, the impedance of antenna is 9.8 + j73 

Ω. The dimension of the antenna is required to minimize to 43 mm × 43 mm.  

4.2 Modified meandering antenna design 

Since the UHF RFID tags have to be attached onto small objects, the antenna's 

geometry needs to be miniaturized. As we know, a very successful size reduction 

method used to design RFID tags is meandering. 

As proposed in [18], by folding the arms of a dipole antenna along a meandered path, 

a wire configuration is produced with distributed capacitive and inductive reactances 



which globally affect the antenna's input impedance, see Figure 4.2. From this Figure, 

we notice that both capacitive and inductive reactance mutually cancel. The currents 

on the adjacent vertical segments of antenna have opposite phases. These currents do 

not produce any valuable radiated power except power losses and storage of electric 

energy. Hence, resonant frequencies are much lower than in the case of straight dipole 

of the same structure length, at the expense of a narrow bandwidth and a low 

efficiency. The horizontal lines of antenna mainly control the radiation resistance. The 

values of radiation resistance are affected by the antenna total horizontal width 

relative to the resonant wavelength.  

In order to achieve the desired antenna impedance, the geometric configuration of the 

meander line antenna is very important. Following primary results in [19] [20] [21], it 

is found that the resonant frequency is decided by five parameters which are used to 

describe the physical dimensions of the meander lines: the number of turns (N), the 

length of the vertical (h) and horizontal (m) segments of the turn, the conducting line 

length (S) and the width of the line (w) (w has small effect on the resonant frequency 

of the antenna, and we consider w  =  0.5mm in the design), see Figure 4.2.  

The characteristic impedance of two adjacent vertical lines can be expressed in the 

following form [21]:  

w

m
Z

2
log0 π

η=                                        (4) 

Where, η is the wave impedance in free space, m is the horizontal segment of the turn, 

w is the width of the line.  

The input impedance of two adjacent vertical lines Zin is given by the following 

equation [21]: 

hjZZ

hjZZ
ZZ

L

L
in β

β
tan

tan

0

0
0 +

+
=                                   (5) 

Where β is equal to 2π/λ, h is the height of vertical lines, ZL is the load impedance of 

two adjacent vertical lines.  

 

 



Since all adjacent vertical lines are terminated in a short circuit. Thus, ZL = 0 and (5) 

becomes: 

hjZZ in βtan0=                                            (6) 

Following Endo et al. [20], tanβh can be expanded as following on condition that βh 

<< 1: 

3)(
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1
tan hhh βββ +≈                                         (7) 

Then, (6) becomes: 
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Where L is the inductive reactance formed by each two adjacent vertical lines. 

If inserting (4) into (8), the inductive reactance L can be shown to be: 
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Where µ0 is vacuum permeability. 

Supposed that the number of meander turns is N, the total reactance obtained by the 

adjacent vertical lines should be Lp = N × L. 

The self-inductance (Ls) of the straight conducting line, which length is S, is given by 

the following equation [20]:  
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Then, the total inductive reactance of the meander line dipole antenna is obtained by: 

LNLL sT ×+=                                        (11) 

Inserting (9) and (10) into (11), 
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The self-inductance of a half wave-length dipole antenna can also be derived by (10): 
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Following Endo et al. [20] we suppose that inductive reactance of meander line dipole 

antenna is equal to half wave-length dipole antenna when they resonate at the same 

frequency [20], thus LH = LT: 
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According to the formula (14), we know that the resonant frequency c/λ is decided by 

the number of turns, height, width, and the overall length of the configuration. The 

resonant frequency decrease as the height of the vertical (h) segments increase, 

number of turns (N) increase, the length of horizontal (m) segments increase and the 

length of overall conducting line (S) increase. Besides, the loaded position (m1) does 

not influence the resonant performance. 

In order to achieve the desired resonant frequency which is influenced by parameters 

as above, the following methodology is used. First, we suppose an initial model. The 

dimension of the antenna is required to minimize to 43 mm × 43 mm. At the same 

structure length 43 mm, the resonant frequency of the half wave-length dipole antenna 

is nearly 3.5 GHz, which is much higher than the desired frequency 866.5 MHz. And 

we also know the length of the half wave-length dipole antenna at 866.5 MHz is 

nearly 173 mm. Hence, in order to reduce the resonant frequency and make the size 

small, the initial number of turns should be big enough. It is set to N = 8 × 2. The 

length of horizontal segments is equal to each other, m = 1 mm. The height h = 19 

mm. The loaded position m1 = 1 mm.  

Second, three of the values (N = 16 mm, m = 1 mm, m1 = 1 mm) are fixed. The 

unfixed one h is changed over a range from 14 mm to 24 mm. The simulation result is 

shown in Figure 4.3. We find that when h = 18.8 mm the impedance is close to the 

desired value.  

And according the above conclusion, the impedance also depends on the length of 

horizontal segments. So all the other parameters except the length of horizontal 

segments are fixed (h = 18.8 mm, N = 16, m1 = 1 mm), and the structure of the turns 

is not regular any more. In the design, we model three different lengths (W1, W2, and 

W3) instead of the equal length (m). The structure is as Figure 4.4. W2 is equal to 2 



mm. W1 is changed from 2 mm to 4 mm, and W3 is changed from 4 mm to 6 mm. the 

simulation result is shown in Figure 4.5. It is clear that the antenna impedance shift 

following the change of the length W1 and W3. It proves the theoretical conclusion. 
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Figure 4.3 The left is the HFSS simulation result of antenna impedance from h = 14 

mm to 24 mm; the right is the simulation result when h = 18.8 mm 

 

Figure 4.4 the HFSS model 
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Figure 4.5 The left is the simulation result of the real part of the antenna impedance; 

the right is the imaginary part of the antenna impedance.  



But only adjusting the values (N, m, m1, h), the reactance still can not decrease to 

near 73 Ω. In [22], it proposes a novel feed model to achieve a better impedance 

matching of small meander line antenna. The proposal is referenced to T-match. The 

antenna source is connected to a second small dipole, which is located at a close 

distance (h1) from the first and larger source dipole. The structure is shown in Figure 

4.6. As explained in [16], the impedance at the feed point is affected by the input 

impedance of the short-circuit stub formed by the T-match conductors and part of the 

dipole, the dipole impedance taken at its center in the absence of the T-match 

connection, and the current division factor between the two conductors. It means that 

the impedance strongly depends on the dimension of the short-circuit stub. 

Using the novel feed structure, we fix five values (N = 8, h = 18 mm, W1 = 1 mm, 

W2 = 2 mm, W3 = 2.5 mm), and simulate the two unfixed values (W and h1) from 4 

mm to 10 mm, 2 mm to 7 mm respectively. The simulation result is as below in Figure 

4.7. From the result, we find that when W = 10 mm and h1 = 4 mm, the impedance is 

10.16 + j78. 83 Ω, which is much closer to desired impedance 9.8 + j73 Ω. 

 

Figure 4.6 The HFSS model 
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Figure 4.7 The left is the simulation result of the real part of the antenna impedance; 

the right is the imaginary part of the antenna impedance 

 

After repeating the methodology of changing the dimension of the meander line 

dipole antenna, the final dimension of antenna is shown in Table 4.1. The gap between 

dipole arms is 0.9 mm and number of folds N = 8 × 2. The HFSS model is shown in 

Figure 4.6. 

h h1 W  W1 W2 W3 Width of 

the lines 

18 mm 6 mm 9.2 mm 1 mm 2 mm 2.5 mm 0.5 mm 

Table 4.1 The dimension of antenna 

The total size of the antenna is 18 mm × 42 mm. 

In Figure 4.8, the left curve presents the return loss of the antenna. The resonant 

frequency is 866 MHz with the return loss S11 is -29.68 dB. The bandwidth of the 

antenna is up to 280 MHz where the S11 is below -10 dB.  
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Figure 4.8 The left is the return loss S11; the right is the Z-parameter 

 



The right curve of Figure 4.8 shows the antenna resistance and reactance impedance. 

The resistance is nearly 5 Ω and the reactance is almost 72 Ω. This simulation result is 

extremely close to the desired antenna impedance, 9.8 + j73 Ω. 

The simulation of radiation pattern is shown in the left of Figure 4.9. The curve shows 

that the obtained radiation pattern is some what similar to that of a typical dipole. The 

3D polar gain, directivity and antenna parameters are shown in right of Figure 4.9 and 

Figure 4.10, respectively. 
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Figure 4.9 The left is the radiation pattern (XY plane); the right is 3D polar Gain 

 
Figure 4.10 Antenna parameters 

4.3 Inductively coupled loop antenna design 

As proposed in [23] [24] [25] [26], inductively coupled loop is a very useful method 

for conjugate matching in RFID tag antenna design. The inductively coupled feed 

structure and equivalent circuit is shown in Figure 4.11. The radiating dipole is 

sourced through an inductively coupled small loop, which the tag chip is directly 

connected to. The advantage of the method is that the required input resistance and 

reactance can be achieved separately by choosing appropriate geometry parameters. It 



makes the antenna easier to match to the tag chips.  

In Figure 4.11 (b), the left circuit is equivalent circuit of the radiating body. The right 

circuit is the equivalent circuit of the feed loop. M is the mutual inductance between 

them. Z1 and Z2 are the individual impedances of the radiating body and the feed 

loop, respectively. L1 and L2 are the self-inductance of the radiating body and the 

feed loop, respectively.  

From the two circuits, we get: 
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The input impedance of the antenna Zin is given by: 
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Inserting (15) and (16) into (17), we get: 
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The impedance of the radiating body, which is near the resonant frequency f0, can be 

expressed as follows: 
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Where R is the radiation resistance, )( 0
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Q −  is the quality factor Q as a function of 

frequency f. 

The impedance of the feed loop is as follows: 
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Inserting (19) and (20) into (18), we get: 
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From (21), the resistance and reactance components of Zin are given by: 
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At f = f0, the components of the impedance of antenna become: 
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Figure 4.11 (a) Inductively coupled feed structure and (b) equivalent circuit 
 

From the equation (24), we find that the resistance of antenna impedance only 

depends on the mutual inductance between the radiating body and the feed loop. The 

value of the mutual inductance is mainly affected by the distance between the feed 

loop and radiating body. It means that the resistance depends on the dipole-loop 

distance. From the equation (25), the reactance part only depends on the 

self-inductance of the feed loop, which means the dimension of the feed loop.  

Since the reactance of antenna impedance only depends on the dimension of the feed 

loop, first, we only build the feed loop in HFSS, and change a and b from 8 mm to 6 

mm, 4 mm to 6 mm respectively, in order to achieve the desired the reactance of 

antenna impedance. The HFSS model and the result are shown in Figure 4.12. When a 

= 6 mm and b = 4 mm, the reactance of antenna impedance is equal to 73.89 Ω, which 

is closest to the desired value 73 Ω. 



Second, we add the radiating body in the HFSS model. The initial radiating body is 

supposed the same dimension as the meander line part of the first design proposal. 

The distance between the radiating body and the feed loop (d) is changed from 2 mm 

to 4 mm. The simulation result is shown in Figure 4.13. When d = 2.5 mm, the 

impedance of antenna is equal to 4.29 + 71 Ω. It is very close to the desired value. 
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Figure 4.12 The left is the HFSS model; the right is the simulation result of reactance 

of antenna impedance  
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Figure 4.13 The simulation result of antenna impedance 
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After repeating the methodology of changing the dimension of the meander line 

dipole antenna, Figure 4.14 shows the final geometry of the proposed RFID tag 

antenna. The dimension of antenna is shown in Table 4.2. 

h a b w1 w2 w3 d Width of 

the lines 

14 mm 6 mm 4.4 mm 1.5 mm 3 mm 3.5 mm 2.5 mm 0.5 mm 

Table 4.2 The dimension of antenna 

 

Figure 4.11 The HFSS Model 

 

The simulation result is shown in Figure 4.12, Figure 4.13 and Figure 4.14. The 

resistance is nearly 5.52 Ω and the reactance is almost 69.9 Ω. This simulation result 

is very close to the desired antenna impedance, 9.8 + j73 Ω. The resonant frequency is 

865 MHz with the return loss S11 is -26 dB. The bandwidth of the antenna is up to 60 

MHz. The radiation pattern is similar to a typical dipole. 
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Figure 4.12 The left is antenna impedance Z-parameter; the right is the return loss S11 
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Figure 4.13 The left is the radiation pattern (XY plane); the right is 3D polar Gain 

 

Figure 4.14 Antenna parameters 

5 Conclusions 

The most popular tags today are passive tags. These tags have favorable form factors 

and can be produced at very low cost. Due to they do not have the battery power, the 

operation life can be up to 50 years. Besides, UHF provides the greater read range. 

But it can transmit only simple information such as an ID number and unit specific 

information. It needs extra power supply to remotely control the switch of solar panel. 

Unlike passive tags, active tags have their own power source such as a battery that can 

initiate communication and allows for longer read ranges, better accuracy, more 



complex information exchange, and richer processing capabilities. In this case, the 

switch of solar panel can be directly controlled by active tags. Besides, active tags do 

not need any onboard batteries. They can use power produced by solar cells. 

Moreover, active tag prices are coming down over time. We could take advantage of 

lower spot prices in the future. Compared with advantage and disadvantage of the 

passive and active RFID solution, active RFID solution is preferable for the company. 

In the tag antenna design part, two kinds of meander line antennae for passive UHF 

RFID tag are presented. One is modified meandering antenna. This kind of antenna is 

very effective and popular in RFID tag design in order to minimize the size of antenna. 

The other is inductively coupled loop antenna. It is a very useful method for conjugate 

matching in RFID tag antenna. The required input resistance and reactance can be 

achieved separately by choosing appropriate geometry parameters. It makes the 

antenna easier to match to the tag chips. Both the RFID antenna designs are simulated 

on Ansoft HFSS 12. And both antennae are miniaturized. The two type antennae are 

designed for a conjugate-matching to the tag chip input impedance. The simulated and 

analyzed results show the satisfactory return loss and band width. Simulated radiation 

pattern are in a good agreement with that of a typical planar dipole antenna. In the 

future work, the prototype of the design can be fabricated and measured, and then 

compared with the simulation results. 
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