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ABSTRACT

This dissertation reports on the design and development o f three compact, 

non-meandered microstrip patch antennas for ultra high frequency (UHF) radio frequency 

identification (RFID) applications. The monopole antennas considered in this work are an 

inset-fed triangular antenna, one arm Archimedes spiral antenna and a Half-Sierpinski 

fractal antenna. These antennas with small length to width ratios (< 2/1), can be the 

preferred choice, in the tagging o f small size consumer end products, over the ubiquitous 

meandered dipole antenna (length/ width > 5/1), which is often the antenna o f choice, due 

to its high gain for UHF RFID applications. The lengths and widths o f all three antennas 

are less than 5.5 cm. Earlier reports o f planar antennas for RFID applications in the UHF 

range have lengths larger than 9 cm on one side or are developed on a rigid substrate. All 

three antennas have a surface area o f about 30 cm2  and are designed for a flexible 

polyimide substrate. The new antennas satisfy the requirement o f  a voltage standing wave 

ratio (VSWR) < 2 and exhibit a gain close to or greater than 0 dBi at the operation 

frequency o f 915 MHz. All three antennas have a retum-loss less than -10 dB at 915 

MHz and a -10 dB bandwidth greater than 12 MHz. While the triangular and spiral 

antennas display peak gains o f over 2 dBi, the fractal antenna has a gain close to 0 dBi (- 

0.64 dBi). The effect o f ground geometry on the radiation performance o f the antennas 

has been analyzed using ANSOFT Designer software. Slots, aligned to the top patch were

iii
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introduced in the antenna ground plane to increase the gain o f the antennas. The 

fabricated and tested antennas were then employed in the transmission-delay- line-based 

passive radio-frequency identification tag. The location o f the antenna with respect to the 

transmission line on the tag was found to affect the radiation pattern o f the antenna. A 

circular disc monopole antenna having a gain o f 8 . 8 8  dBi and having a -10 dB bandwidth 

greater than 300 MHz was employed to transmit and receive the interrogating and back- 

scattered signals, respectively. The generation o f bits, employing On-Off Keying (OOK) 

modulation technique was successfully demonstrated. The tag, fabricated with the 

triangular antenna is found to perform the best.
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CHAPTER 1

INTRODUCTION

Radio Frequency Identification (RFID) is a method which involves the sending o f 

a radio frequency (1 Hz to 101 2 Hz) query signal from a remote reader to a tag or 

transponder and receiving the back-scattered or returned back modulated signal back 

from the tag. The tag is attached to an object with the information of the object either in a 

re-writable or un-writable form on the tag. The reader then decodes the signal received, 

and sends the information o f the object to a central processing unit. This unit might be 

receiving information from nearby readers, placed at other locations communicating with 

nearby tags. Thus we have a communication system by which items, located at different 

comers o f  a retail-store or a warehouse, can be tracked and identified. Based on the 

modulation scheme employed by the ID generation circuit on the tag, such a data 

collection system is unobtrusive in nature primarily due to its large reading/tracking 

distance and high efficiency in managing large quantities o f information.

The antennas used in such a system, the antenna on the tag and the antenna on the 

reader employed for signal/power transfer, constitute the back-bone o f the system. The 

antennas determine the amount o f power transferred from the reader to the tag and back 

from the tag to the reader. Though there aren’t any constraints on the physical parameters 

on the reader antenna, such as being planar or small in size, these
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constraints do apply in the design o f the antenna that is to be integrated on the tag. In fact, 

the sizing down of the tag is limited by the size of the antenna, the largest component on 

the tag. This work details the design o f planar, small size and compact antennas for use in 

the tag, their integration with the other components on the tag, and the realization and 

performance o f a radio frequency identification system.

1.1 Definition of RFID

RFID is a contactless method for data transfer in object identification. The three 

components o f an RFID system are as follows [1]:

1. An electronic data carrying device called a transponder, or a tag that is attached to the 

item to be identified.

2. A reader or a scanner that communicates with the tag by using radio frequency 

signals.

3. A central processing system that contains information on the identified item and 

distributes information to other data processing systems.

RFID is a wireless communication system because the scanner communicates 

with the tag by using electromagnetic waves at radio frequencies. Several factors affect 

the communication range, or the distance at which the reader unit identifies the tag. Some 

examples are the frequency used for identification, the gain, orientation and polarization 

o f both the reader and transponder antennas and the placement o f the tag on the object to 

be identified.

1.1.1 History

The basic principle o f RFID was first applied in World War II when the British 

employed coded radar signals, which would activate the transponder in the aircraft and
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return an identifiable code in a scheme, called the Identification: Friend or Foe (IFF), to 

distinguish friendly planes from those o f the enemies [2]. The first documented report on 

communication by means o f reflected signal was first made by Harry Stockman [3]. In 

his 1948 paper titled, “Communication by Means o f Reflected Power” he explains, “It is 

believed that the reflected-power communication method 

may yield one or more o f the following characteristics: high directivity, automatic pin

pointing in spite o f atmospheric bending, elimination of interference fading, simple 

voice-transmitter design without tubes and circuits and power supplies, increased 

security, and simplified means for identification and navigation.” The simplicity o f the 

technology, though outlined very early by Stockman, was not harnessed until recently 

with the world-wide re-birth o f RFID technology. In the 70’s, Los Alamos Research 

Laboratory developed RFID tagging of nuclear equipment and personnel tracking [4]. 

RFID technology was sought after in cattle stock monitoring and tracking through rail

road applications after trying and failing in the effort to use bar-code technology. An 

earlier report o f the use o f RFID technology was in the year 1980 for the application of 

detecting avalanche victims [5].

1.1.2 Present Applications

RFID has applications in various areas, such as retail item management, 

electronic toll collection, asset identification, access control, animal tracking and vehicle 

security [5], “Talking prescriptions” or tags that transmit information that is subsequently 

transformed into an audio form, are given to visually impaired veterans where he/she just 

needs to scan the prescription tag with the reader for the reader to speak the name o f the 

drug, instructions, warnings etc [6 ]. Low frequency (13.56 MHz) RFID tags can be 

implanted in pets which can be returned to their owners, if  lost. Beer kegs are tagged with
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RFID. The books in a library have 13.56 MHz RFID tags on them. Pallet tracking, airline 

baggage tracking and apparel item tracking is done through RFID’s. High frequency tags 

are used in identification badges which can be placed at greater distances than the 

conventional magnetic swipe card for authenticating the holder [6 ]. The American 

Express has announced that their Blue credit card has a high frequency (2.4 GHz) RFID 

tag embedded in it. RFID’s are used for electronic toll collection at toll booths. RFID 

transponders are being embedded into tires to monitor tire pressure [6 ], Smart key or 

Smart start options are being integrated into their car designs by Toyota in their 2006 and 

2007 models for the car door to be opened with the key inside the driver’s pocket or 

purse [6 ]. RFID chips are now being implanted in humans for secure access purposes. 

Combined with sensors to monitor body functions, the device manufactured by Digital 

Angel could monitor patients [7]. In October 2004, the Federal Drug Administration 

(FDA) has approved the implanting o f chips in humans. Such a chip can give useful 

medical information about the person, assist with medical care and prevent errors. RFID 

is presently gaining popularity and acceptance in the public and private sectors o f the 

world o f commercial enterprise.

1.1.3 Projected Applications

RFIDs may never completely eliminate less expensive bar-code technology 

though it has many significant advantages over the old method. RFID is being proposed 

to replace the cashier with an automatic system that requires no barcode scanning. An 

organization called GS1, is working on international standards for the use o f RFID and 

the Electronic Product Code (EPC) in the identification o f any item in the supply chain 

for companies in any industry, anywhere in the world. The use o f RFID to prevent mix- 

ups between sperm and ova in In-vitro fertilization (IVF) clinics is being considered [7].
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A few countries have considered embedding RFID chips into passports. Such RFID 

enabled passports uniquely identify their holder and also other personal information. The 

RFID passport is sheilded against skimming. For successful interrogation o f a reader, a 

few characters (PIN) have to be input to the reader. Moreover, the data is encrypted to 

prevent any fraudulent schemes. A few states in the US are considering implementation 

o f RFID’s in licenses to help perform look-ups faster for the police and government 

officials [8 ]. Incorporation o f RFID in retail store management may completely eliminate 

the cashier and allow checking out by automatic scanning and billing o f  the products 

bought through RFID interrogation. Another use o f RFID is for traffic positioning 

systems, in which a RFID RBS (Road Beacons) is embedded in the pavement and 

communicates with the in-vehicle unit which also translates the traffic lights into voice. 

Such a system complements the satellite positioning system in places such as tunnels and 

indoors [8 ]. These are just a few o f the many innovative applications in which Radio 

Frequency Identification has been employed.

1.1.4 Classification

The classification o f RFID can be done based on four factors, (i) Active, Passive 

and Semi-Passive, (ii) Chip-based and Chip-less, (iii) Low frequency and Ultra High 

Frequency tags and (iv) Re-writable tags or Read only tags.

1.1.4.1 Active, passive and semi-passive tags

The tag is called an active tag if  an on-board battery exists on the tag for its 

performance. The active tag has its own on-board signal source, the circuit derives its 

power from the battery and does not need an external transceiver for operation. However, 

the active tag is also capable o f processing information from the transceiver. The read 

distance o f such as tag is greater than a passive or semi-passive tag. A passive tag does
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not have an on-board battery and derives its power from the incident radio frequency 

energy, storing the incident energy as dc energy and re-using it for circuit performance. 

Another category o f passive tags simply work on a back-scatter principle where the 

incident wave is modulated by the on-board circuit and is reflected back to the reader [1]. 

The read-distances o f passive tags are smaller than an active tag and a semi-passive tag. 

A semi-passive tag has a battery but without its own signal source and works in a reader- 

tag system like the passive tag. The semi-passive tag has a greater reading distance than 

the passive tag and lesser reading distance than the active tag.

1.1.4.2 Chip-based and chip-less tags

A chip-based tag is one in which an IC chip o f specific impedance and functions 

is integrated with the antenna. Most o f the commercial RFID tags are o f this type where 

the designer need not worry about standards to be followed as all standards are satisfied 

by the chip itself. On the other hand, a chip-less tag, as discussed later in Chapter 2, is 

one in which the IC is replaced by the designer’s own modulation circuit which is 

capable o f transposing the code onto the signal. In this design, the designer has to take 

caution to match the output impedance o f the circuit with the output impedance o f the 

antenna or any additional functional elements, such as a circulator or an isolator, that the 

designer desires to place on the tag.

1.1.4.3 Low-frequency and ultra high-frequency tags

This categorization is based on the operation frequency o f the tag. Low-frequency 

tags, operate at 13.56 MHz tag by inductive coupling [9]. An inductor-capacitor circuit is 

designed to resonate at the desired frequency. The reading distance o f the low-frequency 

tag is confined to a few cm or inches. Ultra high-frequency tags (915 MHz) operate with 

tags having antennas operating in the near field radiating mode, and are capable of
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receiving and sending the signal from and to the reader at distances o f a few feet up to a 

few metres, depending on the gain o f and the power transmitted through the antenna.

1.1.4.4 Re-writable tags and read-only tags

Re-writable tags are those in which the data can be erased and written-back by a 

reader. A few chip-based tags are re-writable and offer flexibility and the re-use o f tags. 

Read-only tags are low cost, use-once-and-throw-away tags, which are also the main 

focus o f commercial firms. Data is either hard-coded on the IC or the modulation circuit 

is designed to give a fixed code.

1.2 RFID Components

1.2.1 Integrated Circuit

One of the main components o f RFID is the integrated circuit which is 

responsible for transposing o f information onto the signal. For the case o f a chip, usually 

silicon based, a fixed amount o f data bits are available to be written to or read from. The 

data to be written on the chip can be written by a reader or at the time o f the manufacture 

of the chip. In the case o f a circuit, the circuit is designed to give a fixed identification 

code each time the tag is interrogated by the reader. The IC is available with a definite 

output impedance, such as 50 ohms [10] and is integrated with the rest o f the circuit 

having the same output impedance.

1.2.2 Sensor

A sensor gives additional functionality to the RFID tag, in that it senses the 

analyte to be measured or sensed i.e. temperature, pressure, humidity, etc. and gives its 

response in either an on/off switch form or an analyte specific signature transposed onto 

the carrier [11], The sensor integrated with the RFID tag, termed RFID sensor, is capable
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o f identification/tracking as well as sensing applications. A very useful application is in 

the transportation o f perishable drugs/pharmaceuticals wherein the drugs, are tracked 

over their origin/route o f travel as well as to determine if  they have been subject to 

extremes o f temperature en-route before reaching the point o f  sale. Another example is 

with a pressure sensor [12] integrated with the RFID. In this case, the RFID sensor 

attached to a pallet carrying fragile items can inform the end-consumer if  the products 

have been tampered with while in-transit or during transfer o f goods from the warehouse.

1.2.3 Antenna

The antenna is the most important part o f the RFID tag, especially for the case of 

a passive RFID tag wherein the power received is dependent upon the gain and the 

impedance match of the antenna to the rest o f the circuit. The gain o f the antenna 

determines the reading distance of the tag. The polarization and radiation pattern o f the 

antenna is to be taken into account before the placement o f the tag on the object. The 

antenna that is used for an RFID tag is a microstrip antenna. A microstrip antenna is a 

conductive trace on a metallized dielectric substrate.

1.2.3.1 Physical requirements

The antenna for an RFID tag needs to be planar so that the tag is conformal with 

the surface o f the object it is attached to. Thus, a microstrip antenna is the obvious 

solution. The small size o f the antenna allows the tag size to be smaller and thus the tag 

can be attached to smaller objects. Meander designs are usually incorporated to decrease 

the size o f the antenna. Typical meander dipole antenna dimensions for RFID 

applications in the 915 MHz range is o f the order o f 13 cm x 2 cm [9]. The common 

designs that have been adopted for planar antennas are the planar dipole microstrip
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meander antenna, the slot antenna [13] (having slots in the ground plane, which are 

responsible for radiation) and the patch antenna.

1.2.3.2 Electrical requirements

The antenna for an RFID tag needs to have high gain. Gain is a characteristic of 

the antenna to concentrate the radiated power in one-direction rather than transmitting in 

all directions uniformly. The antenna which transmits the power uniformly in all 

directions is called an isotropic antenna. A high gain antenna can receive and transmit the 

signal at greater distances from the source and the receiver respectively. However, most 

o f the times it is preferred that the gain be omni-directional so that the tag would be more 

or less insensitive to the location o f the reader.

1.3 Antennas for RFIDs

1.3.1 Present RFID Antenna Designs

A wide variety o f antennas have been considered for RFID applications. The 

most important requirements for the antenna are a high gain and a small size. Hence, the 

first stop in searching for a desirable antenna is the meander dipole antenna. A genetic 

algorithm, capable o f evaluating different permutations o f arm lengths, is employed to 

optimize the lengths o f the arms o f the meander antenna [14]. The other antenna that is 

considered is the Planar Inverted F-antenna (PIFA) which, in the form of an inverted-F 

allows the antenna size to be small. Another category o f antennas that are usually 

considered are the slot antennas where the shape o f the slots in the ground plane affects 

the radiation pattern o f the antenna. A 2.45 GHz RFID application includes a transponder 

design containing an antenna, a rectifier, a Manchester encoder (RFID chip) and a 

backscattering circuit using a bipolar transistor [15]. Another design includes a dipole
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antenna whose impedance can be matched easily by varying the geometric parameters. 

The dipole ends o f the antenna are open for adjustment, especially for the input reactance 

o f the antenna [16]. Along the same lines, a slot antenna is designed for RFID 

applications, wherein the dimensions o f the slot can be varied to vary the ratio o f the first 

and the second excitation frequencies, thus giving an option to tune the same antenna for 

different applications [17]. An efficient design o f an antenna for RFID includes the 

incorporation o f electromagnetic band structures (EBG) in the ground plane o f the 

antenna [18]. These EBG structures forbid the propagation o f electromagnetic wave at a 

certain frequency [19]. When EBG structures are used with microstrip patch antennas, 

they suppress the excitation o f surface waves and substrate modes and therefore offer a 

solution to enhance the radiation properties in the vicinity o f metal, which could be a very 

possible scenario for RFID application where the RFID tag is very close to a metallic 

surface. Another antenna design for RFID is the aperture coupled microstrip patch 

antenna (Fig. 1.1) [20].

Ground
plane

Aperture

V— Patch
Antenna
substrate

Microstrip
feedline

Feed substrate

Fig. 1.1. Aperture-coupled patch antenna.
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An interesting antenna design for RFID applications is designing one as a meandering 

text [2 1 ] and keeping it hidden behind the text on the object.

1.3.2 Scope for Design Improvement

While all the antennas considered untill now have a high gain, most o f the

2  • * *antennas still are large in size (greater than 6  cm ) and pose practical difficulty m

integration o f the antenna onto tags which need to be attached onto small objects, like 

those in a retail store. Since RFID technology is being widely adopted these days as the 

platform for wireless identification and tracking in logistics, supply chain management 

and various other applications, there is a need for a suitable antenna for integration into 

the passive wireless sensor system. While a high gain antenna is certainly preferred, a 

few RFID applications may need the radiation pattern to be more omni-directional than 

directional [22]. Work has been done on different classes of antennas, namely triangular 

fed patch antennas, spiral antennas and fractal antennas, to evaluate their radiation 

performance. Also, since the tag is a flexible substrate, the antenna needs to be designed 

on a flexible dielectric. The objective o f this research work is to develop a small size, 

narrow-band triangular patch, wide-band spiral antenna and multi-band half-sierpinski 

antenna for a flexible polyimide platform.

1.4 Research Objectives and Considerations

The objective of this research is to study a variety o f microstrip patch antennas 

which are electrically small (the length o f the antenna < X/2, where X is the wavelength), 

light weight and low-profile in nature. One advantage of such a structure is that they 

could be used in movable systems having space constraints. The antenna needs to be 

designed for operation at 915 MHz. The usual polarization pattern o f such a microstrip
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patch antenna is linear. However, for application in movable systems, circular 

polarization is preferred. Hence, the antenna design procedure to be followed should take 

into consideration the requirement o f a circularly polarized radiation pattern.

Extensive research is being carried out to miniaturize the antenna for various 

applications. Many approaches [23-29] have been adopted to realize electrically small 

antennas. Among these many approaches only a few have a more or less conformal 

nature. A corrugated circular microstrip patch antenna has been fabricated by Lee et al., 

[23] in which a reduction o f 8.0% in patch diameter has been attained. The size reduction 

was attributed to the shortened current length in comparison to a circular microstrip patch 

antenna. Use o f high-dielectric substrates is another method for reducing the size o f the 

antenna [24]. In a frequency-reduction scheme for a spiral slot antenna, Wang et. al. [25] 

have obtained a reduction in size by about 20%. The radius o f the circular microstrip line 

and spiral spot for a 1.58 GHz antenna was 3.1cm. By loading the same antenna with a 

circular capacitive stub, the resonant frequency was brought down to 1.28 GHz. 

Modification o f shape by introducing diametrically opposed perturbation segments (of 

the inset type) on the boundary o f a circular patch was found to reduce the size o f the 

antenna [26]. Another example o f a shape-modified reduction in size is a patch antenna 

without a regular geometric shape having six radiating slots [27]. A novel antenna 

miniaturization technique is the use o f  fractal geometry [28]. Fractal geometry involves a 

recursive generating methodology that results in contours with infinitely intricate fine 

structures. These contours are able to add more electrical length in small volume. 

Meander antennas form a dominant class o f antennas which contribute to a reduction in 

the size o f antennas [29]. In this work, techniques for miniaturization were considered
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and compared for design o f a 915 MHz antenna to be used in a passive wireless 

application.

An antenna having circular polarization (CP) is useful as a mobile communication 

antenna [30]. A spiral antenna is a CP radiator and is a candidate for such applications. 

Spiral antennas have been extensively used due to their characteristic o f broad bandwidth 

and circular polarization [31]. The shape o f a spiral antenna can be equiangular, 

Archimedean, logarithmic, or rectangular. Spiral antennas may be configured with a 

single arm, double arms, or multiple arms. The multiple-arm spiral antenna can provide 

squinted beams through the variation o f the spiral parameters or by using adaptive arrays. 

An eccentric spiral antenna can be used for beam steering as well by adjusting its 

eccentricity constants [32]. The spiral radiators can be implemented as wires, printed 

strips, or slots [33 - 34]. In order to reduce the size o f a spiral antenna, a square or square 

zigzag shape may be used instead o f a circular shape, but at the cost o f a reduction in 

gain. Different configurations o f the spiral antenna could be investigated to explore the 

radiation effect. One such configuration is the Archimedean spiral, with a zigzag shape to 

the outer turn o f the broadband spiral antenna [35]. The Archimedean spiral for a flexible 

substrate was investigated in this work.

The effect o f ground plane geometry and thickness of the dielectric substrate on a 

microstrip-patch antenna radiation is very dominant. Various ground plane geometries, 

that have been investigated, are mainly directed at modifying the radiation and decreasing 

spurious radiations [36-44]. Different ground plane configurations were investigated to 

observe the effect on radiation and the ground plane configuration was optimized for 

integration with the wireless sensor system. The types o f antennas that have been studied 

for incorporation in the passive wireless sensor system are as follows:
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(i) Triangular patch antenna

(ii) Spiral patch antenna

(iii) Fractal geometry antenna

The objective o f the research is to explore a wide variety o f antennas with respect 

to band-width, single-resonant ffequency/multi-resonant frequency types and design them 

to be small and having a high-gain by following the ground modification approach. Such 

designed antennas are then integrated with an integrated circuit capable o f generating a 

code and the performance o f the entire system is tested. Table 1.1 summarizes the 

antenna requirements, the requirements basis, the limitations faced and the approach 

adopted for this work.

Table 1.1 Antenna requirements, requirement basis, limitations and adopted approaches.

Feature Requirement Requirement
basis Limitation Adopted

Approach

Size Small and 
compact

Tagging o f 
small-size 

objects

The effective antenna 
length for 915 MHz is 16 

cm. A lower length 
implies lower gain.

Choice of 
triangular, spiral 

& fractal 
antennas

Rigid or 
Flexible Flexible

Tagging o f 
individual low- 

cost items.

Flexible substrate requires 
very thin dielectric 

substrates. Thinner the 
dielectric, lesser the 

antenna gain.

Use o f 111jim 
thick polyimide 

dielectric.

VSWR
< 2 . 0  over a 

sufficient 
bandwidth

To allow for 
greater than 
90% power 

transfer.

Very narrow band-width 
can pose deviation from 

expected performance due 
to fabrication 
discrepancies.

Modification o f 
feed-width, 
length and 

antenna shape

Gain Greater than 0 
dBi

To allow for 
greater reading 

distances.

Stacking of substrates, 
thicker dielectric, antenna 

arrays are undesirable.

Introduction of 
slots in the 

ground plane.
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1.5 Organization of Dissertation

This dissertation is divided into seven chapters. The first chapter contains the 

introduction and the second chapter is a discussion on the various microstrip antennas. 

The fabrication and characterization o f these antennas is discussed in the third chapter. 

Testing o f the antennas integrated with the system is detailed in the fourth chapter. The 

fifth chapter is the concluding chapter with a few remarks given on the employment o f 

the RFID tag and an example o f an RFID sensor with temperature sensing capability.
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CHAPTER 2

ANTENNAS FOR PASSIVE RFID SYSTEMS

The generation o f the “identification (ID) code” is done by various modulation 

schemes, such as amplitude shift keying (ASK), phase shift keying (PSK), frequency 

shift keying (FSK), Pulse Width Modulation (PWM), On-Off Keying (OOK), etc. All o f 

the above modulation schemes involve the modulation o f the incoming signal either in 

amplitude, phase or frequency or use an active component, such as a transistor or a filter 

to accomplish such a modulation. An entirely new way o f generating ID through a delay- 

line has recently been proposed in two different delay schemes: the LC based delay 

scheme [45] and the transmission line based delay scheme [46], which is employed for 

integration o f antennas in this work. While in the first scheme, the delay is brought about 

by either using lumped inductive and capacitive components, in the second, the delay is 

brought about by using the intrinsic inductance and capacitance o f a transmission line. 

Both schemes are suitable for a passive RFID design, as they do not require any active 

components which require power. The performance o f such passive RFID sensors is 

largely dependent on the integrated antenna.

The RFID transponder or tag can be upgraded as an RFID sensor when a sensing 

element or material is placed as a switch at some location on the transmission line. Such a 

switch is closed when the non-conducting sensing element senses the variant, such as

16
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temperature, pressure or humidity and becomes conductive thus closing the path for the 

current to flow and the code to be transmitted from the tag. Such a 

sensing scheme is both simple and basic in that only the absence or presence o f the 

variant is detected. Hence the sensing is only qualitative and not quantitative. A further 

simplified RFID sensor model is the antenna acting as the sensing element. The antenna 

is designed to resonate on a temperature/pressure/humidity sensitive dielectric (switch 

ON) for a particular ambient condition and not to resonate (switch OFF) in all other 

conditions o f  ambient. The design could also include the deposition o f an ambient 

sensitive superstrate over the antenna layer. In all these designs, the antenna is acting 

both as a sensing and signal transmitting/receiving device. Such an antenna design for a 

combined sensing application needs to have an optimized bandwidth because a large 

bandwidth would deprive the antenna o f its sensing capability and too narrow a 

bandwidth would make the antenna sensitive to other effects, such as fabrication 

discrepancies.

Another component used in the tag besides the antenna, the id generation circuit 

and the sensor, is the circulator that allows the use of a single antenna for both 

transmission and reception purposes in an RFID communication scheme. A circulator is a 

ferrite based three-terminal device. The current is circulated in this device either in a 

clock-wise or anti clock-wise direction and either in a 1-2-3 or 1-3-2 direction. When the 

circulator is designed for the current to flow in a 1-2-3 mode, the signal fed at terminal 1 

is available at terminal 2 and there is no signal at terminal 3. The same is for the case 

with the signal fed at 2. The signal is available at terminal 3 and not at 1 and for the 

signal fed at 3, the signal is available at terminal 1 and not at terminal 2.
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Let us briefly discuss the two delay schemes before we discuss the role and the 

design o f the antenna for a passive RFID system. The two delay line based ID generation 

schemes that will be discussed now are the (i) LC based Delay Scheme and (ii) 

Transmission Line based Delay Scheme.

(i) LC based delay scheme [45]: Lumped inductor and capacitor elements are capable of 

delaying an electromagnetic current o f any frequency. The magnitudes o f the inductor 

and the capacitor can be designed to give a precise delay at a particular frequency. A 

meander line design with optimized line width and line gap is employed for an inductor 

and conductive trace over a grounded dielectric is employed as a capacitor to realize the 

lumped inductor and capacitor. The schematic o f the LC based Delay Scheme is shown in 

Fig. 2.1.

A VY \— revY\ o /pI/p

ZYVYN Inductor 

=  Capacitor

Diode

Fig. 2.1 Schematic o f LC delay circuit tapped before the 1st LC pair and 
after the 2nd LC pair to generate 1010 code.

The incoming modulated signal from the external transceiver is passed through a 

array o f LC elements connected in series. For a 915 MHz signal, the inductor and 

capacitor components are designed to give a total delay of T/4, where T is the time period 

o f the interrogating signal and T equals 1.1 nsec. Thus, the signal at the end o f one LC
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section is delayed by T/4 with respect to the incoming signal. Likewise the signal at the 

end of two LC sections is delayed by T/2 and the delay at the end of three LC sections is 

delayed by 3T/4 nsec with respect to the incoming signal. Tapping the signal at the 

desired points and adding it to the incoming signal results in the formation o f the id 

desired.

(ii) Transmission line based delay scheme [46]: The circuit level representation of a 

transmission line reveals a similar arrangement o f inductor and capacitor elements as in 

the LC delay based scheme. Here, in this case, the magnitudes o f the inductance and 

capacitance are dependent on the width o f the transmission lines and the thickness and 

permittivity o f the dielectric. A precise delay is obtained for a specific length o f the 

transmission line. The schematic o f the transmission based delay scheme is shown in Fig. 

2.2. In the transmission line system, the delay is obtained by passing the signal through a 

lengthier microstrip line and then adding it to the direct signal. The delay caused by 1 

inch of microstrip line for a 50-ohm input impedance system is 0.13 nsec and the width 

o f the transmission line is 406.25 fim. A meander design is chosen for the transmission 

line to decrease the area occupied by the lengthier microstrip line. The gap between the 

lines o f the meander is optimized to minimize the cross-coupling effect between closely 

spaced lines. Such a design o f the Transmission Line is simpler than the earlier LC delay 

based scheme as it does not include the integration o f a diode, an extra component in the 

circuit and avoids the impedance matching issues associated with the integration. 

However the transmission line based circuit is larger in size for the realization o f the 

required delay, which is 10 nsec. The circulator routes the receiving and the transmission 

signals in the proper direction and ensures the flow of current in one direction. L and h  

are the currents in the shorter and the longer transmission lines respectively. The current
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is tapped at the proper location on the longer transmission lines and added to the signal 

by means o f isolators, which ensures a single direction for the current when placed at 

different locations.

Isolator

Circulator

Antenna

Fig. 2.2 Schematic o f transmission line based delay scheme.

2.1 Antenna Theory

The amount o f power captured by the tag depends on the impedance matching o f 

the antenna. The impedance matching o f the antenna at a particular frequency is known 

from the Voltage Standing Wave Ratio (VSWR), which will be explained in depth in a 

subsequent section. A VSWR=1 implies zero power reflected back into the air and a 

VSWR of oo implies all the power reflected back into the air. An efficient antenna design 

aims for a VSWR < 2  at the frequency o f operation, which when translated into 

percentage is 88.9% of the power received. Another important parameter is the gain o f 

the antenna which determines the reading distance o f the tag relative to the reader. The 

antennas for delay based RFID systems should be small in size and their gain greater than 

2.15 dBi, the maximum gain o f a typical half-wave dipole antenna. “dBi” is the gain o f 

the antenna over an isotropic antenna. An isotropic antenna is one which transmits 

equally in all directions. A high gain antenna implies more power in a particular
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direction. Higher gain implies lesser omni-directionality. Though higher gain allows for a 

greater reading distance, omni-directionality is preferred for the reading of the tags in 

different orientations to the fixed reader antenna.

An increase o f gain can be accomplished by employing an array o f 

antennas or by the stacking o f substrates [47], Both methods increase the size o f the tag 

and make the fabrication o f the tag complex. An array o f antenna needs splitter circuits to 

feed the antennas in sequence, thus making the feeding mechanism complex. Stacking of 

substrates would make the fabrication o f the tag more complex due to issues like the 

alignment o f the top and bottom copper patterns and the loss o f the overall flexibility o f 

the tag. In this work, the microstrip line fed antennas were designed and developed on a 

single polyimide substrate with dielectric constant o f 3.5 and loss-tangent o f 0.008. The 

antennas were designed to resonate at 915 MHz and to have a matching impedance o f 50 

ohms. All the antennas developed were built on a Kapton polyimide dielectric substrate, 

sandwiched between thin layers o f adhesive (for the promotion o f adhesion between the 

dielectric and copper films) and copper. The parameters e  and 8  represent the dielectric 

constant and the loss tangent o f the given material, respectively. Fig. 2.3 illustrates the 

cross-section o f the substrate for which the antennas, in this work have been designed.

The major considerations in choosing an antenna for a passive RFID system are:

1. The type o f antenna

2. Its impedance

3. RF performance when applied to the object

4. RF performance when the object has other structures around it.

The goal o f antenna design, besides making it a high gain and high efficiency transducer 

(converting a guided wave propagating in a transmission line to an electromagnetic wave
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propagating in an unbounded medium) is to meet the performance requirements for the 

intended applications. The basic antenna parameters [47] are discussed in the following 

section.

37

37

 i..„
25 pm

" f ”
1^7 pm 

25 pm
 f  ■

Copper Antenna

Adhesive (sri, 8 i)

Kapton- Polyimide (sr2 , 8 2 )

Adhesive (sr3 , 8 3 )

Copper Ground

Fig. 2.3 Cross-section o f the antenna substrate with sri= sr3 = 3.3, sr2 = 3.5;
8 1 = 8 3 = 0.027, 8 2  -  0.008.

2.1.1 Antenna Input Impedance 
and Efficiency

An antenna is a device for radiating electromagnetic energy in the transmitting 

mode. A key parameter o f the antenna is its input impedance, ZA. It equals the ratio o f the 

voltage VA to the current IA at its input terminals. The equivalent circuit o f the 

transmitting antenna is shown in Fig. 2.4. Rs is the source resistance, Xs is the source 

reactance, antenna resistance, RA = Rr + Rd, where Rr is the antenna radiation resistance 

and Rd is the antenna loss resistance. XA is the antenna reactance. ZA is the input 

impedance.
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ZA -  R a  +  X ,

Vs ( A /

Source Antenna
Fig. 2.4 Equivalent circuit o f the transmitting antenna [47].

If  the antenna is driven by a source Vs with impedance Zs, then the voltage and 

the current at the antenna terminals are

A

and i * - - *

(2 .1)

(2 .2)

The time-average power absorbed by the antenna terminals, PA is

N X
2|ZS+Z,

|2  •
(2.3)

The total power radiated by the antenna, expressed as a fraction o f PA is Pr = ePA, 

where e is the antenna efficiency. The difference between Pa and Pr is the power Pd 

dissipated by the antenna, where

PD = Pa - Pr = (1-e) PA (2.4)

The time-average power absorbed by the antenna terminals, PA, the total power radiated 

by the antenna, Pr, and the power dissipated by the antenna, Pd can be expressed in terms 

o f the antenna input current, IA, as follows:
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(2.5)

The antenna efficiency can be expressed as:

(2 .6)

The impedance o f the antenna must match that o f the transmission line to avoid 

reflections. The matching is measured by VSWR or the Voltage Standing Wave Ratio 

(S). VSWR provides a measure o f the mismatch between the load impedance and the 

transmission line’s characteristic impedance. VSWR (S) is mathematically expressed in 

terms of the voltage reflection coefficient (r),

The Voltage reflection coefficient (r) is mathematically expressed as the ratio o f 

the amplitude o f the reflected voltage wave to the amplitude o f the incident voltage wave 

at the load. This matching between the antenna load and the transmission line’s 

characteristic impedance can be achieved by varying the feed length and width or the 

feed position.

In a passive RFID scheme, the antenna is required to have good matching which 

determines the amount o f power captured by the antenna. In a delay based RFID scheme, 

good impedance matching becomes more important with the requirement that the 

amplitudes o f the tapped delayed signals be large for an identifiable code output.
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2.1.2 Electromaenetic Fields 
Produced by the Antenna

At a far distance from the antenna, the antenna electric field can be

expressed as [76]

E(r) = — [FF,»(k)^+FF,(k)e] (2.8)
r

where k= 2tc/X is the ffeespace wave number, A, = c/f represents the free-space

A A

wavelength, 0 and (|) are unit vectors in 0 and <j) directions, and FF0, FF  ̂ are the field

o
components in the xz and xy planes, respectively, c = 3x10 m/s is the ffeespace speed of

A A A

light and f  is the frequency o f operation, k = x  sinB cos (j) + y  sin0 sin(|) + z cos 0  is a

unit vector that points from the antenna toward the observer and x , y  and z are unit 

vectors in the x, y and z directions. At any distance from the antenna the electric field 

propagates radially away from the antenna and attenuates as 1 /r because o f spherical 

spreading. The electric field has no r-directed component and the field can be fully 

characterized in terms o f its (j) and 0 components. Fig. 2.5 depicts the far-field vector 

components o f the transmitting antenna.

Fig. 2.5 Electric far-field vector components o f the transmitting antenna [47].
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At a far distance the electric field radiated by the antenna locally behaves as a plane 

wave. The antenna’s magnetic field can then be expressed as

i e Jkr
H(r) =   [FF^ (k) (f>- FF0  (k) 0 ] (2.9)

77 r

where r\ = (po/so) 1 /2  is the free-space wave impedance, and po and So the ffee-space 

permeability and permittivity respectively. The Poynting vector S(r) = [E(r) x H(r)*]/2 

characterizes the power flow associated with the electromagnetic field. Substituting 

Equations (2.8) and (2.9), we have,

S(r) = ——y [F F  (k) 2 +FFe(k)2]r (2.10)
2qr

The radiation intensity U(k) o f the antenna is

uoô iso-)!

= -L[FF,(k)’ +FF,(k)']r (2.11)
2r\

It is preferred for our application that the antennas not have a very narrow beam-width as 

it would lead to severe directional problems.

2.1.3 Radiation Pattern

The electric and magnetic fields are characterized by Equations (2.8) and (2.9) 

respectively. These equations fully specify the radiation field o f an antenna. The radiation 

pattern o f an antenna (Fig. 2.6) is the graphical representation o f the radiation o f an 

antenna and could include information on the energy distribution, phase, and polarization 

o f the radiated fields. The region o f strong radiation is termed as the antenna’s “main 

beam.”
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Main
beam

Side
lobe

Back
lobe

Fig. 2.6 Normalized (power) radiation pattern.

2.1.4 Antenna Directivity. Gain &
Equivalent Isotropically 
Radiated Power

The directivity (D) is a measure o f the antenna’s ability to concentrate the 

radiated power in a particular direction. By definition, the radiation intensity o f the 

hypothetical radiator equals Uave, the average radiation intensity o f the antenna being 

characterized. For a circular symmetric antenna, the smaller the diameter o f the antenna, 

the greater the beam-width. For a rectangular patch antenna, the smaller the width, the 

greater the beam-width.

D W = U0O = 4*y(k) _

P,

The gain o f the antenna is defined as

G ( k ) = i ^ .  (2.13)
Pa

The maximum gain is denoted as

4ttIJ
G = G (k)max= — - ^ l . (2.14)

A AL A

The equivalent isotropically radiated power (EIRP) is the total power that would 

be radiated by a hypothetical antenna with radiation intensity equal to the maximum
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radiation intensity o f the antenna being characterized [47]. Since the total radiated power 

equals 4n  times the radiation intensity for an isotropic antenna, we have

EIRP = 47iUmax = GPa = eDPA = DPR (2.15)

2.1.5 Antenna Polarization

The antenna to be designed is to possess a required polarization feature. This is 

important, because in the receiving mode, only that component o f the wave whose 

electric field is parallel to that o f the antenna polarization state, is absorbed. The methods 

in which circular polarization (CP) could be achieved for various antennas are as follows:

(i) Rectangular patch: CP possible with single feed.

(ii) Square patch: CP possible with single feed using center slot, truncated comers, etc.

(iii)Disk: CP possible with single feed using center slot, etc.

(iv)Ellipse: CP possible with single feed

(v) Pentagon: CP possible with single feed

2.2 Triangular, Spiral, and Fractal Antennas 

2.2.1. Triangular Antenna

The microstrip triangular patch finds a large number o f applications in the design 

o f many useful MIC components, such as resonators, circulators and filters. Triangular 

patches have been investigated both theoretically and experimentally [48-49]. They are 

found to provide characteristics similar to those o f rectangular patches, but with a smaller 

size. In the present work, an inset-fed triangular patch antenna, with a side length =

5.6 cm, has been developed on a 127 jam thick polyimide substrate. The location o f the 

feed-point determines the impedance matching of the antenna. To improve the impedance 

matching o f the antenna, horizontal slits are introduced on the sides o f the antenna, as
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-y
shown in Fig. 2.7 (a). The antenna thus designed is for a substrate o f size 6  cm and 

impedance matched to 50 ohms. This antenna can be readily integrated with an RFID 

chip (<0.5 cm2  area) for the realization o f an RFID tag. For integration of the triangular 

patch antenna with the transmission line, further tuning is required for matching the 

antenna to 50 ohms. Fig. 2.7(b) shows the triangular patch antenna with a tuning stub 

added. In order to increase the gain o f the triangular patch antenna, the ground plane of 

the antenna is modified. Fig. 2.8 shows the triangular patch antenna on a patched ground.

 ,  ___ _

■  i '

%

I

—  Antenna
(-►

^  Polyimide
-►

Ground

6  cm 
(a) (b) (c)

Fig. 2.7 Triangular patch antenna (a) with horizontal slits; (b) with tuning stub for 
integration with the system, and (c) cross-section on the dielectric substrate.

Antenna

Ground sloto

Ground

6 cm

Fig. 2.8 Triangular patch antenna with slotted ground plane.
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2.2.2 Spiral Antenna

A spiral antenna is a radiation element that radiates a circularly polarized (CP) 

wave over a wide frequency bandwidth. The spiral is often backed by a conducting plane 

to change the inherently bi-directional beam to be unidirectional. The radiation pattern 

has been qualitatively and quantitatively investigated [50]. It is seen, that as the distance 

between the spiral and the conducting plane decreases, the capability o f the antenna to 

form a CP radiation beam deteriorates. The spiral antenna that is considered here is a 

single arm, eleven segment Archimedes spiral antenna (Fig. 2.9). The minimum width of 

the spiral arm is 2 mm and the maximum width is 8mm. The widths o f the eleven 

segments are varied within this range, and for a particular width-combination, the 

impedance o f the antenna is found to match to 50 ohms. The antenna thus designed is for

Antenna

Polyimide

Ground

(a) (b) (c)

Fig. 2.9 Spiral patch antenna (a) with varying widths (b) with tuning stub for integration 
with the system (c) cross-section on the dielectric substrate.

a substrate o f size 6 cm2 and impedance matched to 50 ohms. This antenna can be readily 

integrated with an RFID chip (<0.5 cm2 area) for the realization o f the RFID tag. For 

integration o f the spiral patch antenna with our own developed ID circuit which is a 

transmission line, further tuning is to be required for matching the antenna to 50 ohms. 

Fig. 2.9 (b) shows the spiral patch antenna with a tuning stub added to it. Fig. 2.9 (c)

Adhesive

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

reveals the cross-section o f the substrate platform for which the spiral antenna is 

designed. In order to increase the gain o f the spiral patch antenna, the size o f the antenna 

is increased (Fig. 2.10 (a)). In order to still increase the gain o f the spiral antenna, the 

ground plane o f the antenna is modified. The spiral patch antenna on the slotted ground 

plane is shown in Fig. 2.10 (b).

5 cm

(a) (b)

Fig. 2.10 Simulation layout o f large (a) spiral patch antenna and (b) spiral patch antenna
with slotted ground plane.

2.2.3 Fractal Antenna

The fractal antenna considered in this work is the Half-Sierpinski antenna, which 

is derived from the Sierpinski gasket and is known for its multi-band properties. The 

Sierpinski gasket is named after the Polish mathematician Sierpinski. He described some 

of the main properties o f this fractal shape in the year 1916 [51-52]. The original gasket 

(Fig. 2.11) is constructed by subtracting a central inverted triangle from a main triangle.

|h

i

Fig. 2.11 The Sierpinski monopole.
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After the subtraction, three equal triangles remain on the structure, each one’s 

height being half o f the height o f the original one. One can iterate the same subtraction 

procedure on the remaining triangles and if  the iteration is carried out an infinite number 

o f times, the ideal fractal Sierpinski gasket is obtained. In such an ideal structure, each of 

its three main parts is exactly equal to the whole object, but scaled by a factor o f two and 

so is each o f the three gaskets that compose any o f those parts [53].

A half-Sierpinski antenna (Fig. 2.11) is chosen so as to decrease the size of the 

antenna and, at the same time, retain the multi-band property in order to accommodate 

other technologies running at other frequencies. The impedance o f the antenna is 

matched according to the following procedure. The feed o f the antenna is partitioned into 

three sections (Fig. 2.12).

Antenna

♦ “ Polyimide

Ground
Adhesive

(a) (b)

Fig. 2.12 Half -Sierpinski fractal antenna (a) with varying feed section widths and tuning 
stub for integration with the system, and (b) cross-section on the dielectric substrate.

For different widths o f these sections, the fractal antenna is found to possess a different 

impedance. The widths o f the section are varied and a particular combination o f the 

widths is found to make the impedance o f the antenna 50 ohms. Fig. 2.12 (a) shows the 

feed of the antenna having different widths. For integration o f the half-sierpinski fractal 

patch antenna with the transmission line, further tuning is accomplished by introducing a 

stub for matching the antenna to 50 ohms. Fig. 2.12 (a) shows the fractal patch antenna
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5.7 cm
Fig. 2.13 Half-Sierpinski patch antenna with slotted ground plane.

with a tuning stub added to it. To increase the gain o f the fractal patch antenna, the 

ground plane o f the antenna is modified. Fig. 2.13 shows the half-sierpinski fractal patch 

antenna on a patched ground.

2.3 Simulation Analysis

Extensive simulation work is performed to obtain the required VSWR and gain 

for all the designed antennas. Ansoft Designer [54] and Ansoft High Frequency Structure 

Simulator (HFSS) [55] have been employed as the simulation tools. Both simulation tools 

are utilized in the designing o f the antenna.

2.3.1 Simulation Models

The model that was employed herein is the cavity model. In this model, the 

interior region o f the patch is modeled as a cavity bounded by electric walls on the top 

and bottom, and a magnetic wall all along the periphery. The interior and exterior fields 

are solved for, using the inhomogeneous wave equation [56] and the boundary conditions 

on the walls and the top and bottom conductors. A microstrip antenna, in its simplest 

configuration, consists o f a radiating metallic patch on one side o f a dielectric substrate 

with a ground plane on the other side. Radiation from a microstrip antenna can be 

determined from the field distribution between the patch metallization and the ground 

plane. In other words, radiation can be described in terms o f the surface current
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distribution on the patch metallization. Let us now consider a microstrip patch antenna 

that has been connected to a microwave source. The energization o f the patch will 

establish a charge distribution on the upper and lower surfaces o f the patch as well as on 

the surface o f the ground plane, as can be seen in Fig. 2.14. The patch, being half-wave 

long at the dominant mode, causes negative and positive charges to be present on the 

edges o f the patch [56].

J t — Top current density 
Jb— Bottom current density

+ t + + + + + +

Fig. 2.14 Cross-section o f the microstrip antenna and the charge 
distribution in the antenna.

The repulsive forces between like charges on the bottom surface o f the patch tend to push 

some charges from the bottom surface, around its edges, and on to its top surface. This 

movement o f charges creates corresponding current densities Jb and J t at the bottom and 

top surfaces o f the patch. Since the ratio h/W is very small for most microstrip antennas, 

the attractive force between the charges dominates and most o f the charge concentration 

and the current flow remain underneath the patch. A small amount o f current flowing 

around the edges o f  the patch to its top surface gives rise to a weak magnetic field 

tangential to the edges. Hence, a simple approximation can be made that the tangential 

magnetic field is zero by keeping magnetic walls all around the periphery of the patch. 

This assumption has greater validity for thin substrates with high er. With the substrate
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being very thin compared to the wavelength (h «  X), the field variations along the height 

can be considered to be constant and the electric field normal to the patch surface.

The four sidewalls o f the cavity (Fig. 2.15) represent four narrow apertures or 

slots through which radiation takes place. Using the Huygens’ field equivalence 

principle,

W

Fig. 2.15 Schematic o f microstrip cavity with electric field distribution
for the TMioo mode.

The microstrip patch can be represented by an equivalent current density J t at the top 

surface which accounts for the presence o f patch metallization. The equivalent current

densities across the four side slots are J s and M s corresponding to the magnetic and 

electric field H a and E a respectively. The equivalent currents are given as follows:

J s = n x H a (2.16)

M s = -n x  E a (2.17)

J t is much smaller than Jb for thin substrates and hence can be set to zero. Likewise, the 

tangential magnetic fields along the patch edges and the corresponding current density J s 

are set to zero. Hence the only nonzero current density is the equivalent magnetic current
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density M s along the periphery o f the patch. Due to the ground plane, the equivalent 

current density is doubled [56]. The new current density is then given by

M s = - 2 n x E a . (2.18)

Antenna analysis is carried out for many reasons. A few o f them are:

(i) To reduce the number o f costly cut-and-try cycles by aiding the design 

process.

(ii) To ascertain the advantages as well as limitations o f the antenna by carrying 

out parametric studies.

(iii) To provide an understanding o f the operating principles that could be useful 

for a new design, for modifications to an existing design, and for the 

development o f new antenna configurations.

The analysis o f microstrip antennas is complicated due to the presence of 

dielectric inhomogeneity, inhomogeneous boundary conditions, narrow frequency band 

characteristics, and a wide variety o f feed, patch shape, and substrate configurations [56]. 

A balance is reached between the complexity o f the method and the accuracy o f the 

solution by compromising one or more o f the features listed above. A model is said to be 

a good model if  the model:

(i) can be used to calculate all impedance and radiation characteristics o f the 

antenna under discussion.

(ii) can bring in results accurate enough for the intended purpose.

(iii) is as simple as possible, while providing the proposed accuracy for the 

impedance and radiation properties.

(iv) lends itself to interpretation in terms o f known physical phenomena [56].
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The microstrip antenna characteristics are determined by many elaborate techniques. 

All these techniques can be broadly classified into two categories: the analytical 

techniques and full-wave methods. Full-wave methods are numerical based and are more 

accurate, being based on Sommerfeld-type integral equations and the solution of 

Maxwell’s equations in the time domain.

The analytical techniques are as follows:

(i) The transmission line model

(ii) Generalized transmission line model

(iii) Cavity model and

(iv) Multiport network model.

The prominent full-wave methods are as follows:

(i) Integral equation analysis in the spectral domain,

(ii) Integral equation analysis in the space domain and

(iii) The Finite-Difference Time-Domain approach.

In the following section o f this chapter we shall explore the method o f moment, which is 

the Integral Equation analysis in the spectral domain employed by Ansoft Designer and 

the Finite Element method employed by Ansoft HFSS. The features o f these full-wave 

methods are explained in the appendix.

2.3.2 Simulation Setup

The simulation setup for Ansoft Designer and Ansoft HFSS are quite different.

The Ansoft Designer is a two-dimensional electromagnetic analysis tool and Ansoft

HFSS is a three-dimensional electromagnetic analysis tool. The four steps for obtaining 

the simulation response o f a given microstrip antenna are as follows:

(i) Preparation of the layout o f the substrate and the antenna layers
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(ii) Incorporation o f the excitation features

(iii) Defining o f boundaries and

(iv) Setting up the analysis

2.3.2.1 Layout preparation

Initially, the layout o f the substrate and antenna layers is prepared. Preparation of 

the substrate and the antenna layers is quite different in Ansoft Designer and Ansoft 

HFSS. Let us discuss the layout preparation for both o f the softwares.

(i) Ansoft Designer: The Stack-up option is available in Ansoft designer to define the 

substrate layers, their properties, their thickness and the order in which they are stacked 

below the antenna. The antenna is defined as the “signal layer” and the ground layer is 

defined as the “metallized signal” layer. Fig. 2.16 reveals the stack-up window wherein 

the properties and the thicknesses o f the layers can be defined. To create the

Layerc Slackup j

| Name i Type [  Material; Drag Mode | Tl-ckness I Lower Elevation | Upper Elevation { Roughness
! — tup J signal middle align ’37um {0.1585mm 0 1355mm Omm s
fgjfi adhesive dielectric adheaivej 25 urn 0152mm 0177mm !
Sjjkapton d&ectfic oofvimideii :i27um ’0 025mm 0.152mm
IbSPSH —M--- - - L . naonesive Bottom dielectric adhesive] 25um ,0mm 0.025mm I 1

3 j  copper i f i T ^ I liM — tth

Add Layer... |  Remove layer j Number of Sublayers ft"' **-*]’ - 

W Maintain consistent elevations and otdeted layers

; ~  Ck ]  Cancel j Help

Fig. 2.16 Stack up option window to build layers in Ansoft Designer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

shape or modify the shape o f a particular layer, this layer is selected as the active layer 

before creating or modifying the shape. It is to be noted that in Ansoft Designer, the 

substrate and the ground layers are assumed to be infinite or the finite substrate effects 

are approximated as being absent. Creation o f any shape, with ground layer as the active 

layer, implies a slot in that layer o f the specific shape created. For example to create a 

rectangular slot in the ground plane, the ground plane is selected as the active layer and a 

rectangle is drawn. Finally to create the antenna shape, the signal-layer is selected and the 

shape o f the antenna is drawn, using the available shapes in the library, and the shape is 

modified using Boolean addition and subtraction.

(ii) Ansoft HFSS: The three-dimensional layout space is initially opened using the 

simulation route. Using the 2-dimensional and 3-dimensional objects already available in 

the library the substrate and the antenna layers are created. The three-dimensional objects 

are created either by directly importing them from the library, or by creating a 2- 

dimensional object and then sweeping the 2-dimensional object in the z-direction. It is to 

be noted, that since the thickness o f the antenna layer has little effect on the impedance 

matching and the radiation properties o f the antenna, defining the antenna layer as a 2- 

dimensional object would decrease the number o f nodes and therefore, the magnitude o f 

the simulation task assigned to the processor. Boolean addition, subtraction, sizing and 

scaling can be employed to modify the shape and size o f the antenna and the substrate 

layers. Fig. 2.17 shows the cross-section o f the different layers which comprise the 

substrate for the antenna.
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Antenna 
(35 pm)

Polyimide_ 
(127 pm)

-  ;-r- n -  Adhesive
(25 pm)

Fig. 2.17 Simulation layout o f the antenna substrate cross-section.

2.3.2.2 Incorporation of excitation features

In order to obtain the simulation response o f the antenna, excitation has to be 

defined on the antenna. The way excitation is defined in Ansoft Designer and Ansoft 

HFSS is different. Let us discuss the two procedures:

(i) Ansoft Designer: Setting up the excitation is simple in the Ansoft Designer. After 

creating the layout o f the antenna, which is a 2-dimensional object, an edge to which 

excitation is to be given is selected. The selected edge is then defined for excitation. This 

is the edge through which the antenna is fed. The current and voltage magnitudes can be 

defined in the port parameters window. It is to be defined that any change of these 

magnitudes will not affect the impedance matching values or the gains or the radiation 

pattern o f the antenna.

(ii) Ansoft HFSS: Setting up the excitation in HFSS involves the defining o f one surface 

as the lumped port. The complex impedance Zs defined for a lumped port serves as the 

reference impedance o f the S-matrix on the lumped port. The impedance Zs has the 

characteristics o f a wave impedance; it is used to determine the strength o f a source, such 

as the modal voltage and modal current I, through complex power normalization (the 

magnitude o f the complex power is normalized to 1). In either case, one would get an
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identical S-matrix by solving a problem using a complex impedance for a lumped Zs or 

renormalizing an existing solution to the same complex impedance. A 2-dimensional 

surface is created whose top touches the antenna layer and the bottom, the ground layer. 

This layer is then given a lumped port excitation. The magnitude o f the impedance 

matching is then input to the software. While defining the lumped port, the direction of 

the field is also defined and is dependent on the direction o f the current, which is 

determined by the antenna acting in the transmission or the receiving mode. Since all the 

antennas designed are reciprocal (same impedance and radiation characteristics) the 

direction o f the field is redundant for determining the radiation performance and the 

impedance matching conditions o f the antenna. Fig. 2.18 shows the lumped port at the 

edge of the microstrip antenna.

Microstrip Feed 
Lumped Port

Fig. 2.18 Simulation layout o f cross-section, showing a 2-d surface defined as lumped-
port to simulate excitation.

2.3.2.3 Defining boundaries

Simulation using Ansoft HFSS requires the boundaries to be defined. Such 

boundary definitions are not necessary in Ansoft Designer. The 2-d antenna layer and the 

ground layers created in Ansoft HFSS are defined as perfect E boundaries in order to 

assign very high conductivity to these layers. Since Ansoft HFSS is based on finite 

element analysis, a radiation boundary needs to be defined to limit the size o f the 

problem. A radiation boundary is used to simulate an open problem that allows waves to
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radiate infinitely far into space. HFSS absorbs the wave radiation boundary, essentially 

ballooning the boundary infinitely far away from the structure. A radiation surface does 

not have to be spherical, but it must be exposed to the background, is convex with regard 

to the radiation source, and located at least a quarter wavelength from the radiating 

source. In a few cases, the radiation boundary (Fig. 2.19) may be located closer than one- 

quarter wavelength, such as portions o f the radiation boundary where little radiated 

energy is

Fig. 2.19 Simulation layout o f the radiation boundary surrounding the antenna.

expected. The route for defining the boundary after selecting the object to assign the 

radiation boundary is HFSS>Boundaries>Assign>Radiation.

2.3.2.4 Analysis set-up

Setting up the analysis for obtaining the response o f the antenna is similar in both 

Ansoft Designer and Ansoft HFSS. Two different types of analysis can be executed by 

either software; specific analysis and parametric analysis.

(i) Specific analysis: The analysis is done for specific dimensions o f the antenna. The 

software needs an input for the solution frequency, which is the frequency at which the 

software does adaptive meshing in order to get accurate results. A frequency sweep is to
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be defined for the simulation problem at hand and the number o f steps employed in the 

sweep. Fig. 2.20 reveals the analysis window with the values to be submitted for the 

simulation.

mm
Sweep Type • • DC Extrapolation Options

r  Discrete r Extrapolate to DC& Fast

C Interpolating il ifDIii. ■'■'L.i'f'AfOiif■■ ’

, . .  p - -
■ ■ r

TimeDomafftCafculatioa.. \

Frequency Setup I j Frequency I
T ype: j Linear S tep

, Start ]860 jMHz j Display»  |

| Stop (960 |mHz j-j

: Step Size [*5 fHHr " q
, S' Save Fields

OK j Cancel j j
Fig. 2.20 Analysis window for specific analysis.

(ii) Parametric analysis: The parametric analysis is run to obtain the effect o f antenna 

dimensions on the VSWR or the gain o f the antenna at the solution frequency. The 

dimension o f the antenna is defined with a user named parameter and the parameter is 

swept in the range given to obtain the values o f VSWR or gain at different values o f the 

parameter. Fig. 2.21 reveals the parametric analysis window. The number o f solutions for 

the parametric analysis is the product o f the number o f values considered for each 

parameter. If p is the number o f values considered for a parameter A, q the number of 

values for a parameter B and r, the number o f values for the parameter C, the total 

number of solutions for the parametric sweep are p x q x r.
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2.3.3 Design Considerations

The antennas have been designed using different techniques. The different 

techniques can be collectively named using the acronym, the Seven S, namely, size, 

shape, slit, slot, stub, short and skew. The different techniques are as follows:

(i) Size change

(ii) Shape change

(iii) Slit introduction

(iv) Slot introduction

(v) Stub introduction

(vi) Short introduction

(vii) Skewing of antenna.

Start: ]1 jcm ,.J

Stop: [s jcm ▼_!

S tep: |1 jcm  _▼] OK C a n ce l I

Fig. 2.21 Parametric sweep analysis window.
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2.3.3.1 Size change

The size o f the antenna is scaled in the x and y directions in order to increase or 

decrease the size o f the antenna on the substrate. This procedure was followed in the 

simulation to determine the size o f the antenna where the impedance is matched. This 

feature is available only in the HFSS simulation package. All the objects in the 

simulation, i.e. the antenna, polyimide dielectric layer, adhesive layers, lumped excitation 

port, radiation sphere boundary etc. are selected for scaling. This is to ensure that 

accurate simulation results are obtained after scaling. This is an important step, because 

the simulation o f the scaled antenna with an unsealed lumped port plane, or the radiation 

sphere boundary, would give erroneous results. Scaling can also be done in decimal 

formats and thus, a fine timing o f the antenna can be done using this technique.

2.3.3.2 Shape change

The antenna shape or the ground plane is changed to obtain the required values of 

the impedance and the gain o f the antenna. The different shape change procedures that 

were followed are as follows:

(i) Inset feeding method: In order to match the impedance o f the antenna, the feed point 

o f the antenna is located not at the edge or the tip o f the antenna, but to a distance inside 

the antenna. This technique was followed to impedance match the triangular patch 

antenna.

(ii) Antenna width variation: The width o f the antenna is changed to impedance match 

the antenna. This technique was followed to impedance match the spiral antenna.

(iii) Feed width change: This relates to the change o f the shape o f the microstrip antenna 

at its feed location, where the microstrip feed line joins the microstrip antenna. This is to
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match the impedance o f the antenna. This technique was followed to impedance match 

the half-Sierpinski fractal antenna.

The shape can be changed by subtracting and adding 2-dimensional and 3- 

dimensional objects to the already designed shape. The simulation route for subtraction 

and addition o f shapes is as follows:

Ansoft Designer: Layout»  Merge Polygons »  Union/Subtract 

Ansoft HFSS: 3d Modeler »  Boolean »  Unite/Subtract

Two planes or bodies have to be selected before a Boolean addition operation or a 

subtraction operation is performed. Fig. 2.22 illustrates such a shape change operation in 

Ansoft HFSS.

(b)(a)

Fig. 2.22 Simulation layout o f rectangular elements (a) before union and (b) after union.

2.3.3.3 Slit introduction

A slit is an open gap introduced on the antenna which opens itself towards the 

edge o f the substrate. The slit is obtained by doing a Boolean subtraction with 2- 

dimensional or 3-dimensional objects. Note that only similar objects (either both o f them 

are 2 dimensional, such as a rectangle and a square or both o f them are 3 dimensional,
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such as a cube and a sphere) can be Boolean operated. This technique is employed to 

match the impedance of the triangular patch antenna. The simulation route for subtraction 

o f shapes is as follows:

Ansoft Designer: Layout»  Merge Polygons »  Subtract

Ansoft HFSS: 3d Modeler »  Boolean »  Subtract

Fig. 2.23 shows the formation of a slit by a Boolean subtraction.

(a) (b)
Fig. 2.23 Simulation layout o f triangular patch antenna (a) before boolean subtraction and

(b) after boolean subtraction.

2.3.3.4 Slot introduction

A slot is a closed gap introduced on the antenna or on the ground layer. The slot is 

obtained by doing a Boolean subtraction with 2-dimensional or 3-dimensional objects. 

Note that only similar objects (either both o f them are 2-dimensional, such as a rectangle 

and a square or both o f them are 3-dimensional, such as a cube and a sphere) can be 

Boolean operated. Slots are created in the ground plane to increase the gain o f the 

antenna. An increase in gain o f over 20 dB is observed when slots are introduced in the 

ground plane. This technique was followed to increase the gain o f all the antennas.
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The simulation route for subtraction o f shapes is as follows: 

Ansoft Designer: Layout»  Merge Polygons »  Subtract 

Ansoft HFSS: 3d Modeler »  Boolean »  Subtract 

Fig. 2.24 reveals the formation o f a slot by a Boolean subtraction.

(a) (b)

Fig. 2.24 Simulation layout o f ground plane o f the antenna, (a) unslotted and (b) slotted.

2.3.3.S Stub introduction

A stub is a microstrip line extension added to the microstrip feed-line at a specific 

distance from the feed junction (the point o f intersection o f the microstrip line feed and 

the microstrip antenna). This feature is only available in the Ansoft Designer Simulation 

software through the Tuning Option tool. The input values for the tool are the reactance 

to be compensated, and the resistance to be added and the width o f the microstrip line, 

which is determined by the characteristic impedance of the antenna. The distance from 

the feed junction and the length of the microstrip line extension are the two output values 

o f the tool. The microstrip extension (stub) is to be Boolean added to the microstrip line 

feed in such a way that the stub is perpendicular to the feed. This technique is employed 

for integration o f all antennas with the delay-based transmission line o f the tag.
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The route for the tuning tool option is as follows:

Ansoft Designer: Planar E M » E stim a te» Im p . M atch»Tuning Stub

Fig. 2.25 depicts the tuning tool calculator for determining the tuning stub location and

length. Fig. 2.26 shows the real and imaginary impedance values obtained before and

after timing. The imaginary value of the impedance is close to zero after tuning at 915

MHz.

\ . S - ^  * 0  -  M l U n its  j mm1 Tline ' imo Match A ntennas pW eveCdte Close
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; Real Im pedance................i D istance Away (rwn) 44.89 !| ’ RpallmDedancA (Q ) 6 1 5 ?
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Fig. 2.25 Tuning stub calculator in Ansoft Designer.
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(a)
Fig. 2.26 Real and Imaginary impedance plots o f (a) untuned and (b) tuned antenna.
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2.3.3.6 Short introduction

This technique is related to the earlier discussed technique, i.e. introduction o f a 

stub. In some cases, when the length o f the stub is too long, a grounding o f the stub is 

employed to decrease the length of the stub and at the same time achieve the required 

effects o f the stub. This method is very useful as it reduces the antenna size due to the 

inclusion o f the stub. This technique is employed for tuning the Half-sierpinski fractal 

antenna for integration with the system. Fig. 2.27 reveals the location o f the ground on 

the stub. Care should be taken in the experimental procedure to ensure proper grounding 

of the stub as such an error would have a dominant effect on the impedance matching of 

the antenna, as shown in Fig. 2.28.

Fig. 2.27 Simulation layout o f the tuning stub o f the antenna with a ground short.

- - W ithout g rounded stub
25 -

— With grounded stub

850 1000900
Frequency (MHz) -->

950

Fig. 2.28 VSWR plot with and without grounded stub.
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2.3.3.7 Antenna skewing

Skewing o f the antenna is a powerful tool to tune the antenna for a specific 

resonant frequency and to perform impedance matching of the antenna. By skewing we 

mean scaling the antenna in x- and y-directions using a different scale. This feature is 

only available in Ansoft HFSS and is used to bring the antenna close to the required 

resonant frequency. As is the case for increasing the size o f the antenna, we have to select 

all the objects in the simulation layout for performing the skewing operation. Care should 

be taken to scale the excitation plane and the radiation boundary plane, to avoid 

erroneous results. Fig. 2.29 reveals the skewing effect on the antenna. The simulation 

route for the skewing option is as follows. Ansoft HFSS: Edit » S c a le .

(a) • (b)
Fig. 2.29 Simulation layout o f ground plane (a) before skewing and 

(b) after skewing in the y-direction.

This technique is performed to increase the gain o f the wide-band circular disc monopole, 

which is used in the system testing o f the antenna as a source o f the signal

2.3.4. Triangular Patch Antenna

Triangular patches are found to provide radiation characteristics similar to those 

o f rectangular patches, but with a smaller size. The size of the antenna can be reduced
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further by loading it with a short and/or slot. Being the simplest o f the triangular shapes, 

it comprises an equilateral triangular conductor on a grounded dielectric substrate. The 

triangular patch antenna is developed first using the Ansoft HFSS simulation method and 

is then fine-tuned for integration with the system (transmission line and circulator device) 

using Ansoft Designer.

2.3.4.1 Design

An inset-fed triangular patch antenna was considered (Fig. 2.30). In order to keep 

the size o f the designed antenna small and the length o f the radiating side o f the antenna 

within the limits o f an efficient, electrically small antenna with dimensions (X/4 (8 cm) 

and A./10 (3cm)), the size o f the ground plane was kept at 6 cm x 6 cm. A wave-port 

excitation was given to the microstrip patch antenna. The antenna was designed for a port 

impedance o f 50 ohms. The length o f the feed (y) and the width o f the inset (x) were 

considered as the parameters for a parametric sweep o f these two parameters, which are 

also the usual parameters considered for the impedance matching o f the inset-fed 

microstrip fed antennas. With the given substrate dimension limit o f 6 cm, it was not 

possible to impedance match the antenna. The VSWR value obtained was 760 due to 

high impedance mismatch (Fig. 2.30). To reduce the VSWR, vertical and horizontal slits 

were introduced upon the triangular patch antenna. It was observed that the effect o f the 

introduction o f slits improved the impedance-matching far better than the inset-fed 

method. Fig. 2.30 gives the simulation layout and the simulation response using inset- 

feeding method. Introduction o f vertical slits on the triangular patch antenna was found to 

bring the VSWR to a value o f 11.97 from 760 as shown in Fig. 2.31.
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Fig. 2.30 (a) Simulation layout o f inset-fed triangular patch antenna, and (b) VSWR plot
for inset-fed triangular patch antenna.

6 cm
(a) (b)

Fig. 2.31 (a) Simulation layout o f vertical slit triangular patch antenna, and (b) VSWR 
plot o f vertical slit triangular patch antenna.

However, the introduction o f horizontal slots eventually proved to be the best impedance- 

matching procedure for the triangular patch antenna. The VSWR significantly improved 

to a very efficient value o f 1.53 (Fig. 2.32). The gain o f the antenna was found to be -30 

dB (Fig. 2.33).

6 cir
|  15,00

■35515BT WS5-
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Fig. 2.32 (a) Simulation layout o f horizontal slit triangular patch antenna, and (b) VSWR 
plot o f horizontal slit triangular patch antenna.

— XZ Plane — YZ Plane

Fig. 2.33 Radiation pattern o f the triangular antenna with horizontal slit.

Simulations were carried out to study the effect o f ground plane geometry on the 

gain and the radiation pattern o f the inset-fed triangular patch was studied. A 2 cm2 patch 

was inserted at each comer o f the antenna substrate. A patched ground plane was found 

to increase the gain o f the antenna to -14 dB. Fig. 2.34 shows the increase in gain when a 

patched ground plane is used.
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(b)
Fig. 2.34 (a) Simulation layout, and (b) radiation pattern o f a patched ground, inset-fed

triangular patch antenna.

2.3.4.2 Tuning

The layout o f the triangular patch antenna, generated using Ansoft HFSS, is 

imported to the Ansoft Designer in which the antenna analysis is carried out in an infinite 

substrate environment. This environment is suitable for analysis o f the antenna which 

will be integrated with the transmission line. On performing an analysis o f the antenna 

design imported from HFSS, it was found that there was a slight increase o f VSWR, as 

shown in Fig. 2.35 (a). The plots o f real and imaginary impedance can be seen in Fig. 

2.35 (b).
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Fig. 2.35 (a) VSWR plot and (b) real and imaginary impedance plots o f untuned
triangular patch antenna.

Using the tuning tool, the length o f the stub and its location (the distance o f the stub from 

the feed point) is determined and is found to be 80 mm and 54 mm, respectively. After 

adding the stub, the VSWR obtained was found to be 1.13. The real and imaginary 

impedance plots o f the tuned triangular patch antenna are shown in Fig. 2.36. Now, the 

triangular patch antenna is ready for integration with the system. Fig. 2.37 shows a 

picture o f  the tuned triangular patch antenna.
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Fig. 2.36 (a) VSWR plot and (b) Real and imaginary impedance plots o f 
tuned triangular patch antenna.
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Fig. 2.37 (a) Simulation layout and (b) radiation pattern o f tuned triangular patch antenna.

2.3.4.3 Gain improvement

In order to develop the triangular patch antenna for commercial RFID 

applications, it was necessary to increase the gain o f the antenna over 0 dB or over 2.15 

dBi. Modification o f the ground plane was employed to increase the gain o f the triangular 

patch antenna. Ansoft Designer was used to perform this simulation. A rectangular slot is 

made in the ground plane o f the triangular patch antenna. Slots in the ground plane were 

introduced according to the following criterion. The openings in the ground should lie 

directly below the antenna to enhance the effect o f the ground slot on the radiation 

performance and thus contribute to the increase o f antenna gain. The length and the 

width o f the ground plane slot are defined as the parameter and a parametric sweep is run 

to obtain the required values o f gain and VSWR. The relative position o f the slot in the 

ground plane is given in Table 2.1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Table 2.1 Calculated slot edge location values with respect to the corresponding 
triangular antenna’s outermost edges.

Slot location Distance away from the antenna

Top edge -19.54 mm*

Bottom edge 16.08 mm

Left side edge 3.65 mm

Right side edge 3.87 mm
* A negative value implies that the edge o f the slot is into the antenna

The layout o f the modified triangular patch antenna and the ground layout are 

shown in Fig. 2.38. After modification, the gain o f the triangular patch antenna was found 

to be 3.35 dBi. The VSWR of the triangular patch antenna is 1.41 which satisfies the 

impedance matching requirement. The simulated VSWR and radiation patterns in the XZ 

and the YZ can be seen in Fig. 2.39.

(a) (b)

Fig. 2.38 (a) Patch and (b) Ground layouts o f inset-fed triangular antenna with H= 5.54 
cm, L = 5.34 cm, Fi = 2.33 cm, Iw = 0.15 cm, Ii= 1.07 cm, Gi= 6.09 cm, Gw= 5.19 cm.
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Fig. 2.39 (a) VSWR plot and (c) radiation pattern o f triangular patch antenna.

2.3.5. Spiral Patch Antenna

The spiral antenna is considered to be a fast, leaky/traveling wave structure that 

radiates and receives a circularly polarized wave over a broad frequency range. The 

bandwidth is determined by a number o f parameters, such as antenna size, geometry near 

the feeding port, feeding circuit, mounting configuration, etc. The spiral antenna can be 

studied in different configurations. One is the number o f arms. It can be a single arm, 

double arm, or multiple arm spiral antenna. Another configuration is the layout. It could 

be in the form of a microstrip or a slot form. The prominent spiral antennas are the 

Archimedean, logarithmic and rectangular counterpart o f the Archimedean spiral. The 

different parameters o f the spiral antenna are (i) cavity diameter, (ii) cavity depth, (iii) 

spiral rate o f growth (iv) dielectric base material, (v) conductor width and spacing, (vi) 

antenna feed and (vii) square versus round spiral [57]

The general accepted theory for operation o f the spiral antenna is the “current 

band” theory [57], which indicates that the spiral radiates principally from a band on the
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spiral surface where the currents in adjacent elements are most nearly in phase. From 

geometric analysis, we can see that the currents in adjacent conductors will reach an in- 

phase condition where the circumference o f the ring is equal to one wavelength. Now, let 

us discuss how different parameters o f a spiral antenna affect its performance:

(i) Cavity diameter: The cavity diameter should be chosen equal to the spiral diameter. A 

very small cavity diameter results in reduced gain, increased VSWR, and increased 

ellipticity ratio. Too large a cavity diameter results in pattern distortion due to higher 

order mode excitation o f  the cavity and/or the third radiating band.

(ii) Cavity depth: the gain gradually increases to a maximum at a spacing o f XIA and 

thereafter decreases to a minimum at a spacing o f X/2, corresponding to a split beam 

pattern with a null on-axis.

(iii) Spiral rate o f  growth: For an annular ring o f given width and mean diameter equal to 

X/n, the greater the number o f turns, i.e. a small rate o f growth, implies increased 

radiation o f input power, less power available at the output turns, and hence a reduction 

o f the axial ratio when the spiral is wound more tightly. The reduced axial ratio could 

also be attributed to the losses due to the increased electrical length. With respect to the 

effect o f the spiral rate o f  growth on the gain, it was seen that the gain was not affected. 

Since more energy is associated with a tightly wound spiral, there is no corresponding 

decrease in gain with a decrease o f axial ratio.

(iv) Dielectric base material: For a given aperture size and number o f turns, lower axial 

ratios are obtained using materials having higher loss tangents. An increased loss tangent 

is generally associated with an increased dielectric constant due to which the phase 

velocity o f the surface wave could be reduced, thereby effectively enlarging the electrical 

size o f the antenna.
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(v) Conductor width and spacing: The spirals are generally constructed so that the ratio 

o f conductor width to conductor spacing is unity; i.e. the antenna is self-complementary. 

The input impedance o f this class o f antennas has been calculated to be about 180 ohms. 

As the antenna is generally fed from a 50-ohm line, a ratio other than unity would be 

more desirable.

(vi) Antenna Feed: If  the feed radiates as a monopole, the far field pattern will consist o f 

the feed radiation (linear polarization) and the spiral radiation (circular polarization); the 

resultant pattern will be elliptically polarized, asymmetrical with respect to the spiral 

axis, and with appreciable boresight errors. Improper excitation o f the spiral antenna can 

give rise to pattern dissymmetry and pattern squint. Squint occurs if  the feed lines 

themselves radiate or if  the two-wire feed line is not balanced.

(vii) Square Vs Round Spiral: Square spirals exhibit a lag in the circular configuration 

when compared to the round spiral. This is due to the change in the continuous profile to 

the apparent discontinuities in the square configuration. Within the radiating band, the 

discontinuities are spaced near one-quarter wavelength apart so that the reflected 

components cancel.

The spiral patch antenna is developed first using the Ansoft HFSS simulation 

method and is then fine tuned for integration with the system (transmission line and 

circulator device) using Ansoft Designer.

2.3.5.1 Design

The widths o f the spiral arm segments were varied to study the effect on the 

VSWR and the gain o f the spiral antenna. The cases o f uniform width, decreasing width, 

decrease-increase, increase-decrease and increasing width of the spiral arm were studied 

to obtain a design with good impedance match. Fig. 2.40 shows the simulation layout and
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the VSWR plot for the 2 mm uniform width case. Fig. 2.41 shows the plots o f the 

simulated radiation pattern. It was observed that “increase-decrease” and “increase” 

configurations had poor VSWR (<10) with respect to other configurations. However, the 

gain performance was the same for all configurations. A parametric sweep o f the widths 

o f the spiral antenna, in the range o f 0.04 cm to 0.3 cm for all the segments was run to 

obtain the least VSWR. The segments o f the spiral antenna are numbered, as seen in Fig. 

2.42. Wi, W2 , etc. are the width o f the first segment, second segment, etc.

2.5 cm
|x 1 -S H 5 S 6 M H J 
IV 1- 7

(a) (b)
Fig. 2.40 (a) Simulation layout, (b) VSWR plot and (c) radiation pattern of

uniform width spiral antenna.

-9I 90

>38.0 >43.4 -38.0

—  XZ Plane —  YZ Plane

Fig. 2.41 Radiation pattern o f uniform width spiral antenna.
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Fig. 2.42 Spiral arm o f different segments.

The parametric sweep results, for the widths o f all eleven segments o f the spiral arm are 

tabulated in Table 2.2. Fig. 2.43 reveals the VSWR plot and the radiation pattern o f the 

spiral antenna. The VSWR o f the developed spiral antenna is found to be 1.25 and the 

radiation pattern was found to be bi-directional and slightly tilted to the left in the XZ- 

plane.

Table 2.2 Widths o f the segments o f the single arm spiral antenna.

Arm Width (cm) Arm Width (cm)

Wi 0.24 W7 0.22

w2 0.28 w8 0.2

w3 0.04 w9 0.24

w4 0.04 Wio 0.28

w5 0.2 w„ 0.2

w6 0.3
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Fig. 2.43 (a) VSWR versus Frequency plot, and (b) radiation pattern o f the spiral antenna.

2.3.5.2 Tuning

The layout o f the spiral patch antenna generated using Ansoft Designer is then 

imported to the Ansoft Designer. On performing analysis of the antenna, imported from 

the HFSS, it was found that there was a slight increase of VSWR. The VSWR plot and 

plots o f real and imaginary impedance is shown in Fig. 2.44.

HFSSModeM 
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Frequency (MHz) -->
-180

-46.0 -58.8 -46.0

—  XZ Plane  YZ Plane
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a  2 0  -II
% 15-(O
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—  Real
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o
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Frequency (MHz) =>
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(a) (b)

Fig. 2.44 (a) VSWR plot and (b) Real and imaginary impedance plots 
o f the spiral patch antenna.
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Using the tuning tool, the length of the stub and its location (the distance o f the stub from 

the feed point) are determined. The length of the stub is found to be 83.17 cm and the 

distance o f the stub from the feed point is found to be 60.23 cm. Upon adding the stub, 

the VSWR obtained was found to be 1.41 and the gain o f the tuned spiral patch antenna 

was found to be about -45 dB, as seen in Fig. 2.45. Now, the spiral patch antenna is ready 

for integration with the system.

2.3.5.3 Gain improvement

In order to develop the spiral patch antenna for commercial RFID applications, it 

was found necessary to increase the gain o f the antenna over 0 dB or over 2.15 dBi. Two 

procedures have been followed to increase the gain o f the spiral antenna. One is to 

increase the size o f the spiral antenna and the other is a modification o f the ground plane. 

Ansoft Designer was used to perform this simulation. The size o f the spiral antenna was 

increased to 5.6 cm . A parametric sweep o f the widths o f the spiral antenna, in the range 

of 0.1 cm to 0.8cm for all segments o f the spiral antenna was run to obtain minimum 

VSWR. The number o f segments considered for this larger spiral antenna is less than the 

earlier spiral antenna (Fig. 2.42). The segments o f the spiral antenna are numbered, as 

seen in Fig. 2.46. Wi, W 2 , etc. are the width o f the first segment, second segment, etc. 

The results o f the parametric sweep o f the widths o f all nine segments o f the spiral arm 

has given the values o f the individual segments, which are tabulated in Table 2.3. The 

VSWR of the developed spiral antenna is found to be 1.23 and the gain was found to 

increase to -22 dB. The radiation pattern was found to be bi-directional and slightly tilted 

to the left. Fig. 2.47 reveals the VSWR plot and the radiation pattern o f the higher gain 

spiral antenna.
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Fig. 2.45 (a) Layout and (b) gain o f timed spiral patch antenna.

-4--------------------------►
6 cm

Fig. 2.46 Large spiral arm with different segments.

Table 2.3 Widths o f the segments o f the high gain single arm spiral antenna.

Arm Width (cm) Arm Width (cm)

Wi 0.1 w6 0.2

W2 0.8 w7 0.7

w3 0.2 w8 0.8

w4 0.8 w9 0.8

w5 0.8
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Fig. 2.47 (a) VSWR versus Frequency plot and (b) radiation pattern of 
the high-gain spiral antenna.

In order to further increase the gain o f the spiral antenna, the ground plane was 

modified by introducing a slot. A rectangular slot is made in the ground plane o f the 

triangular patch antenna. The length and the width o f the ground plane slot are defined as 

parameters and a parametric sweep is run to obtain the required values o f gain and 

VSWR. The relative position o f the slot in the ground plane is tabulated in Table 2.4. 

The layout o f the spiral patch antenna and the ground layout are shown in Fig. 2.48. The 

gain o f the spiral patch antenna is found to be 0.05 dB and the VSWR is 1.87, which 

satisfies the impedance matching requirement. The simulation values o f the radiation 

pattern in the XZ and YZ planes are shown in Fig. 2.49.
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Table 2.4 Calculated slot edge location values with respect to the corresponding spiral
antenna’s outermost edges.

Slot location Distance away from the antenna

Top edge 3 mm

Bottom edge 1 mm

Left side edge 2 mm

Right side edge -1 mm*

* A negative value implies that the edge o f the slot is into the antenna

(a) (b)

Fig. 2.48 (a) Patch and (b) ground layouts o f the spiral antenna with the widths o f the 
spiral arms (inward from outermost) 0.1 cm, 0.8 cm, 0.2 cm, 0.8 cm, 0.8 cm, 0.2 cm, 

0.7 cm, 0.8 cm and 0.8 cm; H= 6.0 cm, L= 5.0 cm, Gi= 5.4 cm, Gw= 5.7 cm.
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Fig. 2.49 (a) VSWR versus Frequency plot and, (b) radiation pattern plot
o f the spiral patch antenna.
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2.3.6. Half-Sierpinski Fractal Antenna

The word fractal means broken or irregular fragments, and was first coined by 

Mandelbrot [58] to describe a family o f complex shapes that possess an inherent self

similarity o f self-affinity in their geometrical structure. Fractals have been successfully 

used to model complex natural objects such as galaxies, cloud boundaries, mountain 

ranges, coastlines, snowflakes, trees, leaves and ferns, and much more. A wide variety o f 

applications for fractals are found in many branches o f science and engineering. Fractal 

electrodynamics is one such area, in which fractal geometry is combined with 

electromagnetic theory for the purpose o f investigating a new class o f radiation, 

propagation, and scattering problems [59]. One o f the unique geometrical properties of 

fractal objects is the possibility to enclose, in a finite area, an infinitely long curve. The 

self-similarity property o f fractals makes them especially suitable to design multi

frequency antennas. A few fractal shapes have complex, convoluted shapes that can 

enhance radiation when used as antennas [60]. For example, some fractal loops can be 

designed to enclose a finite surface with an arbitrarily large perimeter. A few monopoles 

can be designed to have an arbitrarily large length, although they can be constrained to fit 

a given volume. Hence, it is possible to design small antennas that occupy the same 

volume as their Euclidean counterparts.

An antenna becomes highly inefficient when the size o f an antenna is made 

smaller than the operating wavelength. Its radiation resistance decreases an increase in 

the reactive energy stored in the neighborhood o f the antenna. These two phenomena 

make small antennas difficult to match to the feeding circuit, and when matched, they 

display a high Q, i.e. a very narrow bandwidth. The fractal shapes were found to be more 

efficient. The advantages o f the fractal antennas over their counterparts can be
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summarized as follows: (i) compact size, (ii) low profile, (iii) conformal and (iv) multi

band or broadband [60].

One o f the common fractal antennas is the Sierpinski gasket antenna. It is 

constructed as follows: Initially an equilateral triangle is contained in the plane, as seen in 

Stage 0 o f Fig. 2.50. The next step in the construction process (see Stage 1 o f Fig. 2.50) 

is to remove the central triangle with vertices that are located at the midpoints o f the sides 

o f the original triangle, as shown in Stage 0. Then, this process is repeated for the three 

remaining triangles, as illustrated in Stage 2 o f Fig. 2.50. The next stage, Stage 3 is also 

shown in Fig. 2.50. Having an antenna engineering point o f view, the black triangular 

areas represent a metallic conductor, whereas the white triangular areas represent regions 

where the metal has been removed.

Fig. 2.50 Several stages in the construction o f the sierpinski gasket-fractal.

When the Sierpinski gasket-fractal is split vertically into exactly two parts, we obtain the 

half-Sierpinski fractal antenna. Such a procedure is followed in order to decrease the size 

o f the antenna and, at the same time, retain the multi-band properties o f the Half- 

Sierpinski fractal antenna. The Half-Sierpinksi patch antenna is developed first using the 

Ansoft HFSS simulation method and is then fine tuned for integration with the system 

(transmission line and circulator device) using Ansoft Designer.

Stage 0 Stage 1

Stage 2 Stage 3
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2.3.6.1 Design

Simulation studies were performed to primarily obtain the smallest fractal for 

resonance at 915 MHz. The length o f the Half-Sierpinski fractal antenna was gradually 

increased from 2.7 cm (Fig. 2.51) to 5.7 cm (Fig. 2.52) to obtain the resonant frequency 

of 915 MHz.

1.47 cm

2.7 cm

' r

£ 000.40 -

j  1..
1.00

u
2.00 3.0

(a)

X t= 2.29GHz Fr*q tGH2) 
Y1 = 4.74

(b)

Fig. 2.51 Half-Sierpinski fractal (a) layout, and (b) VSWR versus Frequency plot.
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400.00-

ts
£
|  200 .00 .
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\ 1. . /i.do

X1=0.91<3«Z 
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(a) (b)

Fig. 2.52 Half-Sierpinski fractal (a) layout, and (b) VSWR versus Frequency plot.

At a broadside length o f 5.2 cm, the resonant frequency of 915 MHz was obtained 

and the VSWR was 2.8. The width o f the antenna feed was varied to improve the
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matching to 50 ohms (Fig. 2.53). The feed width is divided into three partitions and their 

widths were varied individually to obtain the lowest VSWR and highest gain. The wi, W2  

and W3  are the widths o f section 1, section 2 and section 3, respectively. The width w t is 

varied from 0.2 to 0.65 in steps o f 0.05. W2  is varied from 0.2 to 0.5 in steps o f 0.05. W3  is 

varied from 0.1 t 0.3 in steps o f 0.05. The parametric analysis o f the widths gives the 

output response for a fixed combination o f the widths. The values o f wi, W2  and W3  are 

found to be 0.25 cm, 0.35 cm and 0.15 cm. VSWR and gain are found to be 1.43 and -26 

dB. Fig. 2.54 reveals the VSWR plot and the radiation pattern o f the Half-Sierpinski 

fractal antenna.

- wi

w 2

w3
w

(a)

Fig. 2.53 Feed-width (a) simulation layout, and (b) cross-section having three partitions 
o f widths, Wi = 0.25 cm, w 2  = 0.35 cm, and w 3 = 0.15 cm.

2.3.6.2 Tuning

The layout o f the Half-Sierpinski patch antenna generated using Ansoft Designer 

is imported to the Ansoft Designer in which the antenna analysis is carried out. On 

performing analysis o f the antenna design imported from the HFSS, it was found that 

there was a slight increase o f VSWR, which can be seen in Fig. 2.55. The plots o f real 

and imaginary impedance are shown in Fig. 2.55. Using the tuning tool, the length o f the 

stub and its location (the distance of the stub from the feed point) is determined. The 

length o f the stub is found to be 5.5 cm and the value o f the distance o f the stub from the
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Fig. 2.54 (a) Simulation layout, (b) VSWR plot and (c) radiation pattern
o f the fractal antenna.
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Fig. 2.55 (a) VSWR plot, (b) real and imaginary impedance plots of 

untuned Half-Sierpinski patch antenna.

feed point was about 0 cm, implying that the location is at the tip o f the antenna feed. The 

shorting technique is used to decrease the length of the stub. After applying the shorting
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technique, the length o f the stub is found to be about 2 mm and located at the very tip of 

the feed-point. Upon adding the stub, the VSWR obtained was found to be 1.08. The real 

and imaginary impedance plots o f the tuned Half-Sierpinski patch antenna are shown in 

Fig. 2.56. In Fig. 2.56, we see the gain o f the tuned Half-Sierpinski patch antenna. Now, 

the Half-Sierpinski patch antenna is ready for integration with the system. In the 

frequency range o f 0 to 4 GHz in Fig. 2.57, the VSWR plot o f the Half-Sierpinski fractal 

antenna is found to resonate at the ISM band o f 2.4 GHz, which implies that the Half- 

Sierpinski fractal antenna can be used for both 2.4 GHz and 915 MHz RFID 

technologies.

30
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15 -
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Frequency (MHz)

-25.0 -36.4 -25.0
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(a) (b)
Fig. 2.56 (a) VSWR plot and (b) gain o f tuned Half-sierpinski fractal patch antenna.
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(b)
Fig. 2.57. (a) Layout and (b) VSWR versus frequency plot o f tuned 

Half-Sierpinski fractal antenna.
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2.3.6.3 Gain improvement

In order to develop the triangular patch antenna for commercial RFID 

applications, it was found necessary to increase the gain o f the antenna over 0 dB or over 

2.15 dBi. Modification o f the ground plane was employed to increase the gain o f the 

Half-Sierpinski patch antenna. Ansoft Designer was used to perform this simulation. 

Owing to the shape o f the Half-Sierpinski fractal antenna and also to facilitate the 

grounding o f the stub, a slot shape resembling the Half-Sierpinski fractal patch shape, 

instead o f the regular rectangular slot, was chosen to be introduced in the ground. The 

gain of the antenna is increased by modifying the slot shape, such as the removal o f the 

top inner copper triangle in the ground slot and modifying the shape o f the slot below the 

antenna feed (Fig. 2.58). Introduction o f the triangular slot is found to increase the gain o f 

the half-Sierpinski antenna to -2.68 dB. The comers occupied by the slot in the ground 

plane perfectly align with the comers o f the overlying Half-Sierpinski fractal antenna.

Fig. 2.58 shows the layout o f the half-Sierpinski patch and the ground layer. The 

simulation results o f the radiation pattern in the XZ and the YZ are shown in Fig. 2.59. 

Table 2.5 gives the summary o f the different design modifications that were utilized and 

had an effect on the antenna characteristics.

(a) (b)
Fig. 2.58. (a) Patch and (b) ground layouts of Half-Sierpinski fractal antenna with H= 5.7 
cm, L= 3.3 cm, wi= 0.25 cm, W2 = 0.35 cm W3 = 0.15 cm, W4 = 0.35 cm, ws= 0.15 cm.
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Fig. 2.59 (a) VSWR plot, and (b) and radiation pattern plot o f the 
Half-Sierpinski fractal antenna.

Table 2.5 The Seven S Microstrip Antenna Design tool.

Gain VSWR Bandwidth Radiation pattern

Size
y / X X X

Shape
X X V V

Slot
X x f ✓ x f

Slit
X x f ✓ V

Stub
X x f X X

Skew
V x t X \ f

Short x f ✓ X ✓

\ f  — Employed for varying.

X  — Not-employed for varying.
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2.4 Comparison of Antennas

All the designed antennas, namely the inset-fed triangular patch antenna, the 

spiral antenna and the half-Sierpinski fractal antenna, have a resonant frequency at 915 

MHz. However, their behavior varies from each other at other frequencies, especially at 

higher than 1 GHz frequency. The VSWR plots o f the three antennas can be seen in Fig. 

2.60. It is seen that the triangular patch antenna has no resonances in the frequency range 

from 1-10 GHz. The spiral antenna has a wide-band characteristic beyond 8 GHz and the 

fractal antenna has multiple resonances occurring in the 1-10 GHz frequency range.

Triangular Antenna Archimedes Spiral Antenna
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Fig. 2.60 VSWR versus frequency plots o f (a) triangular, (b) spiral and
(c) fractal antennas.
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Table 2.6 summarizes the physical and electrical parameters o f the designed 

antennas and the antennas that have already been designed by others [57-60], All the 

designed antennas are found to be small and compact and also having desirable 

characteristics. It can be seen that omni-directionality, which is the desired characteristic 

o f RFID antennas, is displayed by all the developed antennas. The VSWR o f all the 

antennas developed is less than two, and being smaller and more compact than the other 

antennas, these antennas have a band-width and gain comparable to the other antennas.

Table 2.6 Comparison o f the triangular, spiral and fractal 
antennas with other antennas (italicized).

Antenna Size
(cm2)

Gain
(dBi) VSWR Bandwidth Radiation pattern

M eander tag 1 [61] 9 .6 x  1.4 1.5 Omni-directional

M eander tag 2 [10] 8x1 .72 1.5 100 MHz

Square patch 7 x  7 2.33 <2 30 MHz
(non-flexible) [17]

PIFA  
(non-flexible) [62] 1 0 x 8 2.5 2 20 MHz Bi-directional

Triangular 5.6 x 5.6 3.35 1.6 32 MHz Omni-directional

Spiral 5.6 x 5.6 2.2 1.3 18 MHz Omni-directional

Fractal 3.2 x 5.5 -0.64 1.75 13 MHz Omni-directional & 
Near Omni
directional
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CHAPTER 3

FABRICATION AND CHARACTERIZATION

The triangular, spiral and fractal antenna designs having the highest gain and a 

VSWR less than two have been chosen for fabrication and subsequent characterization. 

During the fabrication process, it was necessary to obtain copper patterns free o f any 

discontinuities or scratches in order to realize antennas exhibiting the desired resonance 

(i.e. at a frequency o f 915 MHz). It was also observed that the alignment o f the copper 

patterns with respect to the bottom ground slot is critical for achieving the expected 

performance o f the antenna.

3.1 Fabrication of Antennas

The final versions o f the triangular, spiral and fractal antennas with the highest 

gains are considered for fabrication (Figs. 2.38, 2.48 and 2.58 o f the previous chapter). 

Since all the antennas are designed in simulation with an infinite ground plane, the size of 

the ground plane is taken to be more than six times the substrate thickness (177 /mi) in all 

directions (with respect to the patch dimensions, in order to reduce the effect o f the finite 

ground plane) [63]. Two procedures have been considered for the fabrication o f the 

antennas. The first one is the conventional procedure that includes photolithography and 

the second is a low-cost patterning method using a desk-top printer and a low-cost

79
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electroless copper deposition method. The fabrication o f the antennas using these two 

procedures is discussed below.

3.1.1 Photolithographic Method

The photolithographic method involves basically two steps, namely the 

preparation o f the mask for the lithography process and the lithography process itself in 

order to fabricate the copper pattern representing the antenna on the substrate.

3.1.1.1 Mask preparation

The Ansoft Designer has an import feature by which the layout o f the antenna can 

be converted into a required filed format. After selecting the layout for import o f the file 

as a “drawing interchange format (dxf)” file, an option is given as to what layers are to 

be transported. Only the signal layer, which constitutes the pattern o f the antenna is 

selected for transport. The final layout o f the antenna in the Ansoft Designer is then 

converted into a dxf format. The dxf file is then converted into a post-script file using 

LinkCad software. The “postscript (ps)” file is then converted into a “portable document 

format (pdf)” file using a ps to pdf converter available online. The same procedure is to 

be followed for transferring the ground pattern. It is to be remembered, that in the Ansoft 

Designer, the visible object in the ground layer is indeed a slot and a negative image of 

the slot is to be created using Boolean subtraction between the slot and an 8 cm2 square 

patch. Alignment marks are placed on the antenna and ground images far away from the 

patterns in order to align both the antenna and the ground layer masks above and below 

the polyimide sheet in the subsequent fabrication step. The pdf file for the layouts o f the 

antenna and the ground layers is then fed into a mask making instrument. The mask of 

the antenna and the ground layers is then prepared using the Linotronix mask-maker
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instrument. Now we have a positive mask with the emulsion coating containing the 

antenna pattern.

3.1.1.2 Lithography process

The substrate employed is a Kapton polyimide dielectric substrate, sandwiched 

between thin layers o f adhesive (for the promotion o f adhesion between the dielectric and 

copper films) and copper which is obtained from Pyralux Inc. (Fig. 3.1).

37 pm ^

T ' Z .........25 pm

T "
127 pm

25 pm

“T ”

Antenna

Adhesive (sri, 8 i)

Kapton- Polyimide (sr2 , 8 2 )

Adhesive (sr3 , 8 3 )

Copper

Copper Ground

Fig. 3.1 Cross-section o f the antenna substrate with Sri^ er3 = 3.3, £r2 = 3.5;
8 1 = 8 3 = 0.027, 8 2  = 0.008.

An 8  cm area o f flexible polyimide sheet is cut from a large sheet without 

bending the sheet on the sides. Such care must be taken so that the mask, when placed on 

the substrate for contact lithography, would not have any air gaps in between the mask 

and substrate. The lithography process involves the following procedures:

(i) Cleaning o f the substrate: The substrate is rinsed with acetone and de-ionized (DI) 

water to remove any impurities or dust-particles present on the substrate. The cleaned 

substrate is then placed on a hot-plate at 100 °C for 2 minutes to dry the samples.
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(ii) Coating with photo-resist: The cleaned substrate is then placed on a photoresist 

spinner. The photo-resist used is PR 1813. Care is taken to avoid any air-bubble 

formation during coating.

(iii) Soft-bake: The coated substrate is then soft-baked for 2 minutes at 100 °C. The 

soft-bake step removes any moisture present in the photo-resist and makes it non-sticky.

(iv) Exposure: The soft- baked substrate is then placed above the UV light. Care is taken 

so that the emulsion side o f the mask is in full contact with the copper surface so that 

scattering o f the UV-light is minimized and the line-width o f the copper line is efficiently 

transferred from the mask.

(v) Develop: The exposed resist is then placed in a MF-321 developer solution for 2 

minutes until the exposed photo-resist is removed from the substrate. The unexposed 

photo-resist masking the antenna is left behind. The substrate is then rinsed with D.I. 

Water. Care is taken to ensure that all the exposed photo-resist is removed. This can be 

done either by visual examination based on technical experience or by checking for 

electrical continuity on the copper surface which should show ~ 0 ohms, if  all the 

exposed resist is removed.

(vi) Hard-bake: The developed substrate is then placed on a hot-plate for 20 min at 

100 °C to harden the photo-resist. The substrate is now ready for etching o f the exposed 

copper with the antenna-patterned copper being protected by the hardened resist.

(vii) Copper etching: The baked substrate is then placed in a ferric chloride solution 

which etches the copper. It takes approximately 20 minutes for the copper to be etched in 

a fresh ferric chloride solution. Ferric chloride being reactive with metal, care is to be 

taken to etch the substrate in a plastic container.
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3.1.2 Low Cost Patterning Method

A low cost patterning method was seriously considered for developing antennas. 

The patterning method is termed low-cost since it avoids the use o f costly equipment 

such as the mask-making instrument, spinner and exposure tools. This patterning method 

involves two steps, namely the preparation o f the mask and the patterning method itself.

3.1.2.1 Mask preparation

For the low cost patterning method, a negative mask is to be created. This can be done 

by employing the Boolean subtraction tool available in the Ansoft designer and creating 

the required negative pattern o f the image by creating a 8 cm2 square patch and 

subtracting the antenna pattern from it. Since the ground-plane is already in the negative- 

image, it can be directly transported. Alignment marks are placed on the antenna side and 

ground side, far away from the patterns in order to align both the mask above and below 

the polyimide sheet in the subsequent fabrication step. The import feature in Ansoft 

Designer is used to convert the layout o f the antenna into the required file format. After 

selecting the layout for import o f the file as a “graphic design system (gds)” file, and 

selecting the signal layer for transport, the final layout of the antenna in the Ansoft 

Designer is converted into a gds format. The gds file is then converted into a ps file 

using LinkCad software. The ps file is then converted into a pdf file using a ps to pdf 

converter available online. A negative pdf mask pattern is then ready for transfer onto the 

polyimide sheet.

3.1.2.2 Patterning method

The patterning o f copper on the polyimide sheet involves the following steps:

(i) Surface modification o f the polyimide sheet [64]: The polyimide sheet is roughened 

mechanically using a dry cloth. Mechanical roughening initially helps to increase the
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surface roughness, and therefore, increases the number o f activation sites in order to 

enhance the deposition. This is followed by a sonication step in isopropyl alcohol. 

Adhesion o f copper to the polyimide substrate can be increased by electroless deposition 

o f a seed layer o f copper on the polyimide substrate, heating at 400°C for 30 seconds, 

etching the copper away using HNO3 and using the substrate for the final deposition of 

copper.

(ii) Pattern transfer: The surface treated standard size A4 polyimide sheet is then fed into 

a laser printer and the negative images o f the antenna and the ground layers are printed on 

the polyimide sheet. The polyimide sheet employed for patterning and the cross-section 

o f the toner-patterned polyimide is illustrated in Fig. 3.2.

Patterned Antenna mask50 fim

127 fim er = 3.5; 5 = 0.008Polyimide

Patterned Ground mask50 jam

TonerToner

Toner

Fig. 3.2 Cross-section of the printed polyimide.

(iii) Activation and acceleration: The substrate is activated by immersing the sample in a 

solution o f palladium chloride. After activation, the metallic palladium on the surface is 

surrounded by the hydrolyzed stannous hydroxide. The excess o f stannous hydroxide is 

removed before the palladium can act as a catalyst. The accelerator solution consists o f 

an organic or mineral acid which removes the excess tin from the part while leaving the 

palladium sites intact for the deposition o f the electroless copper. Care should be taken 

that the calculated time for immersion is maintained to avoid skip-plating.
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(iv) Electroless Copper Deposition: The activated polyimide sample is then placed in the 

electroless copper bath solution* Two electroless copper plating procedures have been 

considered, one for a thin (200nm) Cu deposit and the other for a thick (2/im) Cu deposit. 

The compositions o f these solutions and the operating temperatures are given in Table

3.1.

Though the low-cost patterning method has an advantage over the 

photolithography process in that it is a low-cost method and the fabrication procedure is 

simple, one o f the main drawbacks is its instability. The films obtained through this 

process still have problems with surface-adhesion, and the cracking and trapping o f air 

under the copper film resulting in a discontinuous layer. Moreover, the copper films were 

subject to rapid oxidation, if  not protected by a surface coat o f polyimide or epoxy. The 

thickness o f the coated epoxy is also uncontrollable and would very much affect the 

resonant properties o f the antenna, even if  the antennas were designed for a definite 

amount o f polyimide or epoxy thickness. All these factors have led to the use o f the 

photo-lithography process to create tags that would sustain the fabricational effects. 

However, the low-cost patterning method is favored for the fabrication o f RFID tags 

since the cost o f the tag for commercial purposes should be only a few cents.
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Table 3.1. Solution composition for low-build and high-build copper.

Low build copper-bath 
Operating Temperature = 5Q0-55°C

High-build copper-bath 
Operating Temperature = 36°-38°C

800 ml water

100 ml- Cuprothick 84 F

40 ml- Cuprothick 84A

30ml- Cuprothick 84 B

30ml -  Cuprothick Alkaline additive

1000 ml Water 

3g CuS04 

8g EDTA 

2-3ml o f HCHO

NaOH (till pH attained is 12.5 to 12.6) 

100 mg -  2,2 di pyridyl 

0.05 ml Triton

3.2. Characterization of Antennas

The fabricated antennas are characterized with respect to their impedance 

matching and gain values. Fig. 3.3 shows the optical images o f the three antennas 

fabricated on a polyimide flexible substrate with the corresponding inset o f the ground 

plane. The fabricated antennas are measured for their VSWR and radiation performance.

Top layer Top layer Top layer

(a) (b) (c)

Fig. 3.3 Optical images o f the top and ground layers o f (a) triangular antenna (b) spiral 
antenna and (c) half-Sierpinski fractal antenna.
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3.2.1. VSWR measurement

The antennas are measured for their VSWR value using the Agilent 4396B 

Network Analyzer. Fig. 3.4 shows a picture o f the Network Analyzer used for the 

measurement o f the impedance o f the antennas.

Fig. 3.4 Network Analyzer employed for measurement o f antenna VSWR.

The measurement o f the VSWR includes the following steps:

3.2.1.1 Sample preparation

Proper connection is to be provided to the antenna for measurement o f the 

impedance. Since the calibration tool-kit employed is a SMA (Surface-Mount Adapter) 

type, an SMA connector is to be soldered to the feed o f the antenna. The ground o f the 

SMA is to be soldered to the ground o f the antenna and the centre conductor to the 

microstrip feed. Care is to be taken to ensure a good connection is established between 

the microstrip copper and the SMA legs to prevent any unwanted parasitics.

3.2.1.2 Network analyzer calibration

The network analyzer has to be calibrated for making very accurate VSWR 

measurement. The standards used for calibration are to be employed. A 85033E 3.5mm 

test set is employed for calibration. The steps for calibration are as follows:

(i) The machine is turned On after connecting the Test Set for reflection measurements.
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(ii) The measurement type “Network Analyzer” is selected and the mode A/R is 

selected.

(iii) The Frequency sweep is selected by giving the start and the stop frequencies. The 

marker frequency, or the solution frequency, can be entered so that the cursor points to 

this specific frequency and the return loss, or the VSWR value, is displayed on the 

screen. Once the sweep is set-up, it should not be changed until the measurement is over. 

If  the sweep is changed, the calibration procedure must be repeated again.

(iv) The calibration button is then pressed. Now the device is ready to read the 

impedance values for open, short and load calibration standards.

(v) First, the open standard is connected to the SMA end and the open button is 

pressed. This is followed by calibration using the short and the load standards. After 

completion o f all the standards, “DONE” is pressed. Now the device is ready for 

measurement.

3.2.1.3 Measurement procedure

The measure button is pressed to switch the device from the calibration to the 

measure mode. The sample with the SMA connector attached to it, is now connected to 

the SMA-end. Care should be taken that the SMA connector end at the Network Analyzer 

and the SMA connector attached to the antenna are o f opposite polarity. After connecting 

the antenna, the VSWR-plot or the Retum-Loss plot is readily displayed. By selecting the 

mode, the type o f plot (VSWR-plot or Retum-Loss plot) can be selected. The plot can 

then be saved as a “tagged image file format (tiff)” picture file or the solution data can be 

exported into a removable storage device, such as a floppy.
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3.2.1.4 Results and discussion

The VSWR plot o f the triangular, spiral and the half-Sierpinski fractal patch 

antennas can be viewed in Fig. 3.5. The VSWR plots o f the three antennas were found to 

show that the VSWR value was less than 2 at 915 MHz (Fig. 3.5). The -10 dB bandwidth 

was found to be the least (13 MHz) for the Half-Sierpinski fractal antenna and the 

maximum (32 MHz) for the triangular antenna. The -10 dB bandwidth for the spiral 

antenna is 18 MHz. Higher bandwidth implies a greater ability to withstand fabrication 

anomolies and better performance under adverse operating conditions. The experimental 

results were found to match the simulation results for these antennas (Fig. 3.6.)

25

20 -

t t  15 -
5
V)
>  10 -

— Triangular
— - - Spiral
—  Fractal

850 900 950 1000
Frequency (MHz)

Fig. 3.5 VSWR versus Frequency plot for three different antennas.
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Fig. 3.6. Simulation and experimental VSWR plots o f (a) triangular (b) spiral and
(c) Half-Sierpinski fractal antennas.

3.2.2 Radiation Pattern Measurement

The measurement o f the radiation pattern, or the gain o f the antenna, includes the 

following steps:

3.2.2.1 Sample preparation

The samples prepared for the VSWR measurement can be used to be measure the 

radiation pattern of the antenna.
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3.2.2.2 Experimental set-up

The radiation pattern o f the antenna is to be ideally measured in an anechoic 

chamber that prevents any reflections from the ground or the surrounding walls. The 

measurement can also be made in open-air or a large room such as an auditorium, to 

minimize the effect o f the reflections from the walls. A gymnasium was chosen whose 

walls were more than 30 feet away from the centre o f the setup. Fig. 3.7 shows the 

picture o f the test-site. Fig. 3.8 shows the transmitting and receiving junctions set-up at 

the test site.

Fig. 3.7 Test site for antenna radiation pattern measurement.

Fig. 3.8 (a) Transmitting and (b) receiving junctions.
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The transmitting and the receiving junctions are separated by a distance o f 13 feet. At the 

transmitting junction we have a signal generator connected to a 915 MHz highly- 

directional Yagi antenna o f gain 8.5 dBi. The Yagi antenna, as can be seen in Fig. 3.8 (a), 

is fixed to a mast more than 6 feet away from the ground to prevent reflection from the 

ground. At the receiving junction, we have a spectrum analyzer connected to the antenna 

that is to be tested, as seen in Fig 3.8 (b). The antenna that is to be measured for its 

radiation pattern is fixed on a card-board mast placed on a rotator. The rotator is moved 

in a clock-wise direction in steps o f 11.25 degrees. The antenna is rotated through an 

entire 360 degrees with readings taken at every step o f 11.25 degrees. The power output 

at the signal generator is chosen in such a way that the power captured by a test yagi 

antenna placed at the walls o f the gymnasium is o f the order o f -55 dBm (or no signal at 

all). The power output selected in this way is -7 dBm.

3.2.2.3 Results and discussion

The data points obtained from these experiments are then plotted using Microsoft 

Excel software to obtain the experimental radiation pattern measurements. Figs. 3.9-3.11 

shows the experimental and the simulation plots o f  the antennas considered. The 

experimental results obtained closely match the simulation results. The radiation pattern 

o f the triangular antenna (Fig. 3.9) was found to be omni-directional in the YZ-plane and 

near omni-directional in the XZ-plane. The highest gain o f 3.35 dBi was observed for the 

triangular antenna in the YZ-plane. The spiral antenna was found to exhibit near omni

directionality in both the XZ and the YZ planes (Fig. 3.10). The highest gain observed for 

spiral antenna was about 2.2 dBi in both the XZ and the YZ planes. The Half-Sierpinski 

fractal antenna was found to be omni-directional in the YZ-plane and near omni

directional in the XZ plane (Fig. 3.11). The difference between the maximum and
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minimum gain in the XZ-plane was 8 dB and that in the YZ-plane was only 2 dB. The 

maximum gain that was exhibited by the Half-Sierpinski fractal antenna was about 0 dBi 

in both the XZ and the YZ-planes.

It was observed that the radiation patterns in the YZ plane of the triangular 

antenna (variation o f 1 dB over 0 = 0 to 360°) and in the YZ plane o f the Half-Sierpinski 

fractal antenna (variation o f 2 dB over 0 = 0 to 360°) are more omni directional compared 

to the radiation patterns in the XZ planes o f the respective antennas. This could be

—  M easurem ent
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Fig. 3.9 Radiation plots o f triangular antenna in (a) XZ-plane and (b) YZ-plane.
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Fig. 3.10 Radiation plots o f spiral antenna in (a) XZ-plane and (b) YZ-plane.
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attributed to the reduced directionality o f the flow o f current in these antennas, in contrast 

to the circular directional flow o f current in the spiral antenna (variation o f 4 dB in the 

XZ plane and 6 dB in the YZ plane).

-10

-20

•30

270 , -40

180

(a)

90

(b)

-M e a su re m e n t
S im ulation

-10

•20

90-40

180

Fig. 3.11 Radiation plots o f Half-Sierpinski fractal antenna in 
(a) XZ-plane and (b) YZ-plane.
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CHAPTER 4

ANTENNA INTEGRATION IN DELAY 

BASED RFID SYSTEM

This chapter outlines a few simulation experiments related to the 

integration o f the antenna with the transmission line, the modulation scheme employed 

and the fabrication and the characterization o f RFID tags.

4.1 Simulated Integrated System

The antennas designed, fabricated and characterized are now to be integrated with 

the transmission line ID circuit. As explained in Chapter 3, the transmission line ID 

circuit is based on a delay scheme. The antennas have been matched to 50 ohms and the 

transmission ID is designed for a characteristic impedance o f 50 ohms. This ensures that 

there will be an absence o f any reflections on integration with the transmission line. 

However, a few questions arise as to what is the effect of the transmission line, the 

relative location of the antenna with respect to the tag and the grounding of the 

transmission line on the radiation pattern o f the antenna. In an effort to answer these 

questions, a few simulation experiments have been run. The Half-Sierpinski fractal 

antenna has been chosen for these simulation experiments.

95
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4.1.1.Transmission Line Influence on the 
Antenna Radiation Pattern

In order to examine the effect of the transmission line on the radiation pattern o f

the antenna, the gains o f the transmission line ED and the half-sierpinski fractal are found

separately. The gain o f the fractal antenna was found to be -25 dB (Fig. 4.1) and that of

the transmission line, -49 dB (Fig. 4.2)

Fig. 4.1 (a) 3-dimensional radiation plot and (b) radiation pattern o f gain ( cj) =0, 0= 0 i.e. 
normal to the plane o f the antenna) for the half-Sierpinski fractal antenna.

Fig. 4.2 (a) 3 dimensional radiation plot and (b) radiation pattern o f gain ((() =0, 0= 0 i.e. 
normal to the plane o f the antenna) o f the open-ended transmission line.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

The low radiation emitted by the transmission line, and hence the high isolation (25 dB) 

between the antenna and the transmission line, should help in maintaining the non

interference o f the transmission line with the radiation performance o f the antenna. This 

was further proven when the radiation pattern analysis is done with the antenna integrated 

with the transmission line (Fig. 4.3). We see here that the radiation pattern aligns itself to 

the pointing direction o f the Sierpinski fractal antenna. Hence, one can state that the 

Sierpinski antenna is the principal radiator in the planar integration o f the transmission 

line with the Sierpinski antenna. The radiation characteristics o f the antenna are 

preserved on integration with the transmission line.

Arstofl Corporation 
Radiation Patlam 1 

PlanarEMS

• 180

d9(0*lr>lnpuf) 
PM-Odtfl. F-915* 
Sttup 1 : S*M«p 1

Fig. 4.3 (a) 3 dimensional radiation plot and (b) radiation pattern o f 
the integrated sierpinski fractal.

4.1.2. Line Grounding Influence on the 
Antenna Radiation Pattern

The effect o f the grounding o f the finite substrate is attempted in the simulation to

see if  there is any increase in gain that can be attributed to the decrease o f the surface

wave losses. The transmission line is grounded at various locations on the microstrip feed

line moving away from the feed-junction. From Fig. 4.4, it can be seen that there is an
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Fig. 4.4 Effect o f ground location at a distance o f (a).25” (b) 2.5” (c) 5” and
(d) 7.5”from the feed-junction.
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increase o f gain only at a specific distance away from the feed-junction. Also it is found

that the radiation pattern is altered with the deterioration of gain, when the transmission

line is grounded at other locations.

4.1.3. Transmission Line Layout Influence 
on the Antenna Radiation Pattern

In order to make the tag compact, the longer side o f the Half-Sierpinski was 

placed parallel to the longer side o f the transmission line (Fig. 4.5). This placement gave 

an antenna gain o f -40 dB. When the shorter side o f the antenna was placed parallel to the 

longer side o f the tag, it was found that a greater gain is obtained and also the gain varies 

with respect to the relative location o f the tag.

122041

Fig. 4.5 Effect o f antenna location at the (a) comer and (b) middle 
o f the transmission line.
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4.2 Modulation Scheme

The modulation procedure used is the On-Off Keying (OOK). To achieve 

this modulation, we require a sinusoidal signal generator to produce a 915 MHz signal 

and an RF switch which shuts the sinusoidal wave on and off for the desired On/Off time. 

The RF switch can be switched On and O ff by means o f a pulse signal. By controlling the 

pulse-width and the pulse repetitive frequency (PRF) o f the pulse, the On time and off 

time can be controlled. Fig. 4.6 shows the picture o f the RF switch and the pulse- 

generator employed for the generation o f an On-Off pulse-modulated sinusoidal signal. 

A DC supply o f 1.6-2.3 V is required for the operation o f the RF switch. The switch has a 

rise time (tr) o f  3 nsec and a fall time (tf) o f 6 nsec. Thus, the minimum width o f the pulse 

that can be obtained without losing amplitude o f the signal is 9 nsec.

(a) (b)

Fig. 4.6 Picture o f the (a) Pulse-Generator and (b) the RF switch.

Let us now discuss the concept o f the generation o f ID with this modulation 

scheme applied to the delay-based transmission line. The delay obtained by the 

transmission line, that is designed for a characteristic impedance o f 50 ohms (line-width 

= 406.25 fim ) is 0.13 nsec/ inch. In order to create a delay that can be observed with the
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type o f modulation scheme and the intrinsic limitation posed by the switch, a delay 

greater than 9 nsec has to be generated for the delayed signal inorder to be observed 

without mixing with the direct signal. A 72 inch meandered transmission line, as shown 

in Fig. 4.7, has been designed, as explained in Chapter 2, to produce a delay o f 9.36 nsec.

1

*/*

1

11.2 cm

Fig. 4.7 Schematic o f meandered transmission line.

A pulse width o f 10 nsec implies a bit-rate o f 100 Mbps and a bandwidth o f 200 

MHz. In order to transmit such a high band-width signal, it was required to design a wide 

band-width source antenna to replace the narrow band-width Yagi antenna.

4.3. Fabrication of Integrated System

The simulation layouts o f the antenna and the transmission line are integrated in 

the layout such that the ends o f the microstrip feed o f the antenna and the two ends o f the 

transmission line are aligned with respect to the three contacts o f the circulator device. 

Fig. 4.8 shows pictures o f the tags. The photolithography method, as explained in 

Chapter 3, is employed to realize the tag with the antenna pattern and transmission line. 

A surface-mount circulator is then soldered to the tip o f the antenna’s microstrip feed and 

the two ends o f the transmission line to complete the tag which is capable o f delivering a 

delay-based ID code, the number o f bits dependent upon the pulse width, and the delay
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chosen. The delay should be greater than the pulse-width in order to obtain a readable ID 

code.

(c)
Fig. 4.8 Pictures o f the fabricated (a) triangular, (b) spiral, and

(c) Half-Sierpinski fractal tags.

4.4. Characterization of Integrated System

The fabricated tag is now to be tested in an anechoic environment so that the 

external reflections off the walls and any noise will be eliminated. In order to simulate 

such an environment a 2 ft3 closed anechoic housing is constructed (Fig. 4.9). The 

material used is polyurethane foam capable o f absorbing the 915 MHz signal. The 

antennas and the tag to be tested are supported by triangular polyurethane posts.
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Fig. 4.9 Optical picture o f anechoic housing for tag testing.

The distance o f separation between the transmitting circular disc monopole (CDM) 

antenna and the tag and the receiving circular disc monopole and the tag is 10 inches. All 

three components, the tag and the two CDM antennas are placed in a triangular 

configuration with each facing the other at an angle o f 60° to maximize the signal capture 

o f the antennas. The tag and the two circular disc monopoles are placed inside the 

chamber at a distance o f 10 inches from each other in a triangular pattern. The 

transmitting and the receiving circular disc monopoles are connected by a coaxial cable, 

which runs through a small opening in the comers o f the housing. This type o f housing 

was found to increase the amplitude o f the signal absorbed. Fig. 4.10 shows the 

amplitude o f the signal inside and outside the anechoic chamber.
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Inside the chamber

Outside the chamber

Fig. 4.10 Effect o f anechoic housing.

The schematic and the picture o f the experimental set-up for the tag is shown in 

Figs. 4.11 and Fig. 4.12.

4.4.1 Pulse Spreadine Effect

In order to test the tags, narrow-band Yagi antennas, having a bandwidth from 

902-928 MHz were employed.

Anechoic chamber

^ a a / a x / a a a a a a a A
Tag

s 2

/-UllClllU

1 ^
'irculator / N

iT T ruT J

Circular Disc Monopole

Rl; Switch O sc illo sco p e

S ignal (jon .
P u lse  G en

Fig. 4.11 Schematic o f experimental set-up.
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Fig. 4.12 Experimental set-up for tag characterization.

The narrow-band nature o f these antennas caused the pulse to spread at the edges 

o f the pulse. This is a phenomenon that can result when a wide-band pulse is made to 

pass through a narrow-band antenna. In order to circumvent the problem, a wide band

width circular disc monopole antenna having a -10 dB bandwidth at greater than 300 

MHz, was designed. This antenna was found to faithfully transfer the pulse signal 

without any pulse spreading. Fig. 4.13 depicts the pulse spreading effect o f the Yagi 

antennas and the faithful transfer o f the pulse signal through the circular disc monopole 

antennas.

4.4.2 Design, Fabrication and Testing of a 
Circular Disc Monopole

A circular disc monopole is known to exhibit wide-band behavior [65]. Ansoft 

HFSS simulation software was employed to develop a wide-band circular disc monopole 

antenna centered around a frequency of 915 MHz. A 11.34 x 13.5 cm2 PCB substrate is 

chosen for the simulation (Fig. 4.14). A circular disc o f radius 2.7 cm, feed width o f 7 

mm, and ground-plane o f dimensions 11.34 cm x 5.4 cm, is initially chosen. In order to 

decrease the transmitted power o f the antenna, the width o f the ground plane and the
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width o f the feed (Fig. 4.15) are labeled as parameters in a parametric sweep to obtain a 

very low VSWR of 1.04, as can be seen in Table 4.1.

a  i ' \ n n  , U " m

A v*YW

=Wnaaa/\/v

Signal captured through 
coaxial wire

Signal through Yagi

xt« uom m* tiMm 
y>& t ,8o n t  tm=- —

Signal captured through 
coaxial wire

’’ Signal through CDM

' 200 mVJdiv 
■ -30,0 rnV

'/yV’VwV.WJ

1i n

(b)

Fig. 4.13 Pulse spreading through (a) Yagi and (b) Circular Disc 
Monopole antennas at 915 MHz.

13.5 cm

11.34 cm

J .....

2 pm 

1.5 mm
JL.
2 pm

T "

Antenna

Ground

Fig. 4.14 (a) Simulation Layout and (b) cross-section o f the Circular Disc Monopole.
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(a) (b)
Gwid : The width of the ground plane
gop: The distance in the x-direction between the ground plane and the circular patch
fw: Width of the feed

Fig. 4.15 Simulation layout o f the (a) 2.7cm radius microstrip fed CDM and (b) enlarged 
view o f gap between ground point and the feed location.

Hence, a feed width o f 0.378 cm and a ground plane width o f 5.382 cm is chosen 

because o f low VSWR. In order to increase the gain o f the CDM antenna, a skewing 

technique is followed by which the dimensions o f the antenna are scaled differently in the 

x and y-axis (Fig. 4.16). It was found that a scaling factor o f 2.05 in the x-axis and a 

scaling factor o f 2.1 in the y-axis gives rise to a high gain o f about 6 dB and a VSWR of

2.4 (Table 4.2). An increase in power, for the improved circular disc monopole, o f 3.13 

times more than the older version is observed (Table 4.3). The circular disc monopole is 

fabricated using the photolithography procedure explained in Chapter 4 and the Return 

Loss plot is measured, as explained in Chapter 5. Fig. 4.17 (a) shows the fabricated 

circular disc monopole. Fig. 4.17 (b) shows the retum-loss plot for the circular disc 

monopole. The wide-band nature o f the antenna can be clearly observed from the graph. 

The discrepancy in the retum-loss plot between the experimental and simulation results at 

higher frequencies could be attributed to the soldering method used to connect the SMA
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connector, because the connector junction inductance effects become dominant at higher 

frequencies.

Table 4.1 Obtained values o f VSWR and gain for different values o f ground 
plane width and ground-plane gap.

Gwid (cm) Fw (cm) VSWR Gain (dB)

5.400 0.702 1.91 1.70

4.980 0.360 1.52 1.89

5.130 0.414 1.42 1.87

5.328 0.378 1.32 1.77

4.986 0.396 1.22 1.74

5.382 0.378 1.04 1.73

  i ▲

4— '■ — ------------------------- ►

11.34 cm 13.54 cm

(a) (b)

Fig. 4.16 Simulation layouts o f (a) old and (b) new versions o f Circular Disc Monopole. 
The antenna is found to be resonant (SI 1 > -10 dB) from 780 MHz to 1.8 GHz.
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Table 4.2 Values o f gain o f CDM as a function o f the dimensions o f the CDM.

Scaling factor in 
the x direction (s)*

Scaling factor in the 
y-direction (si)* Gain (dB)

1.8 1.8 1.73

1.8 2.25 2.06

1.85 2.3 2.13

1.95 2.4 2.9

2.05 2.15 6.73

2.15 2.2 3.73

2.2 2.4 2.25

2.4 2.35 2.46

* A “s” value o f  1.8 = 13.5 cm; A ‘“s,” value o f  1.8 = 11.34 cm

Table 4.3 Comparison table o f old and improved versions of Circular Disc Monopole.

Feature Older Version Improved Version

Size 11.34 x 13.5 cm2 13.54 x 15.37 cm2

VSWR 1.04 1.11

Power Transmitted 100% 99.7%

Gain 1.75 6.73

Power captured/received 
(normalized)

1 3.83
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-2.00E+01 -

-2.50E+01 -  Experiment
_ - Simulation

Frequency (Hz)

(a) (b)

Fig. 4.17 (a) Picture and (b) retum-loss plot o f circular disc monopole.

4.4.3 System Testing

The 10 nsec delay deliverable tag was characterized for the power back-scattered 

by the tag. The method outlined in [61] was followed to measure the back-scattered 

power. The schematic for the back-scattered power measurement is shown in Fig. 4.18.

Network
analyzer

Antenna RFID

I
Anechoic
chamber

Fig. 4.18 Measurement set for determining back-scattered power.

The HP4396B network analyzer was used to make the measurements. Calibration is 

made with the network analyzer connected to the transmitting antenna and with no RFID 

tag present. The reference level, after subtracting the effects o f transmitting antenna 

mismatch and anechoic chamber multipath, is found to be about -50 dB. The tag is then
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introduced into the chamber and the measurements are made. The transmitted power was 

1 mW. The antenna return loss measured in the anechoic chamber with the RFID tag 

present is shown in Fig. 4.19. By using the measured value o f the return loss at 915 MHz, 

which can be approximated as the ratio o f power back-scattered to transmitted power, the 

power back-scattered is found to be 0.169 uW. Using the classical radar equation [66],

backscattered /  a  \ 3  4  V * /(4n) r

where Gt is the gain o f the transmitting antenna, the radar cross-section (ct) is found to be 

0.16 x 10'3 sq.m. The circular disc monopole discussed earlier was used as the 

transmitting antenna.

-25
—  Data 
■ - Measured

wtoo_i
c

■$
DC

-40 -

-45
860 920 940 960880 900

F re q u e n c y  (M Hz)

Fig. 4.19 Antenna return loss measured in anechoic chamber with RFID tag present.

The fabricated tag was then tested at a very small distance o f 6 cm (just above the 

near-field limit o f 5cm for the CDM microstrip antenna at 915 MHz) using the circular 

disc monopole (CDM) antenna. The amplitude o f the delayed 10 nsec width signal is 

found to be dependent on the distance o f the separation. Fig. 4.20 shows the waveforms 

observed on the oscilloscope with and without the tag. SI is the signal passing directly
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from one CDM antenna to another. S2 is the delayed signal from the tag. The tag that was 

tested was that o f the Half-Sierpinski antenna. In order to determine the limit o f the 

reading range, the antennas were kept at a greater distance, at about 10 inches, and the 

planes o f the antenna were placed at an angle o f 60° relative to each other to maximize 

signal capture. Future experiments were carried out using this set-up.

Tag absent i. J i m i  ...... ;..

 j : Wf 4......  5..
Tag present: , j i . i

Fig. 4.20 Signals with and without tag.

4.4.3.1 System with triangular patch

The tags with 5 nsec and 10 nsec delay were fabricated and tested for their output. 

Fig. 4.21 displays the output waveforms for the triangular tags with different delays. One 

can observe from the waveform, that for the 5 nsec delay tag, an extension o f 5 nsec is 

observed in the output waveform and for the 10 nsec delay tag an extension o f 10 nsec is 

seen. The dotted lines show the limits o f the noise signal and the continuous line, the 

limits o f the delayed signal. The high rise and fall times o f the pulse is attributed to the 

slow switching o f the RF switch. The lowest amplitude o f the delayed signal is found to 

be 26 mV and the amplitude o f the noise is found to be 16.67 mV. Thus, a threshold o f 20 

mV can be set for reading a l l l O o r l l l l  bit.
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M2  S'2---'-<vv4fVsÂ vÂ vv’

S2 — 5 nSec Delay '' i ? i o

S2 -”  10 ttSec Delay i l U l  | 1........1...

Fig. 4.21 5 nsec and 10 nsec delay deliverable triangular antenna RFID tag.

4.4.3.2 System with spiral patch

The spiral antenna, with a gain less than that o f the triangular antenna, is found to exhibit 

the same behavior (Fig. 4.22), However, for the 5 nSec delay measurements, the noise 

level was found to be high, which can be attributed to the solder connections in the tag. 

Also, the low amplitude of the delayed signal can be attributed to the bandwidth o f the 

spiral antenna, which is lower than that o f the triangular antenna. The dotted lines show 

the limits o f  the noise signal and the continuous line, the limits o f the delayed signal.

2 -— No Tag*

nSecDela) - 4 — h — sO— h

A / V '- C vA / h

  : s i ^ i i w e c i i i l a y :  :...
........

M l M

111  [ r U  n | A j l \ A

i l l  | *i j 1 - ' ! ;

/ W v w

base -117.4n

Fig. 4.22 5 nsec and 10 nsec delay deliverable spiral antenna RFID tag.
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For the 10 nsec delay measurement, the amplitude o f the noise is found to be 15 mV and 

the lowest amplitude o f the delayed signal, 21 mV. Thus, the threshold for bit reading 

could be placed in between the above two values at 18 mV. For the 5 nsec delay 

measurement, the amplitude of the noise is found to be 24 mV and the lowest amplitude 

o f the delayed signal is found to be 30 mV. Thus, the threshold for bit reading could be 

placed in between the above values, at 27 mV.

4.4.3.3 System with Half-Sierpinski patch

Due to the gain o f the Half-Sierpinski patch antenna being too low, the delayed 

signal could not be seen for the realization of an ID. Also, the low bandwidth (13MHz) o f 

the fractal antenna could result in reduced amplitude for delayed signal. The antenna can 

be utilized for RFID purposes, with a switch with higher isolation. It is to be noted that 

the Half-Sierpinski antenna was successfully tested at lower read ranges.

The pulse-widths used in the characterization o f the tags are 10 nSec and 5 nsec 

which would require high band width antennas for the transfer o f the signals without 

pulse-spreading, which is a phenomena observed when large band-width signals are made 

to pass through a narrow band-width antennas. The bandwidth o f the antennas affects the 

amplitude o f the delayed signal. A higher bandwidth (32 MHz) triangular antenna would 

allow for less pulse spreading o f the signal than the lower bandwidth (18 MHz) spiral 

antenna. However, it is to be noted that the lowest bandwidth observed, (13 MHz) which 

is for the Half-Sierpinski fractal antenna, is quite sufficient for commercial RFID 

applications, wherein higher width pulses o f the order o f 100 nsec are utilized for data 

communication.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusions

This work comprises the development o f a small-size antenna which will be 

extremely useful for the tagging o f small-size objects in the future. A compact triangular 

antenna, (a type o f single band resonant antenna), a spiral antenna (a type o f wide-band 

resonant antenna) and a half-Sierpinski fractal antenna (a type o f small size multi-band 

resonant antenna) were developed on a flexible polyimide platform. The introduction o f 

slots in the ground has been used to increase the gain. These antennas have been designed 

for an output impedance o f 50 ohms and a frequency o f 915 MHz. Two o f these antennas 

(the triangular and the spiral antenna) display peak gains of over 2 dBi and the third one 

(Half-Sierpinski fractal antenna) has a gain close to 0 dBi. The triangular and spiral 

antenna, owing to their high gain, have successfully been integrated with the transmission 

line RFID tag for the generation o f bits. The Half-Sierpinski fractal tag can still be used 

in the presence o f an efficient reader that can detect the presence o f a weak back- 

scattered signal.

The primary constraints for the integration o f a patch antenna are both small size 

and high gain. Both o f these constraints have been seriously considered in this work and 

considerable lot o f effort was put into developing small resonant antennas at 915 MHz.
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Several reasons for this approach is the application o f power-efficient tags to be attached 

onto small objects. Large retailers, such as Wal-Mart Inc., are welcoming RFID as its 

security mode and also to minimize the cross-coupling effects between two nearby tags.

The triangular antenna has been designed to perform with a gain o f 3.35 dBi and 

the Half-Sierpinski antenna with a gain o f -0.64 dBi. Though having low gain, the Half- 

Sierpinski antenna still qualifies for UHF RFID application due to its near omni

directionality. The gain is a parameter o f the antenna which can be best decided when the 

details o f the application are known, such as the location of the tag, surrounding objects, 

their proximity to the tagged object and the dielectric o f the surrounding objects. High 

gain implies increased directionality o f the radiation and a higher concentration o f power 

in one direction. Low gain implies that the power spreads out more. High gain antennas, 

are no doubt, the only type preferred for a “fixed point-fixed point communication” 

application. However, when one o f the points is not-fixed, as in the case o f a RFID 

system, a sound judgment is to be based upon intuition and testing as to whether a high 

gain antenna is still preferred over a lower gain antenna. On the other hand, a very high 

gain or very directional antenna implies a higher reading distance and less interference. 

However, a omni-directional or a low gain antenna offers the advantage o f more reading 

space, which is a direct advantage for the case o f reading multiple tags that are not very 

close. Also, it is a better design for a transceiver -  tag system wherein the directionality 

o f the transceiver antenna can be further improved to decrease the interference between 

the other readers and still be able to read multiple tags. In the report by Foster et. al. 

“Antenna Problems in RFID systems” M icrowave and Antenna Systems, 1999 IEE, it is 

inferred that omni-directional is favored but pure omni directionality however, is to be 

avoided because o f interference issues. Hence, a balance is to be sought in the designing
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o f antennas for RFID systems whereby neither omni directionality nor directionality is 

sacrificed.

In order to enhance the functionality o f the RFID tag, a sensing mechanism can be 

incorporated within the tag, wherein the tag not only conveys information written on it, 

but also conveys the status o f the environment or the object on which it is placed such as 

temperature, pressure or humidity or if  the object has been tampered with or not. Initial 

work has been done on modifying the tag to be a temperature sensor, which will be 

discussed in section 5.2 o f this chapter. The antenna sensor behavior can be altered and 

thus, a faulty performance can be exhibited under special circumstances. One particular 

situation is when the sensor is close to the human skin. Simulation experiments were 

performed to study the effect o f  the proximity o f  human skin on the performance of the 

antenna. Fig. 5.1(a) shows that there is a change in the resonant frequency of the antenna 

when it is close to the skin. This can be corrected by scaling o f the antenna. A scale factor 

o f 1.05 is chosen, as can be seen in Fig. 5.1 (b) to correct the error.

Modified model, s= 1.05
40 -i

- - H alf-Serpinski

—  H alf-S erp inskM  mm 
Proximity to H um an skin

30 -
30 -

DC
5  20  -% 20

10 -

5. 1.281

850 900 950 1000 1000850 900 950
Frequency (MHz) Frequency (MHz)

(a) (b)

Fig. 5.1 (a) Effect due to proximity of human skin on the resonant frequency and 
(b) correction o f the error through scaling.
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Thus, the designer o f the patch antenna must take the environmental conditions in 

consideration and incorporate the details into his design for that particular application.

5.2 Preliminary Results for Antenna 
Temperature Sensor

The dielectric constant o f the epoxy varies when subjected to a temperature 

change at a fixed pressure, as shown in Fig. 5.2. The higher temperature plots are towards 

the right. The change in dielectric constant depends on the temperature and pressure of 

the ambient and also on the frequency [67].

Iff1 IB"1 t o '1 i t f  I0l W  Iff1 10* 10* i<t to'' 10* l ( f  10"  
frequency [Hz]

Fig. 5.2 Loss tangent plots at different temperatures [67].

The antenna is designed for 915 MHz frequency and with the dielectric constant o f the

superstrate corresponding to the temperature to be sensed (threshold temperature). When

the temperature o f the ambient, or the surface on which the tag is placed, reaches the

threshold temperature, the antenna resonates and allows the incident signal to pass

through it.

The dielectric material was initially tested for its change in dielectric

characteristics with respect to temperature. The dielectric material was sandwiched
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between two copper strips and the change in the capacitance was measured with respect 

to the change in temperature. The temperature effect was brought about by placing a hot

plate close (a few centimeters away) to the capacitor element for an increase of 

temperature and moving it away for a decrease in temperature to normal conditions.

The value o f the capacitance was found to be 3.5 pF and 4.7 pF when the 

temperature o f the plate was 460 °C. Applying the relation C = s A/d, we can obtain the 

dielectric constants corresponding to the room-temperature and at a temperature o f 

460 °C as 5.07 and 6.8 respectively.

Hence, if  the temperature is increased, the dielectric constant is increased which, 

when used as the substrate or superstrate o f the antenna, would change its performance 

characteristics and thus enable it to act as a sensor.

A few simulation experiments were performed to study the variation o f the 

resonant frequency o f the antenna with a temperature sensitive dielectric as the substrate 

and superstrate. Fig. 5.3 reveals that the sensing element when used as the substrate for 

the antenna, is found to have more sensitivity. A material, which exhibits a change in the 

dielectric constant with respect to temperature, is Poly (phenyl glycidyl co-ether 

formamide). Since it is highly viscous at room- temperature, it is cured using the curing 

agent, 2,2- Dimethylcyclohexane at 80 degrees Celsius for 8 hours. The materials were 

drop-cast over the substrate. Different deposition procedures were employed to deposit 

the temperature sensitive material. Fig. 5.4 depicts the various procedures that were 

followed. The motivation for preparing samples using procedures 1 and 2, with more than 

one sensitive layer, is to increase the sensitivity o f the device. The motivation for 

preparing samples using procedure 3, with a reduced amount o f curing agent, is to
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Fig. 5.3 VSWR versus frequency plots o f the antenna with temperature sensitive material 
(a) over the antenna, (b) over the polyimide, as the substrate for the antenna.

Procedure 1:

Polyimide

^_____ PPGE + DCH (High temperature)
<---------PPGE + DCH (Low temperature)

Ground

(a)

Procedure 2:

Polyimide

4 _____ PPGE + DCH (Low temperature)
<---------PPGE + DCH (Low temperature)

Ground

(b)

Polyimide

Procedure 3:
PPGE + Very lessDCH (Low 

temperature)

Ground 

(c )

Fig. 5.4 Polyimide with (a) a differential deposited PPGE and DCH in two coatings (b) a 
uniform deposited PPGE and DCH in two coatings and (c) a single coating 

o f PPGE and minute quantity of DCH.
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attempt to obtain a purer epoxy film and thus a better transfer o f the temperature- 

dielectric loss characteristics. Two observations were made from the above experiment:

(i) Samples prepared with procedures 1 and 2 cured properly. The sample prepared using 

procedure 3 did not cure properly and was sticky.

(ii) The sample prepared with procedure 1 was found to show a steady signal strength 

difference of 15 dBm and the sample prepared with procedure 2 was found to show less 

than 5 dBm and was not steady.

A Half-Sierpinski fractal was fabricated on a 0.2 mm thick epoxy. A 915 MHz 

Yagi antenna connected to a 13 dBm power transmitting signal generator, is placed 4 feet 

away from the microstrip patch antenna. Table 5.1 shows the signal difference captured 

by the RF receiver as a function o f temperature. The resonant frequency was found to be 

observed at 1.1 GHz in Fig. 5.5. A shift o f 25 MHz towards the left from 1100 MHz 

(2.27%) was observed. The shift magnitude is similar to that observed in simulations. 

Also, referring to Fig. 5.2 we see that the higher the temperature, the higher the loss 

tangent and the higher the dielectric constant. From the relation [68],

8 f 1 5er

u ~  ( M )

one can infer that there would be a decrease in the resonant frequency, which is the 

behavior observed in Fig. 5.5.
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Table 5.1. Magnitude o f measured signal with respect to 
the temperature sensed by the tag.

Temperature
(DegC)

Response Time 
(sec)

Re-setting 
Time (sec)

Meas. Signal 
(dBm)

Signal (Room 
Temp) (dBm)

68 9 11 -34 -40

88 5 10 -35 -40

158 4 30 -36 -40

230 4 35 -37 -40

Return Loss Plot

900 1000 1100 1200 1300

■4-
-5
- 6 -

-7-
-8
-9-

Frequency (MHz)

Room Tem Hot-air

Fig. 5.5 Variation o f resonant frequency when subject to temperature.
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The Method o f Moments procedure is followed in Ansoft Designer. In the 

Method o f Moments, the field sources are attacked. The equations are integral. The 

general format o f these equations is [47]:

L ( f ) = g ,  (1)

Where L is an integral operator, g is the source or excitation, which is assumed to be a 

known function, and f  is the field or response, which is the unknown function to be 

determined. The linearity o f the operator follows from the linearity o f Maxwell’s 

equations and the constitutive equations. In Method of Moments, the unknown quantity 

(f) is expanded in terms o f a set o f linearly independent known functions, fn

/  = £ « . / .  (2)
n =1

where a n are unknown coefficients yet to be determined. The expansion functions

should be chosen, usually based on experience, so that a reasonable approximation of f  is

obtained with a small number o f terms, N.

When Equation (1) is substituted into Equation (2), one obtains the approximate

f  N \
equation, L  ^

v » = i

Since the operator is linear, we can write Equation (3) as

Z«„/. =* o)

n=1

The unknown coefficients (a n) should now be determined such that Equation (4) 

is satisfied. A measure is needed describing the degree o f accuracy to which the left side 

and the right side o f Equation (4) match.
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In the MoM, this measure is obtained in the following way. Both sides o f 

Equation (4) are multiplied by a known, properly selected function, referred to as the 

weighting function, wm and the results integrated over a spatial region. The choice o f the 

weighting functions and the inner product is based on experience. Now, we have

Y , a n ^ L { f n ) X Wm’S )  (5)
n =1

The inner products in Equation (5) are definite numbers, because they can be evaluated 

analytically or, more frequently, numerically. For this reason, Equation (6) represents a 

linear equation in coefficients a n . To obtain a determined system of linear equations for 

these coefficients, the weighting procedure is done for a linearly independent set o f N 

functions, yielding

(6)
B=1

m = l, N

Equation (6) represents a system o f N ordinary linear equations in N unknowns , and it 

can be solved using various techniques. The methods based on differential equations 

result in huge, but sparse systems o f linear equations, which are solved using specific 

techniques. The Method o f Moment, which is based on integral equations, results in more 

compact, but full systems, which are usually solved using Gaussian elimination or similar 

techniques [85], such as the LU decomposition.

Ansoft HFSS is based on the Finite Element method (FEM). The FEM is a 

technique that can be used to efficiently analyze electromagnetic structures that include 

homogeneous and anisotropic materials [86a]. The FEM is based on solving for the field 

distribution, or equivalently, solving for the potentials. The equation that is to be solved
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numerically is usually derived from the differential form of Maxwell’s equations 

following the so-called variational approach. The region where the fields exist is divided 

into a large number o f subdomains, which are o f a finite size. Within each subdomain, the 

field or potential distribution is approximated by a basis function, which is most often a 

linear or a quadratic function.

Because o f the finite size o f the subdomains, the basic FEM is most suitable for 

the analysis o f fields within an electromagnetically shielded region, such as a microwave 

cavity or a shielded microwave circuit. However for antenna problems, the space 

occupied by the fields is inifinite. So, in order to analyze antennas, it is necessary to 

bypass the limitation o f the finite-size subdomains, which can be done following two 

distinct approaches. One approach is to construct special basis functions on subdomains 

that extend to infinity, which has not been suitable enough for antenna applications. The 

second approach is to assume that the region where the finite elements are distributed is 

bounded by a finite closed surface, S. This surface, then encompasses all material 

inhomogeneities making an efficient use o f the FEM. In antenna radiation problems, the 

surface simulates an infinite open space into which the antenna radiates. This simulation 

is performed in the following way.

A local boundary condition on S is imposed. A simple approach is to assume S to 

be a sphere located in the far-field region. In this case, the electric and magnetic field 

vectors are practically tangential to the sphere, are mutually orthogonal, and are related 

by the so-called radiation boundary condition, which is

H = ^ y —  (7)
So
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where H is the radiated magnetic field, E is the electric field and £ 0 = ^jUQ / s 0 is the

wave impedance (intrinsic impedance) o f vacuum. The basic problem is to have S really 

far away, in the far-field zone, to be sure Equation (7) is valid and provides sufficient 

accuracy.
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