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Abstract 
 

A novel wire meander antenna is introduced for Radio Frequency Identification 

applications. The aim of this research was to find design rules rather than finding the 

best performing antenna. The limitations to small antennas performance are explored 

and reviewed to establish a guideline for new designs. 

 Radiation efficiency was chosen as performance factor for measuring antenna 

quality. A method of moments technique based on the summation of segment currents 

and segment loss is introduced for finding the efficiency of wire antennas in free air. 

It compared favourably with two different results obtained using the finite element 

method (radiation pattern integration and Wheeler cap). The results were verified 

using two commercial available software HFSS and NEC. The efficiency of a 

resonant dipole was found to be proportional to the inverse square root of the 

conductivity. For a typical RFID meander line antenna in free space the relationship 

was found to be more severe. 

All 2D meander antennas with the same physical length in a given area were designed 

and simulated. The most efficient and longest electrical antennas were constructed. 

The simulation results were confirmed by practical measurements. A figure of merit 

was introduced to compare these performances with theoretical limits. Based on these 

antennas it is concluded that those structures with segments close to the feed have 

opposite current direction and usually have higher input impedance and efficiency.  

The idea was extended to 3D meander antennas and the same design rules as 2D 

meanders were used. The 3D meander antennas were placed on a conducting ground 

plane. Unlike 2D antennas, these antennas are capable of working near a conducting 

ground. This means 3D antennas are less affected by the environment around them. 
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The two most significant shortcomings of RFID technology are: tag cost and 

performance. Both issues were addressed through the introduction of a new tapering 

method for antennas. Not only can the performance and cost be improved but the 

impact of tags on environment can be reduced by using this method. 

An optimization regime was required to find the best perform meander antenna in a 

given space. A Genetic Algorithm was chosen to find the best perform 2D meander 

antenna among all the possible solutions. A path finding optimization regime such as 

Ant Colony proved to be a better option. By using ACO a Pareto-Front was found for 

the performance of 2D meander antennas in a given area. It was shown that the 

efficiency is capped regardless of the track width and number of grid points mapping 

the area.  
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CHAPTER 1 
 

INTRODUCTION 
 
 
 
 

1.1  Overview 
 
RFID (Radio frequency identification) is an emerging technology for asset tracking, 

animal control, security and toll collection. There has been a rapid interest and 

development in recent years in this technology. A typical RFID transponder (tag) 

which can be passive (no battery) or active (with battery) consists of an antenna and 

an integrated circuit chip which is capable of storing an identification number and 

other information. Like any new technology, with the expansion of RFID arise new 

challenges. For example, in a passive back-scatter Radio Frequency Identification 

(RFID) tag, the querying transmitted signal from the reader consists of modulated 

information with periods of unmodulated carrier, which is converted to electrical 

power to run the circuit [1]. The power stored can be estimated from the Friis free-

space formula assuming other factors such as the electromagnetic characteristics of 

materials near or in contact with the tag are ignored. However, in practical 

applications the environment has a destructive effect on RFID antennas. Much 

research has concentrated on ways to improve tag performance when it comes in 
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contact with different materials, especially conductors, which have the most 

destructive effect on the performance of RFID tags [2]. 

This research sought to find novel RFID tag antennas. The first step in this research 

was to examine the basic properties of wire antennas. The efficiency of RFID 

meander wire antennas was studied and a new method of measuring efficiency is 

introduced. The 2D and 3D meander antennas are introduced and those that perform 

the best were constructed and measured. The next step was to find an optimization 

method to solve the structural problem (without solving all possible combinations). 

This is a comprehensive study on the performance and structure of space-filling 

meander shape antennas. In order to achieve the main goal some intermediate 

objectives were considered: 

1) Study the effects of structure on efficiency in 2D meander line wire small 

antennas. 

2) Find all combinations of 3D space-filling meander antennas and the most 

suitable candidate for the above mentioned applications. 

3) Simulate and test the space-filling meander structure when it is practically 

applied as a RFID tag antenna. 

4) Identify the best optimization method for finding the best performing antenna. 

1.2  Chapters summary 
 
An overview of each chapter follows. 

 

Chapter 2 

A brief introduction to the electromagnetic theory through Maxwell’s equations is 

presented. The power and efficiency of RFID meander wire antennas was studied and 

a new method of measuring efficiency is introduced. A Method of Moments 
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technique based on the summation of segment currents compares favourably with two 

different results obtained using the finite element method (radiation pattern 

integration and Wheeler cap). Finally, the physical limitations of small wire antennas 

in a given space are reviewed and discussed.  

 

Chapter 3 

A brief introduction and history of the RFID technology is presented. Different RFID 

components and frequencies are reviewed. The first concept of RFID was introduced 

when the first paper on modulated back-scatter (the basic principle of the passive 

RFID tag) was published. There have been rapid developments in recent years with 

the technique now used in many commercial applications such as access control, 

animal tracking, security and toll collection.  

There are some major hurdles preventing it from reaching its full potential. These 

problems are mentioned. Solving the technological short comings of RFID is the main 

research topic of this thesis. 

 

Chapter 4 

The 2D meander antennas were studied as well as the effect of structure on the 

efficiency of a RFID antenna. Using a 5 x 10 array of rectangular grid points in a 4×9 

cm2 area, all symmetrical meander line dipole antennas which incorporate all grid 

points were modelled to determine the resonant frequency and efficiency. Based on 

the Numerical Electromagnet Code (NEC), results for all possible family members 

were simulated and presented in terms of resonant frequency and efficiency. The 

structures with the lowest resonant frequency and highest efficiency were selected and 

constructed where the practical measurements confirmed the simulations.  
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A Figure of Merit is introduced for comparing the performance of the 2D meander 

antennas with physical theory limitations of the antenna in that given area. 

 

Chapter 5 

The 3D wire antennas have not previously been investigated due to manufacturing 

difficulties. However, some researchers considered planar structures and extended the 

idea to a cube where the three dimensional Hilbert antennas are discussed.  

 Based on 2D meander line methods and a 3 x 3 x 3 point symmetrical  3D dipole 

antenna structure was investigated to identify those configurations with the highest 

level of efficiency and lowest resonant frequency for a fixed length. Maximum 

efficiency and input impedance occurs when adjacent high current segments in the 

antenna are oppositely directed. The structures with the highest level of efficiency and 

lowest resonant frequency were constructed and their simulation performances 

confirmed by practical testing. The wire antenna limitations are compared with the 

performance of the antennas with the highest level of efficiency and lowest frequency. 

The Figure of Merit was also measured for 3D antennas and compared to 2D 

antennas. The optimal antenna structure was compressed and the effect of a nearby 

conducting plane was investigated.  

 

Chapter 6 

The environmental impact of mass produced, disposable antennas is a major 

consideration in the development of RFID, cellular telephones and keyless entry 

devices. Antenna efficiency is affected by the selection of environmentally benign 

materials and low energy manufacturing impacts. This chapter addresses three 

significant shortcomings of RFID tags, which inhibit their use: expense, performance 

and environmental effects. These problems are minimised by introducing a novel 
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method of tapering the wire radius. The effect of changing the wire radius on meander 

antennas is investigated. It is shown that an increase in the wire radius reduces the 

ohmic loss, improving gain and efficiency. The strategy involves an iterative 

optimization technique in which the thickness of each segment is changed 

proportionally with the current in each segment of the line. 

 

Chapter 7 

Exhaustive searches for the best performing 2D and 3D meander line antennas 

presented in this thesis are arduous. An alternative is to employ an optimization 

procedure for the design, and computer simulation for the electromagnetic analysis. 

Two optimization methods are presented in this chapter: Genetic Algorithm (GA) and 

Ant Colony. The GA is a well-known method of optimization and has been used since 

the 1970s.  

Examples of the application of the GA in antenna designs and electromagnetic 

problems can be seen in [3-7] and [8-9] respectively. In these cases, the GA was used 

to find the most efficient meander structure in 2D antennas. The results are compared 

to exhaustive search methods. Additionally, the GA was used to find the structure 

with the highest Figure of Merit and the results are compared to those presented in 

Chapter 4. The results indicate that the GA is impractical for larger grid points so a 

novel method of optimization (Ant Colony) was introduced. This path finding method 

was used to find the best performing antenna in a given area. All optimised data was 

retained to form a two dimensional pareto front in both antenna efficiency and 

resonant frequency.  

 

Chapter 8 

This chapter presents a summary of the thesis.   
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1.3  Published work 
 
Work published during the period of this thesis follows. 
 
1.3.1 Book  
 

    A. Lewis, M. Randall, M. Galehdar, D. Thiel, and G. Weis. Using ant colony 

optimisation to construct meander line RFID antennas. In A. Lewis, S. 

Mostaghim, and M. Randall, editors, Biologically-inspired Optimisation 

Methods: Algorithms and Applications. Springer-Verlag, Heidelberg, 2009. 

(In press.) 

1.3.2 Journal Papers 
 

 A. Galehdar, D. V. Thiel and S. G. O’Keefe, “Antenna Efficiency 

Calculations for Electrically small, RFID antennas,” IEEE Antenna and 

Wireless Propagation, vol.6, pp. 156-159, 2007. 

 A. Galehdar, D. V. Thiel and S. G. O’Keefe, “Design methods for 3D 

RFID antennas located on a conducting ground plane,” IEEE Transaction 

on Antennas Propagation. (in Press). 

 A. Galehdar, D. V. Thiel and S. G. O’keefe, “Tapered meander line 

antenna for maximum efficiency and minimal environment impact” 

Antenna and Wireless Propagation, (in Press). 

 A. Galehdar, D. V. Thiel, A. Lewis and M. Randall, “Multi-objective 

optimization for small meander wire dipole antennas in a fixed aera using 

Ant Colony system” International Journal of RF and Microwave 

Computer-Aided Engineering (in Press). 
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1.3.3 Conference Papers 

 A. Galehdar and D. V. Thiel “Patch antennas on light weight clothing- 

experimental and theoretical investigation.” 9th Australian Symposium on 

Antennas, Sydney Australia, 16-17 Feb., 2005. 

 A. Galehdar and D. V. Thiel “Accommodating Bends in flexible patch 

antennas.” 10th Australian Symposium on Antennas, Sydney Australia, 14-

15 Feb., 2007. 

 A. Galehdar, D. V. Thiel and S. G. O’Keefe and S. P. Kingsley, 

“Efficiency variation in electrically small, meander line RFID antennas,” in 

Proc. IEEE AP-S Int Symp. Dig., Honolulu, Hawaii, Jun. 2007, pp.2273 - 

2276. 

 A. Galehdar and D. V. Thiel, “Flexible, light-weight antennas at 2.4GHz 

for athlete clothing” in Proc. IEEE AP-S Int Symp. Dig., Honolulu, Hawaii, 

Jun. 2007, pp.4160-4163. 

 A. Galehdar, D. V. Thiel and S. G. O’Keefe, “Tapered Wire Antenna 

Design for Maximum Efficiency and Minimal Environmental Impact,” 

ISAPE’08, Kunming, China. 

 A. Lewis, M. Randall, A. Galehdar, D. Thiel, and G. Weis. Optimising 

efficiency and gain of small meander line RFID antennas using ant colony 

system. In Congress on Evolutionary Computation (CEC09), 2009. (To 

appear.) 

 M. Randall, A. Lewis, A. Galehdar, and D. Thiel. Using ant colony 

optimisation to improve the efficiency of small meander line RFID 

antennas. In 3rd IEEE International e-Science and Grid Computing 

Conference, pages 345-351,Washington, DC, USA, 2007 
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 G. Weis, A. Lewis, M. Randall, A. Galehdar, and D. Thiel. Local search for 

ant colony system to improve the efficiency of small meander line RFID 

antennas. In Proceedings of the IEEE Congress on Evolutionary 

Computation (CEC 2008), 2008. 
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CHAPTER 2 

 

THEORY 
 
 
 
 

2.1  Introduction 

Humanity has long been fascinated by electromagnetic phenomena such as lightning. 

“There is a story told from around 900 BC of an old Greek shepherd called Magnus. 

As he walked across a field of black stones, somewhere in Asia Minor, he found that 

the iron nails in his sandals and the iron tip on his shepherd’s staff were pulled toward 

the ground. This region soon after became known as Magnesia.” [10] The first written 

documented reference on an electromagnetic test dated back to ~624-547 BC, when 

Greek philosopher Thales of Miletus indicated that loadstone attracted iron because it 

possessed a soul [10].   

We have come a long way since then in understanding electromagnetics. Many 

scientists have made contributions to the practical aspects of electromagnetic and 

wireless radio broadcasting, but no-one has done that more than James Clerk 

Maxwell. He was the first scientist to predict the possibility of generating 
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electromagnetic waves that would travel at the speed of light. He also formulated a 

number of predictions that became the Holy Grail of wireless communication and 

electromagnetic theory. In his first paper in 1856 he mathematically showed that it is 

possible to express Faraday’s theories of electric and magnetic line of force using a 

few relatively simple mathematical equations.   

Twenty years later the German physicist Heinrich Hertz demonstrated radiation 

(hence the word radio). He found that when he generated sparks between two metal 

balls they could be picked up by a metal loop with a gap. However, it was the Italian 

scientist Guglielmo Marconi who established the long wireless communication. He 

was the first person to communicate with a French wireless station that was some 31 

miles across the English Channel in 1901.  

Since then the need for greater transmission distances and better quality 

communication has encouraged scientists to find more efficient means of 

communication. Antennas, as the main part of transmission, have a significant impact 

on the quality and efficiency of the telecommunication link. According to Webster’s 

dictionary an antenna is defined as “a usually metallic device for radiating or 

receiving radio waves” [11].  Generally, an antenna is known as a matching structure 

which matches the impedance of the transmission line to the free space impedance.  

Based on performance and practicality, antennas can be divided into many categories 

such as horn, patch and parabolic. However, regardless of their physical differences 

they are all bounded by the same electromagnetic rules. The performance of any 

antenna can be defined by solving the Maxwell’s equations and applying the 

boundary conditions. In this part of the thesis Maxwell’s equations are reviewed in 
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more detail. Some theoretical performances of the wire antenna (the main antenna 

discussed in this thesis) are derived by solving these equations. 

2.2  Maxwell’s equations 
 
James Clerk Maxwell (1831-1879) [12-13], a brilliant Scottish scientist, published the 

so-called “General Equation of the Electromagnetic Field” in his paper [12] in 1864. 

He formulated the electromagnetic laws into eight equations.  These are labeled (A) to 

(H) as follows: 

(A) “The relation between electric displacement, true conduction, and the total 

current, computed of both.” (Law of Total Currents) 

t
DJJ tot 


              (2-1a) 

(B) “The relation between the lines of magnetic force and the inductive 

coefficients of a circuit, as already deduced from the laws of induction.”  

AH                   (2-1b) 

(C) “The relation between the strength of a current and its magnetic effects, 

according to the electromagnetic system of measurements.” (Ampère's 

Circuital Law) 

                                                totJH                       (2-1c) 

(D) “The value of the electromotive force in a body, as arising from the motion of 

the body in the field, the alteration of the field itself, and the variation of 

electric potential from one part of the field to another.” (Lorentz Force) 



 12 

                             




t
AHvE                   (2-1d) 

(E) “The relation between an electric displacement, and the electromotive force 

which produces it.”  

                                                   DE

1

                     (2-1e) 

(F) “The relation between an electric current, and the electromotive force which 

produces it.”( Ohm's Law) 

                                                   JE



1                       (2-1f) 

(G) “The relation between the amount of free electricity at any point, and the 

electric displacements in the neighborhood.”( Gauss's Law) 

                                                  D.                          (2-1g) 

(H) “The relation between the increase or diminution of free electricity and the 

electric currents in the neighborhood.” 

                                            
t

J




.                           (2,1h) 

Where H is the magnetic field, which Maxwell called the "magnetic intensity", J is 

the electric current density (the total current including displacement current), D is the 

displacement field (called the "electric displacement" by Maxwell), ρ is the free 

charge density (called the "quantity of free electricity" by Maxwell), v is the 

instantaneous velocity of the particle, A is the magnetic vector potential (called the 
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"angular impulse" by Maxwell), E is the electric field (called the "electromotive 

force" by Maxwell). φ is the electric potential and σ is the conductivity.   

These eight formulas have been combined and rearranged in modern physics and they 

are known as Maxwell’s equations:   

t
BE



          (2-2a) 

t
DJH



           (2-2b) 

          D.             (2-2c) 

           0.  B              (2-2d) 

In order to drive the non-homogeneous wave equation for vector E and H, the above 

equations are supplied with two vector constitutive relations: 

ED                (2-3a) 


BH                 (2-3b) 

where ε is the permittivity and µ is the permeability of the medium. If A is the vector 

magnetic potential and V is the scalar electric potential:  

AB           (2-4a) 

t
AVE



            (2-4b) 

then: 

J
t
AA  




 2

2
2       (2-4c) 




 



 2

2
2

t
VV         (2-4d) 

Therefore, in a simple non-conducting source-free medium where ρ = 0, J = 0 and σ = 

0, the homogeneous vector wave equations are defined in terms of E and H as below: 
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t
EE      (2-5a) 
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t
HH     (2-5b) 

If the field vectors are sinusoidal functions of time then the homogeneous vector 

Helmholtz’s equations are defined as:  

022  EkE    (2-6a) 

  022  HkH     (2-6b) 

k          (2-6c) 

where k is called the wave number. This is the backbone of all antenna calculation 

theory. Solving these two equations for any antenna structure and assigning boundary 

conditions can find all antenna parameters [14]. 

2.3  Power 
 
An antenna works as a matching circuit.  It matches the impedance of the circuit to 

the impedance of the medium to achieve maximum power transfer. Like all matching 

circuits there is a relationship between the input power and output power of the 

antenna. 

lossradin PPP   (2-7) 

where Pin is the input power, Prad is the radiated power and the Ploss is the lost power 

in the antenna structure. In order to find the radiated power in terms of electric and 

magnetic fields one needs to enclose the antenna in a far field with a volume. The 

poynting vector (P) is defined as:   

P = HE       (2-8) 

The pointing vector is vector power flow per unit area (W/m2). Based on that, the 

average power density per unit area is defined as: 
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Pav=
2
1 Re   HE     (2-9) 

Therefore the total time average power radiated is: 

dsPP
s avrad             (2-10) 

As shown in (2-10) the distance of the imaginary enclosure has no effect on the 

radiated power calculation.  This is because the enclosing surface s is divided into 

small patches and the Pav is calculated from solving (2-6a) and (2-6b) for the antenna 

structure and applying the boundary conditions. This is the main method of 

calculating radiated power in electromagnetic software. For example, the FEM HFSS 

program [15] the radiated power Prad is calculated by dividing a bounding sphere s in 

the far field of the antenna into small segments ds and integrating the time-average 

power from each segment over the far field surface area (pattern integration). This can 

be expressed by the equation: 

dsHEP
s

rad .                   (2-11) 

where   is the real part of the complex number, E is the radiated electric field at the 

surface, and H  is the complex conjugate of H the radiated magnetic field at the 

surface. The accepted input power Pin is the power entering the structure through all 

ports. For a one-port radiating structure in HFSS, any impedance mismatch in the feed 

structure is ignored. Thus Pin calculated using the equation: 

dsHEP
A

in .                  (2-12) 

where A is the input feed area [15]. 
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2.4  Efficiency 
Radiation efficiency is defined as the ratio of the radiated power and the input power: 

in

rad

P
P

     (2-13) 

This is one of the most common methods of calculating efficiency and is used in 

HFSS. While this method can be applied to any antenna structure, it is not always 

reliable or practical because it is based on the computed radiated power. It is possible 

that the computed radiated power is slightly different to the actual radiation power 

[14]. 

Since Maxwell many scientists have used the antenna theories to find simpler and 

more practical ways of measuring efficiency.  This part of the thesis reviews two 

computational electromagnetic methods of calculating the efficiency of electrically 

small wire antennas1 located in free space.  

2.4.1 Wheeler Cap 
 
The Wheeler Cap method is the most common experimental method of finding the 

efficiency of small antennas in practice [16, 17]. This method is based on 

distinguishing the loss resistance Rl, radiation resistance Rr and the input resistance Rin 

by assuming the antenna can be modelled as a series of parallel RLC circuits at or 

close to the resonant frequency. The radiation resistance (loss resistance) is the 

hypothetical resistance that would dissipate the amount of power equal to Pr (Ploss) if 

the current equal to maximum current of the antenna is applied to it. Equation (2-13) 

can be modified and  calculated using the equation: 

lossrad

rad

PP
P


           (2-14) 

                                                
1 The wire antennas are the main focus of this thesis.  
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where Ploss is the power loss in the structure due to resistance, ground loss, etc. The 

input power can be written:  

2

2
1 IRP inin              (2-15) 

where Rin is the input resistance (radiation plus loss resistance), and I is the current of 

the modelled RLC circuit. The power loss Ploss is:  

2

2
1 IRP lloss                        (2-16) 

Equation (2-14) can be written: 

in

lin

in

lin

R
RR

IR

IRIR 





2

22

2
1

2
1

2
1

             (2-17) 

This is based on the H. A. Wheeler (1903-1996) paper defining the “Radian sphere” 

boundary of small antennas. Wheeler [17] suggested that one could eliminate the 

radiation resistance from the real part of the input impedance by enclosing the antenna 

with a conducting sphere of radius of 1/k (k is the wave number). Based on this 

theory, the input impedance was determined once when the structure was located in 

free space ( inZ ), and once when it was covered by the conductive cap ( wcZ ). The 

efficiency calculation becomes: 

   
 in

wcin

Z
ZZ




               (2-18) 

Modifications were made to this method after suggestions that not all antennas can be 

modelled as RLC circuits, however a wire antenna in free space at resonant frequency 

is suitable for this method of approach [18]. 

2.4.2 Segment Loss Method 
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This method is based on calculating the power loss over the structure and comparing 

it to the input power. This method is highly dependent on the structure and 

surroundings, but it can be implemented quite simply for wire antennas in free space.  

The loss power over a wire antenna structure can be found if the current is assumed to 

be uniform and the only loss in the structure is the resistive loss Rl. In this case, [14]: 

a
RR sl 2


          (2-19) 

  

 0fRs           (2-20) 

where Rs is surface resistance, a is the radius of the wire, f is the frequency, 0  is the 

permittivity of free space,  is the conductivity of the conductor and ℓ is the length of 

the wire. Equation (2-17) becomes:  

r

llr

r

R
RRR

R







1

1
   (2-21) 

Combining these equations gives: 
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If   is sufficiently large, one can apply the binomial approximation to obtain: 

2
1

2
12

1

22
0

2

...
4

1










 





rRa

f
  (2-23) 

Even with very small wire antennas, the current is not uniform over the entire 

structure so the current distribution must be found over the structure.  A numerical 

method of calculating the current distribution is required. In this case, Numerical 

Electromagnetic Code (NEC) was used to calculate the current distribution [19]. In 
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this software the wire structure is divided into small segments and the current of each 

segment is found. The total current on segment j in NEC has the form: 

     jjjjjjj sskCsskBAsI  cossin                        (2-24) 

2jjss                          (2-25) 

where sj is the value of the distance parameter along the wire axis at the centre of the j 

segment and Δj is the length of the j segment. Of the three unknown constants Aj, Bj 

and Cj two are eliminated by local conditions on the currents leaving one constant 

related to the current amplitude to be determined by a matrix equation. Once this is 

solved for all segments, E can be found by solving (2-4c), (2-4d) then (2-4b). H can 

be found by solving (2-4c), (2-4a) and (2-3b). All other antenna parameters can now 

be found but in this section the matrix I for all segments is required. 

If there are N segments in the NEC model of the complete antenna and the wire 

segment length is small enough, the current over the length of the ith segment ii is 

approximately constant. The total power loss Ploss is the sum of the losses in each 

segment: 





N

i
iiloss iRP

1

2

2
1

              (2-26) 

where Ri is segment resistance. Assuming the ith segment has length ℓi, and using (2-

17), this can be written as: 

2
1

2
02

2
IR

a
ifIR

in

N

i i

ii
in 













                (2-27) 

where ai is the radius of the ith segment. If all segment lengths in the model are equal 

(ℓi=ℓ) and the radius (ai=a) is unchanged throughout the structure, (2-27) can be 

written as: 
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                     (2-28) 

This method of calculating η is fast and reliable, although most versions of NEC do 

not routinely provide radiation efficiency in the output file. One method of calculating 

antenna efficiency from NEC results is to use the pattern integration method as 

explained in the previous section, however this is not always accurate. Some 

numerical tests have been done to prove the accuracy of these theoretical formulas 

[20]. 

2.4.3 Results 
 
A. Dipole 

A 166 mm long, centre fed, dipole antenna with a wire radius of 0.05 mm is designed  

to resonate at 869 MHz. Assuming the wire has a circular cross-section, the NEC 

results were calculated using 167 equally sized segments.  

The same structure is simulated using the finite element method (HFSS) and results are 

compared with other methods. As the HFSS meshing uses triangular elements, a wire 

with a square cross-section was used. In order that the surface area was identical in 

both models, a rectangular to round cross-section ratio of 0.59 was used. Figure 1 

shows consistency between all three methods. In Figure 1(b), the resistivity (=1/σ) 

was plotted rather than the conductivity so that a perfect conductor value could be 

included on the graph.  

Conductivity values from 2 x 106 S/m (the value of RFID silver ink [21]) to copper 

(5.8 x 107 S/m) were calculated. The relationship plotted in Figure 1(b) is 

approximately linear for  >107S/m. This is consistent with equation (13). While the 

current distribution on the dipole is not uniform, changes in the current due to changes 

in conductivity scale linearly.  



 21 

 

                                 (a)                                                                         (b) 

Figure 2.1: Half wave dipole (a) Efficiency verses conductivity at 869 MHz. (b) Efficiency versus the 
square root of resistivity. 

 
The computation time using NEC was the smallest of the three methods investigated. 

The pattern integration method using HFSS was 500 times more time intensive than 

the NEC calculation. The Wheeler Cap method required two HFSS runs and took 

even longer. 

 

B. Meander Line Dipole 

A meander line dipole antenna was designed for RFID application in [4].  It was 40 

mm long and 28 mm wide with a = 0.05 mm. The exact dimensions and configuration 

of the antenna are shown in Figure 2.2. The calculated resonant frequency is 869 

MHz. 

 

Figure 2.2:  Dimensions of the meander line dipole antenna (after [22]). 
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The efficiency was calculated using three different methods and ten different values 

of conductivity. Figure 2.3 shows consistency from the loss method (NEC) and both 

the pattern integration method (HFSS) and the Wheeler Cap method (HFSS). The 

Wheeler Cap method has more variation. To maximize accuracy, all 15 meshing 

passes on HFSS were applied to the structure [15].  

 

                                 (a)                                                                                          (b) 

Fig.2.3. Meander line dipole efficiency: (a) Efficiency verses conductivity at 869MHz. (b) Efficiency 

versus the square root of resistivity.  

The NEC and Wheeler Cap results show 100 per cent efficiency for a perfectly 

conducting line. The HFSS pattern integration result was 102%, a slight over-

estimate. In Figure 2.3(b), η decreases far more rapidly with resistivity compared to 

the dipole results in Figure 1(b) so that equation (13) is no longer applicable.   

2.5  Gain 
A measure of antenna efficiency is power gain (or simply gain).  It is the ratio of the 

antenna’s maximum radiation intensity to the radiation intensity of a lossless isotropic 

source with the same input power. Radiation intensity is the time-average power per 

unit solid angle and the total time average re-radiated power (equation 2-9). At the 

distance R from the antenna, the time-average power has been distributed over the R2 

square meters of spherical surface area so: 
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avPRU  2    (2-29) 

where U is the radiation intensity and R is the distance from the antenna. Based on (2-

29) the GP (gain) can be found [4]: 

i
P P

UG max4
   (2-30) 

where Pi is the input power and Umax is maximum radiation intensity. The ratio of the 

maximum radiation intensity to the average radiation intensity is called Directivity 

(D) [14]: 

radav P
U

U
UD maxmax 4

  (2-31) 

Therefore, the relationship between efficiency and antenna gain can be derived by 

combining (2-30), (2-31) and (2-13) [14]: 

D
G p   (2-32) 

2.6  Physical limitation to small antennas 
 
The performance of wire antenna can be explained by solving the electromagnetic 

formulas and theories. Additionally, the same electromagnetic theories cap the 

performance of the small wire antennas. The aim of this thesis was to find the best 

perform wire small antenna in a given area. So before one can start designing, one 

needs to learn about these limits. 

“Numerous approximations for the boundary at which an antenna maybe considered 

electrically small have been stated in the literature. These boundary approximations 

range from the obvious statement that the antenna size must be much smaller than the 

operating wavelength, to more-specific boundaries, such as the antenna must be 

smaller than one-tenth λ [23-24], one-eighth λ [25], or one-quarter λ [26] ”[27]. 
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In 1947 H. A. Wheeler published the first paper defining the fundamental limitations 

of the small antenna [28]. Any antenna which fits inside a sphere of radius r=1/k 

(where k is the wave number) is considered to be electrically small. Wheeler found 

that the radiation efficiency of any antenna (regardless of its kind) is limited by a 

value called the “radiation power factor”. Wheeler has defined the value of the 

“radiation power factor” for any kind of antenna to be bigger than: 

Radiation power factor = 36
1

l
Ab


  (2-29) 

where Ab is the cylindrical volume occupied by the antenna (see Figure 4) and l is the 

1/k at the operating frequency. To calculate this, Wheeler used the fact that the 

capacitor or inductor that occupies the same volume of space can replace the antenna. 

Theoretically, there is power consumption for these circuits independent of size (see 

Figure 2.4).  

 

Figure 2.4: C is the capacitor and L is the Inductor occupying the same volume as the antenna [24]. 

A more comprehensive theory was published later by Chu [29]. He calculated the 

minimum value of the Q1 factor for an antenna which fits in a sphere with radius r. 

The radiation quality factor of an antenna system (antenna structure and matching 

system) is defined as “2π times the ratio of the maximum energy stored to the total 

energy lost per period” [27]. This can be shown as: 

                                                
1  

LostPower
StoredEnergyQ    
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  (2-30) 

where We is the time-average, non-propagating, stored electric energy; Wm is the time-

average, non-propagating, stored magnetic energy; ω is radiation frequency; and Prad 

is radiated power.  

In order to find the Q Chu assumed that a linear polarized antenna is enclosed by a 

sphere of radius r. The external fields outside the sphere are represented in terms of a 

weighted sum of spherical wave functions, the so-called “modes of free space”, like 

waveguide modes of E and H fields in uniform metallic waveguides. “From the 

spherical wave function expansion the radiation Q is calculated in terms of the time-

average, non-propagating energy external to the sphere and radiated power” [27]. This 

was not an easy task to do, so Chu had to be innovative to solve these equations. 

“Instead of working directly with the electric and magnetic fields, Chu drives an 

equivalent ladder network for each spherical waveguide mode using a clever 

technique based on the recurrence relations for the spherical Bessel functions and a 

continued fraction expansion”[27]. He replaced the antenna inside the sphere with the 

equivalent second order series RLC for some frequencies and calculated Q. This 

approximate theory was extended by Harrington [30] for circular polarized antennas. 

Hansen [31] reviewed the theory again later. 

33

1
rk

Q    (2-31a) 




Q
BW 1   (2-31b) 

rkrkG 222    (2-31c) 
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Where G is the gain. In 1996 McLean [27] published a paper re-examining the theory. 

McLean showed that the approximation of replacing the antenna by a second order 

RLC is too significant for the large kr so he found the exact Q value: 

krrk
Q 11

33    (2-32) 

Any small antenna (kr<1) is bounded to a limited bandwidth and efficiency by (2-

31b), (2-31c) and (2-32). The discussion of this issue continues in later Chapters. 

2.7  Summary 
All necessary formulas and equations required for the rest of this thesis have been 

introduced in this chapter. It started by a revision of Maxwell equations. These 

equations were solved for non-source medium and homogeneous vector wave 

equations were defined.  

The equations and definitions of some antenna parameters have been explained such 

as power, efficiency and gain. Based on these theories a new method of efficiency 

calculation has been introduced. For a straight-line dipole antenna, efficiency was 

linearly proportional to the square root of the resistivity, however the decrease in 

efficiency for the meander line is far more dramatic. Calculations using other meander 

line dipole structures showed similar results. It is critical in fabricating RFID antennas 

that the conductivity of the dipole is as high as possible. The Loss method based on 

NEC calculated segment currents is computationally efficient and more accurate in 

some cases compared to the HFSS methods. The technique results in a smoother plot 

of efficiency versus conductivity indicating improved accuracy. 

In the last section the physical limits of small wire antennas in a given volume was 

reviewed. These equations and formulas will be used in the following chapters of this 

thesis.  
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CHAPTER 3 
 

RFID 
 
 
 
 

3.1  Introduction  
 
Radio Frequency Identification (RFID) technology is used to track and identify 

objects and people through wireless communication. Most giant retailers (such as 

Wal-Mart) use this technology as well as the American Department of Defence, for 

inventory tracking [32].  

Interest in this technology has resulted in an increase in the number of companies 

manufacturing and distributing RFID products. The main feature of RFID systems is 

their capacity to locate, identify, track and monitor people and objects without direct 

line of sight. Independence from line of sight is a significant advantage of RFID 

technology compared to existing technologies such as barcodes.  

Current applications for RFID technology can be categorized as follows: 

 Retail and consumer packing 

 Industrial and manufacturing 

 Security and access control 
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This chapter provides an overview of RFID technology. The main components of an 

RFID system are discussed in general with aspects related to this thesis explained in 

more detail. 

3.2  History 
The concept of RFID was introduced in 1948 when Stockman published the first 

paper on the modulated backscatter (the basic principle of the passive RFID tag) [33]. 

However, the first passive RFID system can be traced back to the Second World War. 

The Germans discovered that if the pilots rolled their planes as they returned to base 

the reflected radio signal would change and the radar crew could distinguish the 

German planes from their Allies.  

Mario W. Cardullo claims the first active RFID tag with rewritable memory (in 1973). 

That same year, Charles Walton “received a patent for a passive transponder used to 

unlock a door without a key” [34]. In 1975, the Los Alamos Scientific Laboratory 

published a paper titled “Short range radio telemetry for electronic identification 

using modulated backscatter” where comprehensive details were revealed to the 

public about the RFID research undertaken [34]. By the late 1970s there was 

significant interest in RFIDs.  Large companies began investing in it and leading 

technology organisations responded with their own significant development 

investments [32].  

In the 1980s the first signs of commercial RFID systems become evident in a variety 

of areas.  These included livestock management, keyless entry, and personal access 

systems. The world’s first toll application was implemented in Norway in 1987 based 

on RFID technology. By the 1990s, the more powerful computers provided new 

opportunities for RFID technology. By the middle of the decade, RFID systems could 

operate at high speed, which resulted in faster vehical traffic through toll booths. 
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During the 1990s more companies became involved with RFID technology. This 

decade marked the beginning of the race between companies to reduce the price of 

RFID tags.   This race still continues today. 

By the 1990s, people were becoming increasingly dependent on electronic technology 

with the use of the internet and fast personal computers. Mobile phones, barcodes in 

supermarkets and similar technologies were more popular than ever. However, since 

Integrated circuit (IC) technology was developing, the cost of RFID tags was the only 

factor preventing this technology from reaching its full potential. The race for cost 

reduction started and continues into the 21st century. By 2003 it was thought that  the 

price of RFID passive tags would be less than five cents per tag within five years. 

However, that has not yet happened.  

There has been recent interest in replacing the “ubiquitous UPC barcode” with the 

“electronic barcode”.  This is likely to have 96 bits of information based on the 

standards [34]. In order to do so tag pricing needs to be reduced to several cents per 

tag. Large retail companies, such as Wal-Mart, are investing heavily in this 

application in order to overcome the pricing obstacle associated with implementing 

and replacing barcodes with RFID technology. The electronic barcode improves 

efficiency at the checkout since the RFID does not require a direct line of sight for 

identifying items.      

Over the past 50 years RFID tag production has exceeded 1 billion worldwide.  It is 

expected to reach 1 trillion by 2015. Last year, revenue in the RFID industry was 

approximately 7.5 billion dollars.  The pharmaceutical industry alone has saved 

approximately 9 billion dollars by implementing RFID technology. The use of RFID 

technology is expected to grow significantly over the next five years with the 

application of new technologies (such as VLSI). [32] 
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3.3  RFID Technology 
A typical RFID system consists of three main components: 

 Interrogator (also called a reader or read write device) 

 Controller 

 Tag (transponder) 

Identification of the tag by the reader involves transmitting the stored identification 

(or any other information in the tag’s memory) of the tag on the request of the reader 

after all security requirements are met. After reading the tag the interrogator sends all 

information to the controller for processing and management (see Figure 3.1). If any 

changes need to be made to the tag’s data a write command is transmitted to the 

interrogator and new information is sent to the tag memory (this is not available to all 

tags).  

 

Figure 3.1: A basic diagram of an RFID system. [32] 

Ethernet or even the Internet can transfer the data between the reader and controller.   

The tag interrogator communication is via a radio wave. When the tag is positioned in 

the interrogator’s reading range, it responds to the call by the reader. The “read-

range” of the RFID tag is one vital parameter used to assess tag performance, and is 

defined as the maximum distance at which the RFID reader can detect the 

backscattered signal from the tag [20]. 
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3.3.1 RFID Tag 
 
A typical RFID transponder (tag) consists of an antenna and an integrated circuit chip 

which is capable of storing an identification number and other information. This 

research focuses on the antenna aspect of the tags and methods to improve them. 

Tags are available in a variety of types according to their functionality and 

application. In terms of the power source they are divided into three groups: 

 Passive tags: these tags don’t have an on-board power supply. Their power 

comes from the reader signal, therefore they can be used in the presence of a 

reader and their read range is limited. Due to the absence of batteries their life 

expectancy is longer than their active counterparts and they are also cheaper. 

This makes them highly suitable for tagging individual products in 

supermarkets and at checkouts.   An example of a passive tag is shown in 

Figure 3.2 below.   

 

Figure 3.2: A passive UHF Texas Instrument RFID tag containing a chip and antenna [35]. 

 Semi-passive tags: these types of tags use an on-board power source to power 

up the digital logic on the chip.  They still use the harvested power from the 

interrogator signal to transmit back. They have a longer read range than 

passive tags but they are more expensive and have a shorter life expectancy. 

 Active tags: in these systems the tag uses a battery to power up the logic and 

communicate with the reader. These tags have a very long read range (up to 

several kilometres) and “can be read while moving at up to 100 miles an hour 
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(e.g. in automatic toll-road payment systems). The readers are capable of 

reading up to a thousand tags per second” [36]. Active tags have higher 

processing capabilities and a larger memory due to the extra power available 

to them [36]. 

The Auto-Identification Centre (and later through EPC Global) has divided RFID tags 

into five main classes in order to standardise tag production by different 

manufacturers (see Table 3.1). 

Class Class Layer Name Functionality 
1 Indentify Tags Purely Passive Identification tags 
2 
 
 

Higher Functionality Tags 
 
 

Purely Passive Identification+ some 
additional 

 functionality(e.g. read/write memory) 
3 Semi-Passive Tags Addition of on-board battery power 
4 Active 'ad hoc' Tags communication with other active tags 
5 
 

reader Tags 
 

Able to provide power for and communicate 
with other tags 

Table 3.1: RFID Class types and their functionality [36]. 

These different classes have been chosen on the basis of the tag power source and 

their capacity to read and write on the tag memory. Despite the classifications and 

standards introduced to RFID systems there is no universal wave and propagation 

frequency standard.  

3.3.2 RFID Frequency 
 
The frequency of the operation depends on the application and reading range required 

for different systems but all RFID systems have one thing in common: they operate in 

an unlicensed radio band (ISM). The exact frequency is different in different countries 

since the EM spectrum is controlled by national and international regulations. For 

example, UHF RFID bands are: 866-869 MHz in Europe, 902-928 MHz in North and 

South America, and 950-956 MHz in Japan and some Asian countries [1]. However, 
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all systems can be categorized in four main frequency bands as shown in Table 3.2 

below:   

LF HF UHF Microwave Band 
30-300kHz 2-30MHz 300MHz-2GHz 2-30GHz 

433MHz Typical RFID 
Frequencies 

125-134kHz 13.56MHz 

865-956MHz 

2.45GHz 

<100m 
(433MHz) 

Approximate 
Reading Range 

<0.5m <1.5m 

<5m(865-
956MHz) 

<10m 

Data Transfer 
Rate 

<1 kbit/s ≈25 kbit/s ≈30 kbit/s <100 kbit/s 

Typical Use Animal ID Smart 
Label 

Animal 
Tracking 

Vehicle Toll 

Table 3.2: RFID frequency bands. [36] 

The structure of the interrogator and tag is also dependent on the frequency. The 

higher the frequency the smaller they are. Size is not the only factor affected by 

frequency. The LF and HF bands are working on a different principle than the UHF 

band.  This is shown in Figure 3.3.   

 

 

 

 

 

 

 

                            

 

Figure 3.3: Two different RFID systems [32]. 

An RFID system based on HF and LF frequencies uses near field communication and 

magnetic fields inductive coupling. These systems use load modulation which is done 
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by an impedance change at the transponder coil. This works like a transformer by 

applying changes to the secondary coil, the effects can be seen in preliminary. 

However, the RFID system is more complex than the transformer. In order for the 

reader to detect the weak signal from the tag the responder frequency is in a different 

band than the interrogator frequency. [37] 

The read range in these systems is calculated from the near magnetic field1 strength of 

the interrogator coil antenna. The magnetic field of a magnetic coil has been described 

by Cheng [14]. A magnetic dipole is a small filamentary loop carrying a uniform time 

harmonic current.  

  

Figure 3.4: Magnetic dipole electric and magnetic fields [14]. 

 For an elemental magnetic dipole (see in Figure 3.4) the magnetic field component 

HR and Hθ at a distance R from the centre of the loop (radius b) can be calculated by 

assuming there is a harmonic current  tIti cos)(   (ω=2πf) around the 

circumference [14]:   

2bIm      (3-1a) 
                                                
1 The near field of an antenna is a region r < λ/2π where the energy is basically imaginary (stored). [38] 
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  (3-1c) 

where 0  is the permittivity of free space, η0 is the intrinsic impedance of the free 

space, m is the magnetic moment, and β is the phase constant (=2π/λ).  The rest of the 

parameters are defined in Figure 3.4. These formulas can be simplified based on 

frequency and distance.  For example, the field strength at the measuring distance 

d=10m determined for HF RFID is [8]: 

m
d

dkH d 
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        for f<11.24MHz            (3-2a) 

m
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1


    for f>11.24MHz              (3-2b) 

and LF [8]: 

32 d
mH d 

  for f<135kHz                 (3-3) 

where k is the wave number. 

It can be seen that equation (3-3) is a simplified version of equation (3-2a) for dk  .    

UHF RFID systems operate in the far field antenna as shown in Figure 3.3. In a 

passive back-scatter UHF RFID system, the querying transmitted signal from the 

reader consists of modulated information with periods of unmodulated carrier.  This is 

converted to electrical power to run the circuit [3] in the tag. The power stored (Ptag) 

can be estimated from the Friis free-space formula assuming other factors such as the 

electromagnetic characteristics of materials near or in contact with the tag are ignored.  

FStagreaderreadertag LGGPP    (3-4a) 
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 dLFS

4
log20   (3-4b) 

where d is the distance from the reader, Gtag is the gain of the tag’s antenna, Greader is 

the gain of the reader’s antenna (equation 2-30), Preader is power of the reader’s 

antenna and LFS is the free-space loss. If the material close to the antenna is not 

ignored, a more realistic link budget for the RFID system can be found [41]:   

FStagreadersysreadertag LGGGPLPP   (3-5) 

where Lsys is the loss due to the system and GP is the gain penalty due to the material 

attachment which can be found by: 










4

log10PG (3-6)  

Much research has focused on ways to improve tag performance when it makes 

contact with different materials, particularly conductors [34]. 

In order to maximize the read range, high-gain tags are required. However, due to 

space limitations, the antennas need to be relatively small. As a general guide 

mentioned in Chapter 2, most RFID systems are electrically small, i.e. kr = 0.1 where 

k is the wave number and r is the radius of a sphere enclosing the antenna. These 

antennas are often heavily loaded with passive components to reduce the resonant 

frequency, however this technique can reduce antenna efficiency and gain. An 

antenna with low efficiency, caused by poor conductivity of material, can severely 

limit the reading range. 

A number of papers have been published on new antenna tag design, “the most 

popular of which include spirals [41-44], loops [44-46], and meander lines [47-53] in 

order to find the best tradeoff between antenna performance and size” [54]. Tag 

performance is affected by the electromagnetic properties of the material near the tag. 

“Although little literature has been published on this topic, Foster and Burberry [55] 
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have performed basic measurements of an antenna near several objects. Raumonen et 

al. [56] have studied a similar problem through simulation. Dobkin and Weigand [57] 

have also experimentally shown a decrease in the read range of several RF tags near a 

metal plate and water filled container along with changes in the RF tag antenna input 

impedance near metal” [41].    

3.4 Key Considerations Related to RFID Technology  
RFID technology is one of the world’s fastest growing technologies but some major 

hurdles prevent it from reaching its full potential. RFID problems can be divided into 

two main groups: 

3.4.1 Performance and Reliability Issues 

These limitations refer to read range, placement and orientation of the tag, and 

environmental effects on the antenna. This research has targeted these issues and 

introduces novel methods to overcome these limitations.  

The read range can be affected by many factors such as the frequency of operation 

and tag class.  In general, there is a need for improvement in the read range. The 

placement and orientation of the tag contributes to how effectively the reader can scan 

it. This can be explained by the antenna polarization, which must be aligned with the 

reader’s antenna. Using omni-directional antennas with circular polarization is one 

way to address this problem. Additionally, omni-directional antennas may cause 

interference and some anti-collision regimes must be implemented to address this 

issue.  However, these efforts will be unsuccessful if the tag’s antenna is not shielded 

from environmental effects such as placement on conductive surfaces. These issues 

can be resolved partly by designing the appropriate antennas for specific applications. 
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3.4.2 Social and Privacy Concerns 

“The use of tags and databases raises important security considerations related to the 

confidentiality, integrity, and availability of the data on the tags, in the databases, and 

in how the information is being protected. Key privacy concerns include notifying 

individuals of the existence or use of the technology; tracking an individual’s 

movements; profiling an individual’s habits, tastes or predilections; and allowing the 

secondary uses of the information. Tools and practices can help mitigate these 

considerations, including existing requirements contained in legislation and proposed 

measures such as deactivation mechanisms on the tag, among others.” [58] 

3.5 Summary 
The RFID system can be used in asset management, security and retail (at 

supermarket checkouts by replacing the barcodes). It has been mentioned that the 

most significant obstacle to replacing barcodes with RFID technology is the cost of 

producing tags. Additionally, social problems, such as consumer privacy issues, have 

also been considered a problem for the mass distribution of RFID systems. Despite 

these issues, it is predicted that RFID tag production will reach 1 trillion by 2015 [32]. 

 A comprehensive overview of RFID technology has been presented, dating back to 

the first paper in 1948. RFID progress has been followed over the past 50 years and 

some predictions have been made for the future. This chapter has indicated that a 

typical RFID system consists of a reader, tag and controller. A tag has two main parts: 

a digital logic chip and antenna. The reader, via wires and electromagnetic waves, can 

access the tag chip’s memory and send this information by Ethernet or Internet to the 

controller for data management and analysis. Based on the frequency (LF, HF and 

UHF) and power source of the tag, the RFID systems can be divided into different 

groups with different specifications and applications. Different methods of 
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communication between tag and reader, based on their frequencies, were explained 

and the read range was defined and calculated based on electromagnetic theory for 

both propagation methods. Finally, the area of research is narrowed down to RFID 

passive systems and methods of improving the read range by improving antenna 

design.  A literature review for passive RFID tag antennas was presented and the base 

is set for further improvements.  The next two chapters define design techniques and 

measurements aimed at improving tag performance in the presents of a conductive 

back plane. 
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CHAPTER 4 
 

2D RFID MEANDER ANTENNA 
 
 
 

 
4.1  Introduction 
 
There have been significant changes in telecommunications technology since the first 

wireless communication in 1902. Long range and high reliability were top priorities in 

wireless system design. However since the development of the semiconductor in 1954 

and the introduction of the first integrated circuit size has become a consideration.  

The antenna is a major component of any wireless system and it has been affected by 

demands for size reduction. Electromagnetic scientists have responded to these 

demands by minimizing antenna size and finding new models of electrically small 

antennas. This has sparked a new era of research on small antennas, which continues 

today.   

The straight wire antenna is one of the oldest and most frequently used antenna 

structures. The search for the smallest, most efficient wire antenna has concluded with 

the creation of a variety of electrically small antennas such as the Helix antenna 

[49,59], Koch fractal antenna [59-60], Hilbert curve fractal antenna [61-64], Peano 

antenna [65] and the Meander antenna [5,47,48,52,66]. Of these,  the meander 
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antenna is probably the most recognizable and most frequently used. This research 

concentrates on the design of this antenna.  

Regardless of antenna shape the input impedance, bandwidth and efficiency of 

electrically small antennas are bound by Chu-Wheeler-Harington limits (see Chapter 

2). These limitations have been used to design the best performing antenna for a given 

space by running an optimization regime [6-7]. The results are a number of 3D 

random shape structures that perform close to the Chu-Wheeler-Harington theoretical 

limitations. However, these results have not yet provided any insight into why this 

structure is closer than other antenna types to the theoretical limitations. More 

importantly, no general design rules can be concluded.  

This chapter describes a study  of the different meander line structures used to find 

some general design rules for designing small wire antennas.  Many factors affect the 

performance of wire antennas such as wire radius and conductivity. It was decided to 

keep some of these factors constant and concentrate on the structural effects on 

performance.  

The aim was to find the most suitable structure for UHF (433MHz) RFID passive tag. 

Organizations are becoming increasingly interested in this technology, which has 

resulted in new design challenges, particularly in read-range. The read range can be 

calculated from a modified Friis free-space formula where antenna efficiency is an 

important design constraint. Engineers continue to seek the most efficient antenna 

structure for a given area.  

 

4.2 Method 
 
The aim was to develop a method for finding the best performing antenna via an 

exhaustive study exploring all possible configurations. This is a time consuming 
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procedure. Optimization regimes do exist for finding the best results more efficiently.  

This is discussed in Chapter 7.  

There are many ways to design a meander wire line in a given area. The physical 

length, wire diameter, conductivity and track grid separation need to be set in order to 

categorize the meander structures and limit the number of possible variations.  To do 

this a 4×4 cm2 was chosen as a half-area and was mapped by 5×5 grid points (Figure 

4.1a). By connecting all 25 grid points, a meander line with a half length of 24 cm is 

produced (Figure 4.1b).  

 

Figure 4.1: (a) Grid points used on a 4×4 cm2  (b) One example of a meander line cell produced by 
connecting all grid points. 
 

The meander structure produced can be used as one half of a dipole. The other half 

can be produced by mirror imaging. By connecting two half areas together through a 

1 cm bridge (and feed) a dipole meander antenna is formed. The final antenna (Figure 

4.2) occupies 4×9 cm2 and is 49 cm long. The dipole was centre fed along the line of 

symmetry. 
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Figure 4.2: A dipole RFID meander antenna produced by Figure 1 (b) cells. 
 

By using this method each meander can be represented by a permutation of the 

numbers between 1 and 25. However, some rules need to be defined to ensure that the 

produced permutation can be translated to a meander dipole antenna. In order to find 

all possible permutations, the 25 grid points in the half area were numbered and the 

following construction rules were applied: 

 The meander line starts from one of the points on the line of symmetry as it 

needs to be connected to the other cell. 

 The meander line passes through each point once only.  

 Only three feed points on the line of symmetry were considered because the 

antenna built from the other two points produced repeated patterns. Thus, 

points 1, 2 and 3 were considered as starting points (see Figure4.1a).  

 Only 90-degree corners were permitted (for example, this means 1 can only be 

connected to 2 or 6). 

All possible permutations joining these 25 points that generate a full length meander 

line antenna were produced by following these rules and applying the tree algorithm 

[67] in MATLAB. Full MATLAB code is presented in Appendix A sections I-III. 

Based on the algorithm, a starting point was selected (for example, grid point 1). The 

algorithm finds the next possible points and expands the starting point into an array of 
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all possible combinations (e.g. {1 2}, {1 6}). The last member of each array was 

chosen as a starting point and all possible combinations expanded. If the branch 

reached a point where no expansion was possible and its length is less than 25, that 

branch was terminated and rejected. 

Starting from point 1, there are 824 meander structures. There are no possible 

meander structures starting from point 2. Point 3 is the starting point for 496 different 

combinations but half of these are inverted versions of others so the maximum 

number is reduced to 248. The total number of possible antennas in this meander 

family was 1072. 

The complete list of these permutations was translated to a meander dipole wire 

antenna with a 0.1 mm copper (σ = 5.8 x 107 S/m) wire. These meander lines were 

then transformed to a NEC [19] input file and submitted for simulation. The structures 

were simulated for 300 to 500 MHz with step of 1 MHz. These boundaries were 

found by trial and error. Efficiency and input impedance at the resonant frequency for 

all structures were found. The resonant frequency is defined as the frequency where 

the imaginary part of the input impedance becomes zero.  

4.3 Results 
 
Antenna designers are always looking for the most efficient structure in a given area. 

As previously mentioned, there are limitations to the efficiency and bandwidth of any 

small wire antenna in a given volume. This part of the thesis presents the simulation 

results for all meander antennas that can be produced in a given area. The results are 

compared to the theoretical limits. The most efficient structure and the structure with 

the lowest resonant frequency were found and their performances measured. 
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4.3.1 Efficiency 
 
The efficiency of all structures was calculated at their resonant frequencies and the 

results are presented in Figure 4.3. These results show a number of steps in the 

efficiency graph. This is due to changes in the permutation of the structures.  For 

example, between structure 412 and 413 all permutations beginning with {1,2,..} 

finish and permutations beginning with {1,6,…} start. The other major inconsistency 

is between 814 and 815 where permutations with 1 as a starting point finish and 

structures with point 3 as the starting point begin.  

Efficiency was calculated using the method introduced in Chapter 2. The segment size 

is set to 0.5 cm and voltage source is used. As mentioned in Chapter 2 this method is 

accurate near the resonant frequency so the efficiency was measured at the frequency 

where the input impedance is purely resistive. The efficiency  ranges from 82% for 

structure 596 to 94% for structure 4. 

 
Figure 4.3: The efficiency distribution for all structures in the family. 
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There is a significant difference between the resonant frequency of the most efficient 

and least efficient structures. The results are summarized in Table 4.1. Figure 4.4 

shows the least and most efficient structures in the data. 

     
      (a)              (b) 
Figure 4.4: (a) The structure with the lowest efficiency, (b) The structure with the highest efficiency. 

Structure 
No. 

Efficiency 
(%) 

Frequency 
(MHz) 

Input Impedance 
(Ohm) 

4 94 467 8.1 
596 82 381 3 

 
Table 4.1: Summary of the most efficient and least efficient structures. 

In order to confirm these results, the most efficient structure (see Figure 4.4b) was 

built and S11 was measured. Since this dipole antenna is relatively small and there are 

difficulties connecting a SMA connector to feed it at 467 MHz with Bazooka Balun 

(which will be huge compared to the antenna), a monopole structure was made and 

simulated with 0.4mm Copper wire.   

A 10 x 10 cm2 copper sheet was used as a ground plane and since the input impedance 

of the antenna is very low for VNA, a coupled feed was used to increase the input 

impedance (see Figure 4.5b).  

   
                               (a)              (b) 
Figure 4.5: (a) Structure dimensions for practical measurements, (b) The built antenna (standard dice1). 
                                                
1  The most common standard dice is 1.87 cm (3/4 inch) on each side. 
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A low loss 1 metre semi-rigid cable with a mounted ferrite bead was used in the 

practical measurements to reduce the surface current and increase accuracy. 

The antenna was placed 1.5 cm above the ground which makes the antenna 

approximately 1 cm longer than its dipole counterpart. This was done to achieve a 

better match to 50 Ohm. These sizes were found by trial and error, rather than 

optimization, to ensure a better match. The code is included in Appendix A. The feed 

point is at the centre of the ground plane so the centre point of the structure is aligned 

with the centre of the ground. The exact same structure was simulated in NEC where 

the ground plane was built with copper wire mesh 0.2 cm apart. 

 
Figure 4.6: The measured and simulated S11 of the structure with the highest efficiency (structure 4). 

 
As shown in Figure 4.6 there is consistency between the simulation and measured 

results. The small difference can be explained by construction error and difference in 

ground plane. 
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4.3.2 Frequency 
 
In this research the resonant frequency is defined as the frequency where the 

imaginary part of the input impedance is zero. This point was chosen as a reference 

point for all structures so any other point on the frequency response can be chosen for 

comparison. The resonant frequency is plotted in Figure 4.7. The “structure number” 

on the X-axis is an arbitrary reference number for each structure. 

 

Figure 4.7: The resonant frequency distribution for all structures in the family. 

As shown in Figure 4.7 the steps occur at the same structure numbers as those shown 

in Figure 4.3. The frequencies are distributed from 353 to 471 MHz for structure 779 

(Figure 4.8 (a)) and 3 Figure 4.8 (b)) respectively. The results are summarized in 

Table 4.2. 

            
                          (a)             (b) 

Figure 4.8: (a) The structure with the lowest frequency (structure 779), (b) The structure with the 
highest frequency (structure 3). 
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Structure 

No. 
Efficiency 

(%) 
Frequency 

(MHz) 
Input Impedance 

(Ohm) 
3 94 471 8 

779 84.7 353 3.1 
Table 4.2: Summary of the structures with the highest and lowest resonant frequency. 

 
The structure with the lowest resonant frequency was constructed and tested and the 

results used to confirm the simulations.   

                          
                      (a)              (b) 
Figure 4.9: (a) The dimensions of structure 779 for practical measurements, (b) The product  

 
The same 10 x 10cm2 ground plane was used and the monopole structure was built 

(see Figure 4.9a) to avoid the problem of dealing with balance to unbalance feeding in 

a dipole.  

  
Figure 4.10: The measured and simulated S11 of the structure with the lowest frequency (structure 

779). 
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The matching coupling feed sizes were found by trial and error where the same sizes 

were found to have the best match. The results can be seen in Figure 4.10 where 

consistency is achieved. The antenna is 1.5 cm above the ground plane and the 

coupled size needs to be 1 cm away from the antenna. The small ground plane can 

explain the difference between the resonant frequency in the monopole in Figure 4.9 

and the dipole in Table 4.2.  

 

4.4 Discussion 
 
It is useful for designers to develop an understanding of the structural effects on 

antenna properties. This section provides a more detailed examination of the reasons 

behind the results and compares the results with the limitations of small antennas.   

4.4.1 Structure Effects 
 
Efficiency is highly influenced by the real part of the input impedance at the resonant 

frequency (see Equations 2-27 and 2-28). The input impedance affects efficiency in 

two ways. Firstly, it has a direct impact on input power (see Equation 2-15). 

Secondly, it indirectly affects current distribution.  

By looking at the most efficient structure (Figure 4.4b) it is evident that the current on 

the segments close to the feed point (high current segments) flows in opposite 

directions in the two halves of the dipole. This increases the radiation resistance and 

consequently limits the current which lowers loss and increases efficiency (Equation 

2-16). A comparison of current distributions in the most and least efficient structures 

is shown in Figure 4.10. 
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Figure 4.11: Current distribution for the most and least efficient structures. 

 

Although a reduction of input current can reduce input power (see Equation 2-15) the 

impact of a reduction in loss is more significant than a reduction in input power.  

           
                           (a)                 (b) 

Figure 4.12: (a) Current direction in structure 779 at resonant frequency (b) Current direction in 
structure 4 at resonant frequency. 

 
To confirm these results the input resistance of all structures at their resonant 

frequencies has been plotted in Figure 4.13. There is a direct correlation between the 

input impedance of structures and their efficiencies. The same steps occure as in the 

efficiency and frequency graphs) can be seen in the input impedance graph.  
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Figure 4.13: The input impedance of all structures at their resonant frequencies. 

 

The difference in the resonant frequency can also be explained by looking at the 

current distribution. As shown in Figure 4.12 (a) the current segments in the lowest 

resonant frequencies structures are arranged so that: 

 high current segments are well separated. 

 adjacent (nearest) segments have currents in the same direction. 

In these structures the magnetic flux is maximized because all segments have current 

in the same circulating direction. This means the inductive load is higher and the 

resonant frequency is lower. 

In summary, it is evident that in order to have more flux therefore more inductance 

effect from the high current segments, they need to be positioned far from each other 

and their currents need to be in the same direction as the segments close to them. This 

lowers the resonant frequency in the structure.  Since the currents do not interfere 

with each other they can increase, which causes  more power loss and less efficiency.  
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This means the structures with high efficiency usually have high resonant frequency 

and vice versa. This theory is illustrated in Figure 4.14. 

 
Figure 4.14: Efficiency versus resonant frequencies for all structures in the family. 

 

Most of the time engineers wish to find the best performing antenna in a given area 

and at a given frequency. By looking at Figure 4.14 one can find the most efficient 

structure at each resonant frequency. This can be helpful for multi-objective 

optimization, which is discussed later in this thesis. 

4.4.2 Small Antenna Limits 
 
There are limitations to the performance of small antennas (see Chapter 2). The  

efficiency and bandwidth are limited by the Chu-Wheeler-Harington limits. In this 

part of the thesis the performance of all structures is compared with these limits. In 

order to do this, the figure of merit defined in [7] was used. The figure of merit (ψ) is 

defined as: 
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where Q is the quality factor that can be measured from (Equation 2-32), η is the 

efficiency of the structures and BW is the bandwidth of the antenna. Choo et al [7] 

defined bandwidth as the frequency band where the absolute value of S11 is smaller 

than -3dB and the S11 is calculated using: 
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where Zin is the input impedance of the antenna at frequency (fr). In order to use this 

formula, the input impedance of the antenna was restricted so it matches 50 ohm at 

resonance. Small antennas are known to have a small resistance at resonance where 

methods such as a coupling feed or an offset feed (inverted F) are used to increase the 

real part of input impedance. Choo et al [7] removes this restriction from his 

optimization and allows the input resistance to be changed from 1 to 300 ohm at 

resonance. He showed the results do not change significantly. The same principles are 

used here where the bandwidth of each antenna was measured by: 
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    (4-3) 

where Rin is the input resistance of the antenna at its resonance.  This can be different 

from one antenna to the next. 

Q must be found in the figure for merit calculation. According to Equation 2-32, Q (in 

small antennas) represents kr so kr for all structures was measured and plotted in 

Figure 4.15a. 
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                                              (a)                             (b) 

Figure 4.15: (a) kr values for all the family, (b) Q values for all structures. 
 

Figure 4-15 shows that the structure with the lowest resonant frequency has the 

highest Q in the family. This can be explained by the fact that Q is highest for 

antennas with the lowest kr. Since all antennas have the same physical length (r is the 

same for all of them) k (which is another representation of the frequency -see 

Equation 2-6c) defines Q.  

 The BW must also be found for Equation 4-1 since efficiency (η) has already been 

measured. The defined bandwidth for all structures has been measured based on 

Equation 4-3.  The results are presented in Figure 4-16. 

 

 Figure 4.16: Bandwidth for all structures in the family. 
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The structures with high resonant frequency have a bigger bandwidth. This is because 

structures with low resonant frequency have more inductance (as explained before) 

and therefore more coupling which results in a smaller bandwidth.  

In summary, the performance of small antennas in a given space is bound by three 

factors: BW, η and kr. It was concluded that as resonant frequency increases 

efficiency and bandwidth increase while Q decreases. Any optimization routine must 

include these factors as well as an appropriate weighting. This means the kr affects 

the figure of merit by the power of 3 (see 2-32) but efficiency and bandwidth only 

affect that by the power of 1.  

The figure of merit for all structures was presented in Figure 4-16, where the structure 

with the highest efficiency has the highest figure of merit among those in the family. 

 

 Figure 4.17: The figure of merit for all structures. 

 
The figure of merit shows the structures with a high level of efficiency. Consequently, 

a high resonant frequency produced a higher figure of merit. Although the kr is bigger 
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in these structures the effects of bandwidth and efficiency are more significant. This 

result was very surprising because the kr has a power of 3 in the figure of merit 

denominator compared to a power of 1 of BW and η in the nominator of 4.1. 

Choo et al [7] plotted the figure of merit against kr. This has been done below in 

Figure 4.18 and an inconsistency is evident. This is due to the bandwidth resolution 

which is the resolution of resonant frequency (1 MHz). 

 

Figure 4.18: The figure of merit of all structures versus ka. 

Choo et al [7] obtained a figure of merit of 0.8 in kr less than 0.6, whereas our results 

are 0.2 in the same kr. This is due to the fact that Choo et al [7] used a 3D structure 

while our structures are limited to 2D. 

4.5 Summary 
 
All symmetrical RFID dipole meander antennas in a given area using a 5x5 grid have 

been presented in this chapter. There are 1072 different combinations of meander 

antennas with a track separation distance of 1 cm in a 4×9 cm2 area. All family 
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members were simulated in NEC and their resonant frequencies were measured.  

These varied from 351 to 472 MHz. Antenna efficiency at the resonant frequency of 

all family members varied from 58% to 83%. Additionally, these results were 

explained and some design rules were suggested. The performance of all structures 

was compared with the small antenna limits.  It was concluded that the antennas are 

not performing anywhere near the limits.  This might be due to the fact that some 

design constraints are introduced here which limit the number of structures and these 

restrictions might limit the performance of designed meander antennas. For example, 

these antennas are designed in 2D and small antenna limits are defined for volume. 

These constraints need to be lifted.  

More general structures are explored in the following chapters.  The 3D structures 

will be discussed in the next chapter while other important factors such as track width 

are also discussed in Chapter 6  
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CHAPTER 5 
 

3D RFID MEANDER ANTENNA 
 
 
 
 
5.1  Introduction 
 
The previous chapter reported a study of planar RFID meander antennas created by 

connecting tracks through a rectangular array of points. In this way, all possible 

meander structures in the area were found. By exhaustively simulating all possible 

structures, both the most efficient and largest electrical antennas in the family were 

found. This study covered all meander shapes including the Hilbert curve antenna. 

Some researchers considered planar (two dimensional) structures based on the Hilbert 

curve [65, 70, 71] and extended the idea to a cube where the three dimensional Hilbert 

antenna was also discussed [64]. Typical UHF tags use silver ink for printed dipole 

antennas. The most popular planar miniature UHF antennas for RFID tags are spirals 

[41-44], loops [44-46] and meander lines [47, 48, 52-53,66]. The common design 

objective is to obtain the best performance in a fixed surface area [54]. 

This chapter presents the results from a comprehensive study of three dimensional 

meander line antennas. A new design method is also introduced. All antennas were 

simulated using NEC [19] and their efficiency and input impedance at the resonant 

frequency were determined. All antennas in a given cube with a fixed length and 
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segment size were compared. The most efficient antenna was chosen to investigate its 

capacity to function reliably while located on a conducting surface. Once determined, 

the height was reduced so the structure was almost two-dimensional. 

 

 5.2 Method 
 
 For a given volume, an infinite number of wire antennas can be designed. Altshuler 

[6] used an optimization method to find the best performing antenna within a size 

limitation. This research extends this concept and presents a new method of creating 

designs based on a logical design perspective.  

A regular, rectangular grid following [65] was introduced in three dimensions. The 

only difference is that a volume or cube was mapped, which constrains each half of a 

symmetrical antenna to a fixed length, volume and segment size. In order to 

investigate a finite number of antenna designs, a set of 27 (3 x 3 x 3) grid points in the 

cube were chosen. The aim was to develop a method for finding the best performing 

antenna via an exhaustive study exploring all possible configurations. This is a time 

consuming procedure. Later in this research, this exhaustive study may not be 

required as optimization of this type in meander antennas using the ant colony method 

shows promise [72]. Optimization can reduce the number of structures simulated thus 

reducing the time required to find the best structure. 

A 2 x 2 x 2 cm3 cube was chosen to produce one half of a centre fed, symmetrical 

dipole mapped by using all 27 grid points. The points are 1 cm apart and, when all are 

connected, a 26 cm long wire is produced. This is illustrated in Figure 5.1a. The 

dipole was completed using a mirror image of the design and a 1 cm long connection 

between the two cubes. The feed was located in the centre of this connection. This 
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means the total length of the antenna is 53 cm (see Figure 5.1b) and the total volume 

of the dipole is 2 x 2 x 5 cm3. 

           
Figure 5.1: a) An example of a cubic meander line. b) The complete antenna with a feed point. 

 
In order to find all possible combinations, the 27 grid points in the half volume were 

numbered and the following connection rules applied: 

 The meander line started from one point on the line of symmetry to allow a 

connection to the other half of the dipole (a symmetrical cubic cell). 

 The meander line passed through each grid point once only.  

 Only 90-degree corners were permitted (for example, this means 1 could only 

be connected to 2, 4 or 10). 

 Only three feed points on the line of symmetry were considered because the 

other points produced repeated patterns. Thus only points 1, 2 and 5 were 

unique starting points. 

All possible permutations joining these 27 points that generate a full length meander 

line antenna were produced by following these rules and applying the tree algorithm 

[67]. Based on the algorithm, a start point was selected (for example, grid point 1) 

before the algorithm found the next possible points and expanded the starting point 

into an array of all possible combinations (e.g. {1 2}, {1 4}, {1 10}). The last member 
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of each array was chosen as a start point and all possible combinations expanded. If 

the line reached a point where no expansion was possible to include all 27 points, that 

line was terminated and rejected. Based on this method, 392628 possible permutations 

were found using start point 1. Start point 5 generated 303262 possible permutations. 

Start point 2 did not produce any permutations. Thus the total number of permutations 

was 695890. These strings of numbers were translated into coordinates in space and a 

mirror image was produced to complete the dipole. These coordinates were translated 

into a NEC input file using a wire radius of 0.05 mm and a wire conductivity of 5.8 x 

107 S/m. All structures were simulated across the frequency band from 300 to 500 

MHz with a step of 5 MHz. The aim was to design an RFID antenna for the 433 MHz 

band [73, 74] but since there were more than 700,000 different structures, some of the 

results went off the ideal band although they all had the same physical length. The 

uncompromised results were presented for comparative purposes. The input 

impedance, resonant frequency and current distribution at the resonant frequency of 

all structures were calculated. 

 

5.3 Results 

There are well known limitations to the performance characteristics of electrically 

small antennas [28]. Antenna performance can be improved within these limits. 

Usually antenna engineers seek to define structures with the smallest resonant 

frequency and highest efficiency for a given area or volume. In this case, the results 

are presented in terms of resonant frequency and efficiency of all possible structures. 

Data is presented separately for the two different feed points. The input impedances 

were calculated, but since these structures are electrically small, the impedances are 
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relatively small so that matching circuits are mandatory for the practical 

implementation of the antenna. 

5.3.1 Efficiency 
 
The efficiency of all structures was calculated at their resonant frequencies.  The 

results are presented in two different categories based on the feed positions. The 

efficiency of the structures using feed 1 and feed 5 are plotted in Figures 5.2 and 5.3 

respectively.  

 
Figure 5.2: Efficiency values for all structures using feed 1. 

Overall, feed point 1 had more structures with efficiency levels higher than 80%. 

Alternatively, feed point 5 contained the structure with the lowest level of efficiency. 

This means highly efficient structures have the feed point on their edges in 

comparison to low efficient structures with feed positioned in the middle of the 

structure. There were two structures with the smallest efficiency of 38.2% and two 

structures with the highest efficiency of 83.7%. These results are summarized in Table 

5.1.  
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Structure 

No. 
Efficiency 

(%) 
Frequency 

(MHz) 
Input Impedance 

(Ohm) 
Max. Feed1 68557 83.7 475 3.4 
Min. Feed1 350934 38.2 365 1 
Max. Feed5 847 83.3 465 3.2 
Min. Feed5 294773 32.1 345 0.9 

 
Table 5.1: Summarized results of efficiency for both feed points. 

 
In order to confirm these results, the most efficient structure (see Figure 5.4a) was 

built and S11 was measured. Since this dipole antenna was relatively small, and 

connecting a SMA connector to feed it at 475 MHz with a Bazooka Balun (which is 

huge compared to the antenna) was a difficult task, a monopole structure was made 

(with 0.4mm Copper wire) and simulated.  

 
Figure 5.3: Efficiency values for all structures using feed 5. 

A 12 x 12 cm2 copper sheet was used as a ground plane. Since the input impedance of 

the antenna was very low for the VNA (Vector Network Analyser) a coupled feed was 

used to increase the input impedance (see Figure 5.4b). A low loss 1 m semi-rigid 

cable with a mounted ferrite bead was used in practical measurements to reduce the 

surface current and increase accuracy. 
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        (a)                                                                                 (b) 
Figure 5.4: a) The most efficient structure (all sizes in cm), b) The monopole structure on the ground 

plane (standard dice). 
 

The antenna was 0.5 cm above the ground plane. The stub match size needed to be 0.5 

cm away from the antenna and 0.5 cm above the ground plane. These sizes were 

found by trial and error instead of optimization. The feeding point was offset by 1.77 

cm from the centre of the ground plane so the centre point of the structure was aligned 

with the centre of the ground.   

 
Figure 5.5: Simulated and practical results of the most efficient monopole structure. 

 
Consistency can be seen in Figure 5.5 between the simulated and measured results. 

The simulated results were calculated in NEC where the ground plane was built with 

copper wire mesh 0.2 cm apart. 
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5.3.2 Frequency 

For this research, the resonant frequency is defined as the frequency where the 

imaginary part of the input impedance is zero. The resonant frequency with real input 

impedance has been chosen as a reference point for all structures so any other point 

on the frequency response can be chosen for comparison. The resonant frequency is 

plotted in Figure 5.6 for all possible feed 1 structures. The “structure number” on the 

X-axis is an arbitrary reference number for each structure. The lowest resonant 

frequency was 350 MHz and there were two structures with that frequency. 

 

Figure 5.6: The resonant frequency for all structures using feed 1. 

The highest resonant frequency in this category was 475 MHz and 91 structures 

resonated at that frequency. The results for feed 5 are given in Figure 5.7 where the 

frequencies were distributed from 345 MHz to 470 MHz. There were eight structures 

resonant at the lowest frequency and 80 structures at the highest value in this 

category. 
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Figure 5.7: The resonant frequency of structures of feed 5. 

These results are summarized in Table 5.2 where the lowest frequency in both 

categories was 345 MHz. This structure was selected for construction and the S11 and 

resonant frequency were measured. 

  
Structure 

No. 
Frequency 

(MHz) 
Efficiency  

(%) 
Input Impedance 

(Ohm) 
Max. Feed1 68553 475 83.6 3.4 
Min. Feed1 281636 350 43.5 1.1 
Max. Feed5 864 470 82.9 3.2 
Min. Feed5 294773 345 34.5 0.9 

 
Table 5.2: Summary of the frequency results for both feeds. 

 
The 5 MHz steps in the frequency sweep caused the inconsistency in Figure 5.6 and 

5.7.  This means the results resolution was 5 MHz.  
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        (a)                                                                                 (b) 

Figure 5.8: a) The monopole structure on the ground plane (standard dice), b) .The most efficient 
structure (all sizes in cm) 
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The same set up and ground plane as mentioned previously was used to do the test, 

but the coupling point was found to be 0.4 cm above the ground and 0.5 cm away 

from the antenna. The antenna was mounted 0.5 cm above the ground plane since the 

feed in dipole was 1 cm. The same structure was simulated in NEC with the same 

copper wire mesh ground plane.  The results can be seen in Figure 5.9. 

 

Figure 5.9: Simulated and practical results for the largest electrical antenna  

Consistency between the simulated and measured results can be observed in Figure 

5.9. It is evident that the bandwidth was much narrower compared to that shown in 

Figure 5.5 since the coupling was higher.  This caused the low resonant frequency.  

5.4 Discussion 

 
5.4.1 Efficiency 
 
It is useful for designers to develop an understanding of the structural effects on 

antenna properties. The structure of a common meander line dipole is shown in Figure 

5.10, together with the radiation pattern. The radiation pattern is similar to that for a 

horizontal straight dipole. This suggests that the horizontal segments mainly 

contribute to the radiation while the vertical segments increase the effective length 

and provide the inductive load, which reduces the resonant frequency. This research 
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suggests that all segments play a role in antenna efficiency. The folded segments with 

a high current lie in opposite directions and the radiation resistance increases because 

the current flow is limited. This lowers the loss and increases efficiency.   

 

Figure 5.10: Structure and radiation patterns in dB of a common meander line antenna. 

The opposite effect is evident in the structures shown in Figure 5.13b, where high 

current segments are not positioned with the current in opposite directions. This 

lowers both input resistance and efficiency. The same principles apply to 3D 

structures. In this case the vertical segments contribute to the radiation and all other 

segments contribute to the inductive load which lowers the resonant frequency. If the 

folds are positioned in high current areas and close to other segments with current in 

opposite directions, the structure has a higher level of efficiency. One half of the most 

efficient structure in both families is shown in Figure 5.11. The segments close to the 

feed (high current areas) are positioned next to each other with the current travelling 

in opposite directions. This increases the input impedance which consequently 

reduces current magnitude.  This means lower loss and greater efficiency. There is a 

strong correlation between efficiency (Figure 5.2&3) and input impedance (Figure 

5.12) for each feed point. 
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Figure 5.11: The structure with the highest level of efficiency (all e sizes are in cm). 

This theory is confirmed in Table 5.1 where the least efficient structures have low 

input impedance. The structure with the lowest level of efficiency and input 

impedance is also shown in Figure 5.13a. 

         
(a)                                                                                 (b) 

Figure 5.12: a) The input impedance of feed 1, b) The input impedances of structures starting with feed 
5. 

 
One can conclude that the most efficient structures are those with folding in high 

current areas where adjacent segments having oppositely directed current. 

5.4.2 Frequency 
 
Half of the structure with the lowest resonant frequency is plotted in Figure 5.13a. 

There are similarities between this structure and the structure with the lowest resonant 

frequency in 2D (Figure 5.13b [66]). As the antennas are electrically small, the 

current in each segment is in phase. Figure 5.13 shows the direction of the current in 

both the 2D and 3D structures at resonance. The current magnitude decreases along 

the wire so those segments closest to the feed point carry the highest currents. 
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The current segments in the best structures are arranged so that:  

 high current segments are well separated. 

 adjacent (nearest) segments have currents in the same direction. 

 

                                                    (a)                                                               (b) 
Figure 5.13: a) Current direction in the 3D structure with the lowest resonant frequency, b) Current 

direction in the 2D structure with the lowest resonant frequency. 
 

In these structures the magnetic flux is maximized because all segments have current 

circulating in the same direction. This means the inductive load is higher so the 

resonant frequency is lower.  These structures are not necessarily the best structures in 

terms of resonant frequencies in their given areas or volume because, by simply 

mapping the same area with more grid points, structures with smaller resonant 

frequencies could be found. Based on the design rules, this structure has the lowest 

frequency in the family.  

5.4.3  Small Antenna Limits 

The performance of 3D small antennas is similar to that of 2D small antennas. Both 

are bound by Chu-Wheeler-Harington limits. Therefore, the same figure of merit (see 

Equation 4-1) is used here to compare antenna performance. In order to produce 

clearer graphs only the best performing structures were used for the figure of merit. 

The figure of merit is dependent on frequency and efficiency since all antennas in 

each family occupy the same volume.  
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                                         (a)                                                                               (b) 

Figure 5.14: a) Scatter plot showing efficiency verses frequency for feed 1 and b) feed 5. 

The best performing antennas are those with the highest level of efficiency and lowest 

resonant frequency. These characteristics are not found in the same structure so 

efficiency and resonant frequency are plotted for all possible antennas in Figure 5.14.  

The most efficient structure was chosen for each frequency in each family and the 

figure of merit based on Equation 4-1, 4-3, 2-31a and 2-31b was calculated. 

The results are plotted in Figure 5.15 where the structures with feed 1 as a starting 

point have a better figure of merit than other structures in the family (feed 5). These 

results were expected because the feed 1 family has a better efficiency overall 

compared to the feed 5 family.   This can be seen in Figure 5.14. Additionally, Figure 

5.16 shows that the structures in both families have almost the same bandwidth.  The 

only difference in the figure of merit calculation in both families is in their 

efficiencies. 

       
                                       (a)                                                                                  (b) 

Figure 5.15: a) Scatter plot showing the figure of merit for feed 1 and b) feed 5. 
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In both cases, the figure of merit was calculated for the simulated structures (see 

Figure 5.15). This means that both families have the same bandwidth, frequency and 

efficiency, which results in a similar figure of merit for both families.  

 
                                          (a)                                                                        (b) 

Figure 5.16: a) Scatter plot showing the bandwidth for feed 1 and b) feed 5. 
 

These results were compared to the 2D results to see the improvement in the figure of 

merit when the structures are in 3D.  

 
Bandwidth 

(MHz) 
Frequency 

(MHz) 
Efficiency 

(%) 
r  

(m) 
Kr 

 
Figure of 

Merit 
2D  18 464 93.7 0.049244  0.478 0.1925 
3D 7 445 82.5 0.028723 0.2677 0.364 

Table 5.3: Figure of merit for 2D and 3D. 
 
It can be seen in Table 5.3 that the structure with the highest figure of merit has 

almost twice the best performing antenna in 2D. 

5.5 RFID Design 
  
The design principle and best 3D structures were shown in Sections II and III of this 

chapter. These 3D antennas are clearly much thicker than 2D antennas. This is 

considered a disadvantage for some applications. In this section, the advantages of 3D 

antennas (over 2D) are presented in the form of a sample case study. 

 It is well known that planar RFID antennas do not operate effectively on conductive 

surfaces. Although many methods have been suggested to resolve this problem [75-

77] a smaller alternative option is suggested in this section.  
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The strategy was to reduce the vertical dimension of the 3D antennas, while leaving 

the other two dimensions unchanged. This modified structure was investigated when 

located above a perfect ground plane. The most efficient 3D structure (Figure 5.4a) 

was used as the basis for comparison. 

5.5.1 Compact 3D Dipole: Free Air 
 
The complete dipole structure shown in Figure 5.17a fits into a volume 5 x 2 x 2 cm3. 

The radiation pattern is shown in Figure 5.17b. As expected, the principal direction of 

radiation is perpendicular to the dipole. The segments oriented in the Z direction 

dominate the radiation pattern, whereas the segments oriented in the X and Y axes 

contribute to the inductive load and reduce the resonant frequency. To reduce the 

height profile, the compression was applied in the Z direction. This will move the 

non-radiating elements closer together, and the effect on antenna performance will be 

minimal. The Z elements have been reduced to 1/5th of their values, which causes the 

overall height of the antenna to fall to 1cm. 

 
                                             (a)                                                                           (b) 

Figure 5.17: a) The most efficient 3D dipole structure, b) Radiation pattern in dB.  
 
This means each of the Z segments of the antenna is 0.2 cm long (instead of 1 cm). 

This is illustrated in Figure 5.18 and the change in antenna performance is 

summarized in Table 5.4. 
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Z 
compression 

Efficiency 
(%) 

Frequency 
(MHz) 

Input Impedance 
(Ohm) 

Gain  
(dBi) 

Before 83.7 475 3.4 1.2 
After 54.3 598 1.8 -6.51 

Table 5.4: 3D antenna performance before and after Z compression. 
 

The resonant frequency increased, partly because the total wire length was reduced 

from 53 cm to 49 cm. While the volume was reduced by 7.5%, the resonant frequency 

increased by 21%. This can be partly explained in terms of the increase in capacitance 

between the X and Y directed elements in different layers. Clearly the inductance also 

increased but the capacitance change was more significant.  
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                                          (a)                                                                      (b) 
Figure 5.18: a) The most efficient 3D dipole structure compressed (sizes in cm), b) Monopole antenna 

(standard dice).  
 

The level of efficiency decreased to 54%. The compression resulted in an overall Z 

length reduction of 80% (from 5 cm to 1 cm), but there is only a 30% loss in 

efficiency. This is thought to be because opposing high current segments are now 

much closer together. The gain was reduced to almost one sixth of the original value. 

This is close to the 80% reduction of the Z length of the radiation elements. 

In order to confirm these results the antenna was made and tested. Once again, due to 

the same limitations as mentioned before, a monopole was built and a coupled feed 

was used. The coupled feed size was 0.4 cm high and 0.5 cm long. The structure was 

mounted 0.5 cm above the ground plane.  This was 0.4 cm higher than the dipole 

compressed design. 
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Figure 5.19: The squashed structure test. 

 
Consistency can be observed in Figure 5.19 between the simulated and measured 

tests. However, the resonant frequency is inaccurate compared to the dipole 

compressed structure.  This may be due to increasing the height above the ground 

plane in monopole testing. 

 

5.5.2 Compact 3D Dipole: Ground-Plane  
 
The antenna shown in Figure 5.18a was positioned 0.2 cm above a perfect ground 

plane (see Figure 5.20). The distance above the ground plane was very small 

compared to one free space wavelength 0 = 54 cm. The antenna is more Omni 

directional. The null point in the radiation pattern was found to be less intense. This 

may prove to be a useful improvement as usually the RFID reader is placed inline and 

parallel to the antenna. The efficiency, gain and input impedance of the antenna 

increased when compared to the same antenna in free space (see Table 5.5).  
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                                          (a)                                                                                   (b) 

Figure 5.20: a) 3D antenna with a ground plane, b) Radiation pattern of the antenna in dB. 
 

Efficiency 
(%) 

Frequency 
(MHz) 

Input Impedance 
(Ohm) 

Gain  
(dBi) 

63.5 558 0.1 -1.8 
Table 5.5: Antenna performance with a ground plane. 

 
Based on these observations, the ground does not significantly affect antenna 

performance and some antenna parameters have been improved. The resonant 

frequency has decreased, the gain has almost doubled (6 dB increase) and the level of 

efficiency has improved by 10%. The one slight disadvantage is that there is still a 

radiation null in Z direction. This means if this antenna is used as an RFID tag, the 

reader is best placed at a 30 degree angle from the tag. This may be a positive point 

because, in the near field, the metal surface may also affect the reader antenna. 

The effects of different ground sizes on squashed dipole antennas have been 

investigated. This was done by simulating different ground sizes near the antenna. 

The resonant frequency and efficiency were measured for each case.  

The ground was simulated in NEC by producing a perfect (no loss) mesh of wires 0.5 

cm apart. It is evident that as the ground size increased from 2 x 2 to 10 x 10 cm2 the 

resonant frequency decreased from 598 to 558 MHz. It can also be concluded that for 

ground larger than 10 x 10 cm2, there is little change. This is confirmed with the 

results of the infinite ground plane where the resonant frequency was measured to be 

558MHz (see Table 5.5). 
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(a)                                                               (b) 
Figure 5.21: a) Resonant frequency affected by ground size, b) Efficiency affected by ground size. 

 
This means if the tag is matched for 10 x 10 cm2 ground it can be placed on any 

conductive surface as long as it is 10 x 10 cm2 or larger.  

Further improvements were observed using a slight design modification. The 

investigation was not exhaustive as only one such design was introduced. Although 

this structure is not a member of the family defined in Section 5.2, it was constructed 

with the same connecting points, allowing 45-degree corners. The structure and its 

pattern are shown in Figure 5.22. Its performance is summarized in Table 5.6. 

 

                                          (a)                                                               (b) 
Figure 5.22: a) 3D squashed antenna using diagonals with a ground plane, b) Radiation pattern. 

 

 
Efficiency 

(%) 
Frequency 

(MHz) 
Input Impedance 

(Ohm) 
Gain  
(dBi) 

Before Compression 80.5 470 3.3 1.1 
After Compression 55.2 535 1.8 -8.3 
Compressed with 

Ground 61.8 498 2 -3.3 
Table 5.6: 3D diagonal antenna performance with a ground plane. 
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The structure is longer (approximately 62.6 cm) compared to the family in sections 

5.1 and 5.2 (53 cm) therefore it has a lower resonant frequency and level of 

efficiency. The reading angle is now around 5 degrees compared to 30 degrees in the 

previous structure.   

 

5.6  Summary 

Based on 2D meander line methods, a 3 x 3 x 3 point symmetrical, 3D dipole antenna 

structure was investigated exhaustively to identify those configurations with the 

highest level of efficiency and lowest resonant frequency for a fixed length. 

Maximum efficiency and input impedance occurs when adjacent high current 

segments in the antenna are oppositely directed. The optimal antenna structure was 

compressed and the effect of a nearby conducting plane was investigated. The 

meander line structure greatly improves antenna performance with a resonant 

frequency of 498 MHz and an efficiency level of 62% when located on a conducting 

ground plane. Various 3D meander line antennas were investigated for possible use in 

RFID applications. Based on a 3 x 3 x 3 grid pattern for one half of the antenna, all 

possible combinations were evaluated. Those structures with the highest gain, highest 

impedance and lowest resonant frequency were identified. Moreover, these simulation 

results were confirmed by experimental testing. This allowed an additional design rule 

to be developed to improve antenna performance in free space.  

The most significant advance has been the design of a semi-planar antenna which 

functions satisfactorily when placed close to a conductive surface. The antenna has 

dimensions of 2 x 2 x 1.2 cm3, resonates at 498 MHz, has an efficiency level of 62% 

and  a gain of -3.4dBi when placed very close to a perfectly conducting surface. The 

theory of this antenna in free space has been confirmed by monopole practical 
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measurements. It is likely that further optimization can improve the performance of 

these 3D meander line antennas.  
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CHAPTER 6 

 

TAPERING METHOD 
 
 
 
 
6.1  Introduction 
 
Mass produced antennas are now commonplace in consumer items such as cellular 

telephones, keyless entry devices, and most recently Radio Frequency Identification 

(RFID) technology for tracking and identifying objects. There are major hurdles to be 

overcome before RFID technologies reach this level of market penetration. These 

challenges include reading range1 limitations, proximity degradation of tag 

performance, cost, and most recently, the effect of used tags on the environment [78-

80]. Different solutions have been presented for improving antenna performance and 

reducing the proximity effect [22, 75-77, 81, 82], while the issue of environmental 

effects of discarded antennas has recently been discussed [79, 83]. 

This chapter addresses the limitations of RFID tags by introducing the tapering 

method to RFID meander antennas. The tapering method is demonstrated in two 

different ways [84]:  
                                                
1 “Reading range can be defined as the maximum distance at which the RFID reader can detect the 
backscattered signal from the tag [13]”. 
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(a) The conductive material is substantially reduced while maintaining the same 

performance. This reduces both the manufacturing cost and the environmental 

impact.  

(b)  The performance of the antenna is enhanced through an increased read range by 

using the same amount of material redistributed along the length of the antenna.  

These design methods were tested and some optimized results are presented.  

 

6.2  Theory 
 
Antenna efficiency depends partly on conductor losses. By changing the wire radius 

in the RFID meander antenna according to the current distribution, the diameter of 

each conductive segment can be modified to achieve two goals – minimal conductive 

loss and minimal use of conductive materials.  

In this chapter the efficiency of the wire antenna in the air was calculated using the 

method of moments (NEC). If there are N segments in the NEC model of the 

complete antenna and the wire segment length is small enough, the current over the 

length of the ith segment ii is approximately constant. If ai is the radius of the ith 

segment, and all segment lengths are equal (li=l=L1/N) and the radius (ai=a) is 

unchanged throughout the structure, the power loss Ploss can be found by using 

Equation 2-26.  The level of efficiency can be found by using Equation 2-27. 

Power loss decreased by increasing the wire diameter of each segment according to 

the current flowing through it. This caused a change in other antenna performance 

parameters, such as the resonant frequency, which could subsequently be corrected by 

changing the overall antenna length Le. 

Two different methods of tapering were applied and their methodology as follow.  

                                                
1 L is the total length of the dipole. 
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6.2.1 Method 1 
 
 The wire radius at the feed point afeed was fixed. The wire radius at every other 

segment ai was decreased in proportion to the original current ii in that segment. 

While the obvious choice was to scale the radius proportionally to the power (i.e. the 

current squared), this resulted in a very wide range of segment radii and the antenna 

was almost impossible to physically construct.  Thus, ai was calculated using a linear 

current scaling factor from: 














mmaformm

mmafor
i
i

a
a

i

i
feed

i
feed

i

001.0001.0

001.0
 (6-1) 

with a minimum limit to the radius. The 0.001 mm limit was chosen to accommodate 

fabrication tolerances and to prevent NEC error. It was found that most antenna 

characteristics remained virtually unchanged even though the amount of conductive 

material required was significantly reduced.   

6.2.2 Method 2 
 
An iterative approach was adopted to ensure a linear relationship between the current 

and wire radius.  A further restriction was imposed in that the overall conductor 

volume was fixed. The current distribution was calculated. The segment radius ai was 

changed in line with the current value ii in the segment and the current distribution 

recalculated. This required rescaling the radius of every segment of the antenna after 

each iteration. The original copper volume V0 was calculated from: 

eLaV 2
0 2     (6-2) 

 Where Le is the physical length of the antenna. The conductor volume of the tapered 

antenna VT was calculated using: 
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where ai was calculated from (1). The segment current ii was changed when ai 

changed. The final conductor distribution was obtained using the algorithm shown in 

Figure 6.1. The iterative scheme was found to converge after approximately 150 

iterations. The routine was terminated when the radius change was less than 0.001 

mm for every segment. While the volume of conductive materials was unchanged, 

antenna performance was enhanced. These two techniques have been previously 

applied to a straight line dipole antenna with significant success [84].  

 

Figure 6.1: Radius taper algorithm (Method 2) with fixed volume V0. 

6.3  Dipole Results 
 
6.3.1 Uniform Radius 
 
A dipole antenna (length 166 mm, radius 0.05 mm, centre fed) resonates at 869 MHz 

(Europe UHF RFID band). The wire radius was changed stepwise from 0.025 to 0.1 

mm and the effect on both resonant frequency and efficiency was noted. NEC results 

were calculated using 167 equally sized segments and the efficiencies calculated 

using (2). The length of the antenna was unchanged. The modelling was conducted 
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over the frequency range 870 MHz to 900 MHz in 1 MHz steps. The level of 

efficiency increased and the resonant frequency decreased with increase in radius (see 

Figure 6.2).    
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Figure 6.2: Dipole efficiency and resonant frequency results for a straight wire dipole with a varying 

radius. 

The reduction in resonant frequency results from the increased capacitance at the feed 

point and the ends of the antenna. Figure 6.3 shows the variation in gain and ohmic 

power loss. As expected, the gain increased and the power loss decreased as the radius 

increased. The decrease in ohmic power loss corresponds to the reduction in wire 

resistance (Equation 2-26).  
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Figure 6.3: Dipole gain and power results for a straight wire dipole with a varying wire radius. 

 

6.3.2 Non-Uniform Radius 
 
Two tapering methods were applied to the straight wire dipole and the results are 

summarized in Table 6.1. In Method 1, the radius at the feed point was fixed and the 

radius of all other segments was decreased proportionally based on the original 

current distribution. It was necessary to limit the radius to values greater than 0.001 

mm to prevent NEC condition violations. Most antenna characteristics remained 

unchanged, however the resonant frequency increased in both cases.  

Antenna 
Radius 
(mm) 

η  
(%) 

f0 

 (MHz) 
Rin  
(Ω) 

Copper Volume 
(mm3) 

Gain 
(db) 

Dipole 0.05 97.1 869 74 1.3 2.1 
Method 1 0.05 96.49 899 73.9 0.67 2.099 
Method 2 0.07 97.43 898 73.2 1.3 2.156 

Table 6.1: Antenna characteristics for two tapering strategies. 

In Method 2, the copper volume was kept constant and the wire radius varied stepwise 

with the current distribution. This resulted in an antenna with the same shape as that 

from Method 1, but it was slightly wider closer to the feed (see Figure 6.4). The gain, 

level of efficiency and resonant frequency all increased when compared to the original 

dipole. 
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Figure 6.4: Wire radius profile for the two tapering methods. 

The change in resonant frequency was caused by a reduction in capacitance at the 

dipole ends. The original resonant frequency was recovered through the addition of 

fine wire extensions at both ends. This required very little additional material. There 

was no significant difference in antenna performance between the two design 

techniques, however Method 1 required 50% less copper compared to the original 

dipole. 

 

6.4  Meander Line Design 
 
The second structure (M2) was created using a new optimized design, which had both 

the highest level of efficiency with the smallest resonant frequency in a given area for 

a square grid antenna [66].  Both antennas used the same area and both resonated at 

869 MHz when the wire radius was 0.05 mm.  
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(a)                                                                      (b) 
Figure 6.5: Basic design parameters for the two meander line antennas (a) M1 structure for passive 

tags, (b) M2 structure for active tags. 
 

M1 and M2 had  a total length of 208.6 mm and 182.8 respectively where the segment 

size for efficiency calculation was chosen to 1 mm. Since both structures had one 

decimal point in their length, the segments in low current areas were set to be longer. 

For example, in M1 the first segment from one end and the last segment on the other 

end were 1.3 mm long. These designs do not necessarily provide the best performance 

in the given area. The performance published previously [22, 66] is summarized in 

Table 6.2. It indicates that these two antennas had approximately the same level of 

efficiency, input impedance and resonant frequency. M2 is preferred for an active 

RFID tag since the total length is shorter. M1 is preferred for passive RFID tags 

because it has a higher gain and a longer read range. The effect of the changing radius 

was investigated in these two structures.  

Antenna 
η  

(%) 
f0 

(MHz) 
Rin  
(Ω) 

Total Length 
(mm) 

Copper Volume 
(mm3) 

Gain 
(db) 

M1 67.2 869 8.1 208.2 1.63 0.177 
M2 68.47 869 8.1 182.6 1.56 -0.047 

Table 6.2: Performance summary for M1 and M2 (see Figure 2). 
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6.4.1 Uniform Radius 

Using a uniform wire radius a, along the length of the dipole antenna, a was changed 

from 0.025 mm to 0.1 mm. The resonant frequency of both M1 and M2 are plotted in 

Figure 6.6 as a function of the wire radius a. The resonant frequency of both antennas 

increased as the radius increased. These changes can be explained in terms of the 

distance between some segments in the meander structure. The inductance per unit 

length L and the capacitance per unit length C, between two parallel wires, are given 

by:  







 

a
dL
2

cosh 1


      (6-4) 

  a
d

C
2cosh 1


       (6-5) 

where d is the centre to centre separation and a is the wire radius. Equations (4) and 

(5) predict that as a increases, the inductance decreases and the capacitance between 

the segments increases. While the inductance and capacitance have opposing effects 

on the resonant frequency, the capacitance change dominates and the resonant 

frequency increases.  
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Figure 6.6: Variation in resonant frequency of M1 and M2 as a function of wire radius a. 
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In Figure 6.6, it is evident that the change in resonant frequency was larger for M1 

compared to M2. This implies that there is no simple mathematical expression that 

can be developed for this effect in meander line antennas. Figure 6.7 shows the 

change in efficiency for the meander line antennas.  
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Figure 6.7: Efficiency changes for M1 and M2 as a function of the wire radius. 

 
 

The efficiency  of the M1 and M2 antennas increased with an increase in a. The 

input resistance (Rin) of the antenna reduced as a increased which caused a reduction 

in input power assuming the current distribution did not change. This decrease in 

efficiency and gain, is accompanied by a decrease in the power loss PLoss 

corresponding to a reduction in the ohmic resistance. Any increase in radius causes a 

reduction in current distribution which can cause a reduction in loss power or 

alternatively an increase in the level of efficiency. A reduction in power loss is more 

significant as the reduction in input power causes an increase in the numerator of 

Equation 2-27.  This means an improvement in the level of efficiency as shown in 

Figure 6.7.  
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M2 had a slightly higher level of efficiency with a shorter total length.  This means it 

is cheaper to produce and is the better option for active tags.  The reduction in power 

loss for an increased radius is plotted in Figure 6.8. This reduction caused an increase 

in the level of efficiency and an improved gain, which is important for passive tags. 

M1 had a higher gain at low radius values and the difference between M1 and M2 

gain increased with an increase in radius. 
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Figure 6.8: Gain and ohmic loss for M1 and M2 plotted as a function of the wire radius. 

 
 
 
6.4.2 Non-Uniform Radius 
 
The two methods of tapering were applied to M1 and M2 and the results are 

summarized in Table 6.3. 

Antenna η (%) f0 (MHz) Rin (Ω) Copper Volume (mm3) Gain (db) 
M1 67.2 869 8.11 1.63 0.177 

M1-Method 1 61.7 889 8.4 0.84 0.005 
M1-Method 2 69.3 899 7.68 1.63 0.55 

M2 68.4 869 8.1 1.56 -0.047 
M2-Method 1 64.7 890 8.8 0.81 -0.185 
M2-Method 2 71.8 898 8 1.56 0.289 

Table 6.3: Performance summary for various tapers applied to M1 and M2 
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Taper method 1 reduced the copper volume in both structures by 50% while the level 

of efficiency and gain were also reduced. Taper method 2 not only improved the level 

of efficiency in both cases (by 2.1% and 3.4% for M1 and M2 respectively) but the 

gain also increased. However, the resonant frequencies of both structures increased 

for all cases. If the antenna is re-tuned, the best structure in the given area can be 

determined. 

 

6.5  Meander Design 
 
6.5.1 Minimizing Cost (Method 1) 
 
The cost of RFID tags is one of the factors inhibiting the ubiquitous use of RFID 

technologies. This chapter presents a method of reducing the conducting area/volume 

(copper or silver ink) needed to manufacture RFID tags by 50%. Based on these 

results it is possible to design an antenna with less copper without a corresponding 

degradation in performance. One such antenna design based on M2-Method 1 is 

shown schematically in Figure 6.9. In this antenna, the length has been increased so 

the antenna tuned to the same frequency as the original M2 antenna. Table 6.4 shows 

a 5% loss in efficiency but the volume of copper used is 50% less than that of the 

original meander. The tapering method has saved about 50% of the conducting 

material requirements. 
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Figure 6.9: Dimensions of the enhanced active RFID antenna re-tuned for 869 MHz. 
 

Antenna η (%) f0 (MHz) Rin (Ω) Copper Volume (mm3) 
M2-EX1 62.98 869 8.59 0.84 

Table 6.4: Performance summary for the re-tuned RFID taper antenna shown in Figure6. 

This method can be used to reduce the manufacturing cost of RFID tags as well as 

their environmental impacts. This could be the most important conclusion of this 

research. 

6.5.2 Enhancing Performance (Method 2) 
 
High gain tag antennas increase the read range. The tapering method can be used to 

create the highest gain antenna for a given volume of conducting material and area. 

Based on the M1-Method 2 model, an antenna was designed in the same area with the 

same volume of conductive material as M1 but with a higher gain (see Figure 6.10). A 

thin length extension was added to decrease the resonant frequency.  
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Figure 6.10: The passive RFID taper antenna dimensions. 

 
Antenna η (%) f0 (MHz) Rin (Ω) Copper Volume (mm3) Gain (dB) 
M1-EX1 67.9 869 7.74 1.63 0.431 
Table 6.5: Performance summary for the passive RFID taper antenna shown in Figure 6.10. 

 
One of the main conclusions of this research is that antenna gain can be increased and 

read range extended without any change in cost and area.    

 

6.6  Summary 
 
In the past antenna engineers did not pay significant attention to the environmental 

cost of their structures. Environmental considerations have not been particularly 

important in low volume manufacturing or when energy requirements have not been 

costly. Recently, there has been considerable emphasis on full life-cycle costing of 

products. With the advent of high volume manufacture of antennas in such markets as 

mobile telephones and RFID tags, the environmental considerations have become 

particularly important. 

This chapter has addressed three significant shortcomings of RFID tags which inhibit 

their use: expense, performance and environmental effects. These problems were 
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addressed by introducing a novel method of tapering the wire radius. The effect of 

changing the wire radius on the meander antenna was investigated. It was shown that 

an increase in the wire radius reduces the ohmic loss, improving efficiency and gain. 

An undesirable consequence is that the resonant frequency increased for meander 

antennas. It is postulated that the increase in resonant frequency for meander line 

antennas is due to changes in the mutual inductance and capacitance.  Based on these 

results, a new tapering method was introduced. This concept was tested using two 

methods.  The first method involved reducing the volume of material needed to 

produce a similarly performing antenna. The second method involved enhancing 

antenna performance by using the same amount of material as used in the original 

antenna. These two methods were used to design better performing and/or cheaper 

RFID tags in a given area. The technique can be applied to all forms of wire and 

printed antennas.  
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CHAPTER 7 
 

OPTIMIZATION 
 
 
 
 
 
 

7.1  Introduction 
 
The exhaustive search for the best performing 2D and 3D meander antennas presented 

in this thesis is arduous. An alternative is to employ an optimization procedure for the 

design and computer simulation of electromagnetic analysis. Optimization techniques 

are becoming popular with antenna designers as the computer processing power 

increases. This gives the designer the luxury to commit time elsewhere while the 

optimization routine finds the solution.  

There are many optimization techniques such as Ant Colony, Sequential Uniform 

Sampling, Monte Carlo Analysis, Simplex Method, Gradient Method, Genetic 

Algorithm and Artificial Simulated Annealing [85]. Ant Colony, Simulated 

Annealing, Monte Carlo Analysis and Genetic Algorithm are the most recognized. 

However, the optimization technique often depends on the problem in hand. In the 

case of meander antennas the first option is to find the best possible antenna in the 
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solution space. In this case the initial solution has a significant importance on the next 

solution. Since Monte Carlo Analysis does not use the history of solution for 

production of a new solution (random selection), it has been eliminated from this 

research. Simulated Annealing and Genetic Algorithm are both directed optimization 

methods. However as Simulated Annealing is limited to a single solution per 

optimization run, the Genetic Algorithm (GA) method was chosen for this research 

[86]. There are limits in using the GA for meander antenna design. One such limit is 

the exponential increase in the number of designs as the number of grid points 

increases. This shortcoming can be overcome by using search strategies “based on 

biological paradigms” [87]. One such search method is Ant Colony, which is capable 

of efficiently and intelligently searching a large number of configurations to find the 

optimum solution.  

The first step of any optimization routine is having a basic knowledge of the problem 

and its limitations. In the case of antenna optimization the designer must be familiar 

with the electrical and radiation performance of each antenna design. This method of 

approach requires the performance of each new design to be calculated and compared 

against the ideal optimum specification. Antenna characteristics can be defined by m 

different quantities c1, c2, … cm. For example, c1 can be efficiency, and c2 might 

represent resonant frequency where optimum performance is described by vector Copt.  

The next step is to define a solution to the problem and find the performance vector 

for each. In order to do this, some antenna parameters need to be fixed. In this 

discussion they are named vector P (p1, p2, …) where each element represents the 

fixed parameters of design (for example, wire length). Subsequently, there are 

variable design parameters called vector T (t1, t2, …, tn) which complete the antenna 

structure. This design is then submitted to the solver and the quality of the fit is 
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calculated. The output of the solver is the list of values (c1, c2, … cm) for the 

parameters upon which the antenna will be optimized. The quantity of the fit is based 

on C and desired performance Copt. These are combined into a single valued cost 

function D, which the algorithm tries to minimize. If the minimum D has not yet been 

achieved a new set of T is found and submitted to the solver (see Figure 7.1). 

  
Figure 7.1: Basic building blocks of an optimization routine [85]. 

 
Every optimization method requires a cost function to establish the fitness of the 

solution. “The fitness is the value representing the solution’s attainment of the 

optimization goal” [86]. In any antenna problem the electromagnetic performances of 

the antenna need optimization such as efficiency or bandwidth. In most cases these 

factors cannot be found by using analytical solutions. Therefore, an electromagnetic 

solver needs to be employed to find the fitness of each solution. The outcome (fitness) 
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of this electromagnetic solver then returns to the optimization analyzer. A new 

solution is found based on the optimization method (see Figure 7.2). This continues 

back and forth until the optimum solution is found.  

  
Figure 7.2: Optimization process diagram. 

 

In the first part of this chapter the GA optimization method was used to find the best 

performing 2D meander antenna in a 5 x 5 grid point.  The results are compared with 

those in Chapter 4. It will be shown that this method is significantly more efficient 

than an exhaustive search for the best performing meander antenna.  However, it is 

time consuming for higher grid points since it requires all permutations. To overcome 

this shortcoming, Ant Colony Optimization is introduced in the second part of this 

chapter and the results are discussed.  

7.2  Genetic Algorithm 
 
The original GA was introduced in the early 1970s by John Holland [88] and has 

since been adapted to electromagnetic problems. Examples of GA  use in antenna 

designs and electromagnetic problems can be seen in [3-7] and [8-9] respectively. 

GAs were invented to imitate some of the developments observed in natural 

evolution. The idea with the GA is to use this power of evolution to solve 

optimization problems.  

“Genetic Algorithms (GAs) are adaptive heuristic search algorithms based on the 

evolutionary ideas of natural selection and genetics. As such, they represent an 
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intelligent exploitation of a random search used to solve optimization problems. 

Although randomized, GAs are by no means random. Instead, they exploit historical 

information to direct the search into the region of better performance within the 

search space. The basic techniques of the GAs are designed to simulate processes in 

natural systems necessary for evolution, especially those that follow the principles 

first laid down by Charles Darwin of “survival of the fittest”. Since, in nature, 

competition among individuals for scanty resources results in the fittest individuals 

dominating over the weaker ones” [89].    

7.2.1 Method 
 
The first step in applying the GA to a problem is to identify the optimizable variables. 

These variables are encoded to genes that create chromosomes. This means each 

chromosome represents a solution to the problem. The fitness of each chromosome is 

evaluated which represents the effectiveness of the solution to the problem. The 

combination of all possible chromosomes is our search space.  

The algorithm starts by selecting a random number of these chromosomes 

(population) from the search space. The population number  depends on the size of 

the search space. The fitness of each member of the population is evaluated and 

compared to the desired solution. Only the fittest chromosomes in the population have 

the chance to interact (reproduce or mate) to create a second population. The fittest in 

the population are those that best fit the desired solution.  The mating process consists 

of different techniques: 

 Crossover: two parents exchange a part of their chromosome at one or more 

randomly selected breakpoints to create two new children. The chromosome 

length must remain the same. 

 Mutation: one or more bits in a parent chromosome are randomly flipped. 
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 Cloning: a parent chromosome is copied exactly to the next generation. 

 Creation: a completely new chromosome is generated randomly. 

Mating is probably the most important part of the GA. There must be guidance and 

intelligence behind mating.  

Mating between the fittest chromosomes in the previous population produces the 

second population.  For low mutation rate problems (like this one), this continues 

until there is very little difference in fitness between population members. This means 

the algorithm has reached its optimum solution and it is not possible to improve the 

chromosomes further. The speed at which the GA reaches its optimum solution 

depends on the mating technique and the guidance behind it. 

 
7.2.2  Coding 
 

The GA was used to optimize the 2D meander antenna mentioned in Chapter 4. As 

discussed in Chapter 4, connecting the 25 grid points in a 4 x 4 cm2 area produced 

1072 structures. The aim was to find the structure with the highest efficiency among 

our search space (1072 members). Since the only optimizable variable is the structure 

number the chromosomes have only one gene and that is the binary representative of 

each structure number. Based on the above the search space was: 

Structure number 1: 00000000001 

Structure number 2: 00000000010 

. 

. 

. 

Structure number 1072: 10000110000 
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The GA is a guided optimization procedure because there is an adjacent relationship 

between the chromosomes (see Figure 4.3). Once the search space was defined the 

population was selected. According to Thiel [85] the population size can be 

calculated: 

kX
k
lp    (7-1) 

where l is the chromosome length, k is the average gene length and X=2 for the binary 

representation. However, in this case the chromosome has only one gene and 

Equation 7.1 can’t be applied. The recommended (in [85]) population size is 30< p< 

100 for electromagnetic problems, but since the search space in this case had only 

1072 elements, the population was limited to 20.  

The first population was chosen randomly and the cost function was measured for 

them. Since the GA aimed to find the highest efficiency the ideal result was chosen to 

be 100 and the cost function of the whole family was calculated from Equation 7.2. 

100
100 

functionCost  (7-2) 

 The top 10 members of the population with the lowest cost function were chosen to 

create the next generation (when the recommended 50% crossover, 47% cloning and 

3% creation formula was used for the next generation). This continued until the 

change in both mean and minimum values of cost function in one population was 

minimal (less than 5% difference). In that case, the population members with the 

lowest cost function were chosen as the optimum value. 
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7.2.3 Results 
 

Efficiency was not the only aspect of antenna performance discussed in Chapter 4. 

The Figure of Merit was also introduced, which represents efficiency, bandwidth and 

resonant frequency. For this chapter it was decided that the GA would find the most 

efficient structure once and optimize the Figure of Merit once. The cost function for 

the figure of merit is found by Equation 7.3. 

1functionCost  (7-3) 

 The only difference between the two GA routines was in the solver where the 

optimization block was the same.    

The GA optimizer block and solver code were written in MATLAB where the solver 

subroutine used NEC. The top 10 results of 40 tries were saved and plotted in Figure 

7.3. It takes the GA maximum of three population selections to get to the 

optimization.  

 
Figure 7.3: The efficiency cost function values for the top 10 members of populations plotted for 10 

runs.  
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It is evident that efficiency between the population members decreased as the 

population number increased. Additionally, the value of the cost function decreased 

which can be an indicator of guided optimization. The efficiency results have been 

summarized in Table 7.1 where the optimized result is compared with the best 

exhaustive results of Chapter 4. 

 

Antenna Efficiency (%) Resonant Frequency (MHz) 
Exhaustive Method  94 467 

Optimized  93.7 470 
 

Table 7.1: The optimized and exhaustive results from Table 4.1 are compared. 
 

Table 7.1 shows that the results were extremely close while the simulation time 

decreased to 1/50th of the exhaustive time.  The optimized structure has been plotted 

next to the structure from Chapter 4 where the similarity between them is quite 

obvious.  

     
                                               (a)                (b) 

Figure 7.4: (a) The exhaustive method antenna, (b) The optimized structure with the highest  
efficiency. 

 
As shown in Figure 7.4 (b) the high current areas are positioned close to each other 

and the current in these areas flows in the opposite direction. This is consistent with 

the observed theory introduced in Chapter 4.4.1. 

The GA efficiency optimization has been a great success. However, the same cannot 

be said for the GA Figure of Merit optimization. The top 10 cost functions of the 

populations selected by the GA are plotted in Figure 7.5.   
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 Figure 7.5: The Figure of Merit cost function values for the top 10 members of populations. 

 
 

Antenna Figure of Merit 
Exhaustive Method Structure 0.21 

Optimized Structure 0.19 
 

Table 7.2: The optimized and exhaustive results from Chapter 4 are compared 
 

Figure 7.5 shows the distribution of cost function between the populations was very 

high. In order to stop the GA, a bigger difference between mean and minimum values 

of cost function in one population (less than 10% difference) was chosen. There was a 

bigger difference between the optimized result. The exhaustive result can be seen in 

Table 7.2 and compared to efficiency. This result can be due to the fact that only 3.1 

per cent of Figure of Merit values (out of 1072) are higher than 0.2 so the GA is 

unable to find the absolute optimum.  

 

7.3  Ant Colony 

There are limits in using the GA for meander antenna design.  One such limitation is 

the exponential increase in the number of permutations as the number of grid points 

increases. This means the designer needs to find and code all these permutations in 

the GA, which is impractical for a large number of grid points. This shortcoming can 
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be overcome by using search strategies “based on biological paradigms” [3]. Much of 

the following sections were published in [87] and [90] and is reproduced verbatim 

here. The author acknowledges the assistance of Andrew Lewis, Marcus Randall and 

G. Weiss for their significant contribution to this section. 

One of the well-known search methods is Ant Colony Optimization (ACO).  It has 

been proven as suitable for application to meander finding problems [12]. In his PHD 

thesis, Dorigo proposed the original concept of using a model of foraging behaviour 

of Argentine ants for optimization [87]. The Ant Colony System (ACS) is a collection 

of meta-heuristic techniques, which is robust enough for path-finding optimizations. 

The ACO is mostly used to solve the Travelling Salesman Problem (TSP) where the 

ants are agents to the path-finding problem. There are many similarities between the 

TSP and the meander finding problem. The ACO solution to the TSP will be 

discussed to lay the ground work for the meander finding problem. 

7.3.1 The Travelling Salesman Problem and Ant Colony Optimization 
 

As mentioned before the path-finding solution is used to overcome the limitation of 

grid numbers in the GA. The aim is to grid an area with a different number of grid 

points and find the best performing antenna in that given area. The only restriction 

was to adhere to the general rules of the meander line antenna. This provides insight 

into meander line antenna performances. Since there are similarities between meander 

line problems and the TSP, the TSP was solved with ACO before the meander 

problem was solved. 

“ACS can best be described by its application to solving TSP as this is a well 

understood optimization problem of constructing meander line antennas. Consider a 

SP with N cities. Cities i and j are separated by distance d(i,j). To ensure some level of 
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solution diversity, m ants are placed randomly on these cities. M is usually a lot 

smaller than N; it is often arbitrarily set at 10 (across a range of applications). In 

discrete time steps, all ants select their next city and simultaneously move to it. Like 

natural ants, they deposit a substance known as pheromone to communicate with the 

colony about the utility (goodness) of the edges they traverse. The pheromone on edge 

(i,j) is denoted by τ(i,j).   

A combination of pheromone and problem specific heuristic information 

(conventionally denoted as a function of η) is the basis on which ants construct 

solutions. For each step of the ACS, Equations 7.4 and 7.5 are used to select the next 

city to visit. In the equations this is referred to as s, the current city as r, and the ant as 

k. The first branch of Equation 7.4 is a greedy selection technique that will choose the 

city with the best combination of short distances and large pheromone levels. If 

subsequent ants always choose previously followed paths, the degree to which they 

explore the problem space will be restricted and stagnation of the search process in 

local minima will be highly likely. To avoid this there is a probability q that Equation 

7.5 will be used to select the next city instead. This equation generates a weighted 

probability for all remaining cities. A roulette wheel selection function, R, is then used 

to choose s. These two equations are collectively called the pseudo-proportional rule  

S=   
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Note that η(r,u)=d(r,u) and q0 is a parameter bounded between 0 and 1. Values of q0 

close to 1 correspond to a greedy search, whereas values close to 0 represent a random 

search. Each ant maintains a memory of its pervious steps. In the case of both TSP 

and meander lines, ant k can only select available values from Jk(r) where r is the 

current city or grid point respectively. 

The parameter β governs the relative importance of the heuristic information η. In the 

case of the TPS, this value will be a negative one so that shorter edges are favoured. 

The use of the pheromone information biases the search toward selecting edges that 

are well traversed (i.e., have a high pheromone level). 

As in natural ant systems, the pattern of pheromone values is constantly evolving to 

reflect the collective intelligence and memory of the colony. However, unlike real 

ants these changes do not occur continuously. Instead, two separate update phases are 

used. They are referred to as local and global pheromone updating. For the former, the 

pheromone level on the selected edge is updated according to Equation 7.6. This is 

done after all ants have completed a single step. 

0.),().1(),(   srsr   (7-6) 

where: 

Ρ is the local pheromone decay parameter, 0<ρ<1 and τ0 is the initial amount of 

pheromone deposited on each of the edges. This value cannot be 0 (as the pheromone 

matrix could not change), but is usually set as a positive value close to 0. 

Global updating of pheromone takes place once all ants have constructed a solution. 

Edges that compose the best solution (so far) are rewarded with an increase in their 



 109 

pheromone level while the pheromone on the other edges evaporates (decreases). This 

is expressed in Equation 7.7. 

),(.),().1(),( srsrsr    (7-7) 
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where: 

Δτ(r,s) reinforces the pheromone on the edges of the best solution (see Equation 7-8), 

L is the length of the best (shortest) tour to date and γ is the global pheromone decay 

parameter, 0< γ< 1.” Reproduced from [87, 90] 

 

7.3.2 The Meander Line Problem and Ant Colony Optimization 

There are many similarities between the TSP and the meander line problem. However 

there are important differences between applying ACO to the TSP and meander line 

problem. Firstly, unlike the TSP, the meander line is not a closed circuit.  This means 

the meander line is not allowed to return to the starting point. Secondly, the meander 

line has movement restrictions (these were mentioned in Chapter 4). Finally, there are 

restrictions on the starting point; the meander line can start from grid points on the 

edge. Therefore, some additional conditions need to apply to the algorithm to ensure 

that the results are compatible with the meander restrictions.  

In order to apply these restrictions to the ACO, the ants must start from edge points 

where only four movements (north, east, south and west) are allowed to the next grid 

point. The ants are encouraged to take the next step in the following three ways: 
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 Pheromone: a component of the probabilistic equations is given a τ(c,d) 

where c is the current grid position and d is the direction. 

 Look-ahead function: in order to minimize ant entrapments, the free 

neighbour of the current point is found. The greater the freedom, the higher 

the probability of the ants selecting that direction. 

 Straight line segment function: in order to avoid the meander line folding up 

on itself and ants being trapped there without visiting all points, the ants were 

encouraged to  go straight ahead. 

Improving equations 7.3 and 7.4 to become proper for this problem simply means that 

the heuristic function η is replaced by f(c,d)β ×s(d,d'); where f(c,d) is the number of 

free neighbours of the point reached by traversing direction d from the current 

position c and s(d, d') is 2 if d= d' (d' is the previous direction), 1 otherwise.[87, 90] 

This is not the most efficient way of finding the first feasible solution. A large number 

of ants were getting trapped and terminated so it was decided to select a more 

efficient approach. The importance of a local search in the quality of the solution in 

ACO has been proved [91-93]. “Refinement of meander lines cannot use the standard 

local search operators that are typically applied to the benchmark problems such as 

the TSP. However, a well-known approach to generating new Hamiltonian walks 

from another Hamiltonian walk is the backbite operator [94, 95].  Figure 7.6 shows 

how the backbite operator works. 
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Figure 7.6: (a) All possible backbite moves. (b)-(c) All the resulting structures after the backbite 

operation. 

Figure 7.6 (a) is the starting structure with the starting point in the upper left corner 

and the end point in the centre. To construct a new Hamiltonian walk, we consider all 

neighbours at the end point. In this case there are three possible ways to insert a new 

connection. A notation convention for the inserted links was adopted, as shown in the 

figure. Adding a new connection will create a circuit, which means another 

connection has to be removed. Connection 1 shown in Figure 7.6 (a) has been added 

to Figure 7.6 (b). This connection is indicated by the dashed line and must be 

removed. The new end point is in the lower left corner, where it is possible to perform 

further operations (Connections 2 and 3, respectively, are inserted in Figures 7.6 (c) 

and (d)). 
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Figure 7.7: The n-ary tree of possible structures derived using the interactive backbite operation. 

 
If further backbite operations are performed, they can be described and arranged as an 

n-ary tree, where n has a maximum of 3, deriving from one particular origin structure. 

Figure 4 shows a portion of such a tree. The nodes in the tree can be labeled by 

extending the notation indicating the possible inserted links at each stage. For 

example, a notation of 1.2 means that in the first step possibility 1 is used and in the 

following step possibility 2 is used.” [87, 90] 

For the antenna design problem being considered both the antenna efficiency, η, and 

the resonant frequency, f0, were optimized. When using ACO to optimize a single 

design objective, it is simple to determine which ant has achieved the best solution; 

the ant whose solution is most suitable for the objective. However, when more than 

one objective is involved, it can be difficult to find the "best" solution, particularly if 

objectives conflict. In this antenna problem the resonant frequency and efficiency 
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conflict. Ideally, a method is required that delivers information on the trade-off 

between these two objectives.  

To determine whether one solution is more attractive than another, a domination 

relation may be used. For solution vectors 1x  and 2x , when the following conditions 

are met: 

- 1x is at least as good as 2x  for all objectives, and 

- 1x  is strictly better than 2x   for at least one objective 

then 1x  is said to "dominate"  2x  (denoted 1x  < 2x ).  Where 1x  and 2x  dominate 

other solution vectors, but not each other, they are deemed mutually optimal solutions 

and referred to as Pareto-optimal.  The set of Pareto-optimal solutions reflects the 

trade-off surfaces between the different objectives. This set of Pareto-optimal 

solutions is referred to as the Pareto-front. 

This approach to optimization of multiple objectives delivers not just a single solution 

but a set of (Pareto-optimal) solutions. Design engineers must still decide which 

particular solution is most appropriate for the requirements of a specific application  

In order to cover all frequency ranges the limitation of covering all points was lifted.  

This gave the ants the freedom of stopping whenever the frequency limits were 

satisfied. This means to achieve multi-objective optimization, meander lines with the 

same grid sizes are capable of having different physical lengths while the rest of the 

rules mentioned in Chapter 4 also need to be applied. 

7.3.3 Coding and Results 
 
The aim was to find the best performing meander line antenna in a given area. As 

mentioned in Chapter 4, the area was mapped with grid points and by connecting all 

points in the area a meander line could be produced. The only difference is that the 

number of grid points changed from 5 x 5 to 10 x 10 and the results were measured 



 114 

for every step. In multi-objective optimization not all points are necessarily covered 

which means the meander length varied in the same grid size. The other big difference 

between the results presented here and those in Chapter 4 relates to area and resonant 

frequency. The longer the meander line has lower resonant frequency the greater the 

likelihood of a 6 x 6 or 10 x 10 having a resonant frequency lower than the designated 

433 MHz.  Hence, it was decided to decrease the area to 25 x 25 mm2. Accordingly, 

the bridge gap between two half of dipole areas was decreased to 6 mm and the wire 

diameter was chosen to be 1 mm. The total length for each case is presented in Table 

7.3. 

Grid Size 
Point to Point Gap 

(mm) 
Total Meander Length 

(mm) 
Occupied Area 

(mm2) 
5 6.25 150 25X56 
6 5 175 25X56 
7 4.167 200 25X56 
8 3.571 225 25X56 
9 3.125 250 25X56 

10 2.778 275 25X56 
Table 7.3: Meander line specification for different grid sizes. 

The number of structures increases exponentially with the number of grid points.  For 

example, for 10 x 10 the solution space is expected to be 1013 therefore a wide 

frequency band was covered. In order to decrease the simulation time, 10 MHz was 

selected for frequency steps. This means the frequency resolution was 10 MHz.  

Figure 7.8 shows the η-f0 Pareto front for different grid sizes in a 25 x 25 mm2 area.  

(a)                                                                 (b) 
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(c)                                                              (d) 

  
(e)                                                             (f) 

Figure 7.8: η-f0 Pareto front for different grid sizes in a 25 x 25 mm2 area (a) 5 x 5, (b) 6 x 6, (c) 7 x 7, 

(d) 8 x 8, (e) 9 x 9 and (f) 10 x 10. 

As shown in Figure 7.8 η-f0 Pareto front is the same regardless of grid size. The only 

difference is that the  lower resonant frequency could be targeted for the larger grid 

size. This means the efficiency of the antenna would not improve with a change in 

grid size. This conclusion can be seen in Table 7.4 where the highest efficiency for 

433 MHz has been summarized. 

Grid Size Resonant Frequency (MHz) Max Efficiency (%) 
5 570 92.8 
6 510 89.5 
7 460 85.7 
8 430 82.8 
9 430 83.5 
10 430 83.6 

Table 7.4: The list of solutions that possess the lowest resonant frequency along each Pareto front. 

 The level of efficiency is higher for 5 x 5, 6 x 6 and 7 x 7.  This could be due to the 

higher frequency.   
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As mentioned in Chapter 4, there is a direct relationship between efficiency and 

resonant frequency for each family. Since there is no structure with those grid sizes 

capable of resonating at 430 MHz, Table 7.5 shows the efficiency of all grid points at 

570 MHz. 

Grid Size Resonant Frequency (MHz) Max Efficiency (%) 
5 570 92.8 
6 570 92.7 
7 570 93.2 
8 570 93.1 
9 570 93 

10 570 93.1 
Table 7.5: The η-f0 Pareto front for different grid sizes is summarized at the same frequency. 

This result is significant.   If there is a size restriction for an antenna the grid size has 

no effect on efficiency, as long as one can find the most efficient resonating structure 

in that area. 

 

7.4  Summary 
 

It was concluded from Chapters 4 and 5 that by increasing the number of grid points 

the exhaustive method cannot find the optimum answer so an optimization method 

needs to be employed. There are many optimization routines such as Ant Colony, 

Sequential Uniform Sampling, Monte Carlo Analysis, Simplex Method, Gradient 

Method, Genetic Algorithm and Artificial Simulated Annealing. Based on the 

problem requirements the GA and Ant Colony were chosen for more investigation. 

The GA is one of the most popular and well-known optimization methods used in 

electromagnetics. The idea with the GA is to use this power of evolution to solve 

optimization problems. Different steps of GA optimization on this problem have been 

introduced and a GA routine was applied to 2D meander problems mentioned in 

Chapter 4. The most efficient structure and that with the highest Figure of Merit were 
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found. It was shown that the results were close to the absolute optimums found by the 

exhaustive method. However, the GA has a significant limitation, which requires 

finding all different permutations before it can solve the problem. For example, for 

the case of 10 x 10, 1013 permutations had to be found before applying the GA. This 

shortcoming was overcome by introducing the Ant Colony optimization routine for 

path finding. 

Ant Colony Optimization was introduced and applied to 2D meander structures. The 

results were significant. In the first step the most efficient structure was found in a 

given area then the resonant frequency was added to the optimization routine. The 

result of this multi-objective optimization was significant. It was concluded that the 

efficiency of the wire antenna is capped for a resonant frequency in a given area. This 

is independent of grid size if every other factor (such as wire diameter etc.) is kept 

constant. 
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CHAPTER 8 
 

CONCLUSION 
 
 
 
 
8.1  Thesis Conclusion 

This research has investigated RFID antenna technology.  It has introduced a novel 

design method for wire antennas to improve the shortcomings of this technology.   

The research began with a review of Maxwell’s equations, which are considered to be 

the backbone of modern electromagnetic theory. These equations were used as the 

basis for a comprehensive investigation into methods of efficiency measurement. A 

Method of Moments technique, based on the summation of segment currents, 

compared favourably with two different results obtained using the finite element 

method (radiation pattern integration and Wheeler cap). The efficiency of a resonant 

dipole was found to be proportional to the inverse square root of the conductivity. For 

a typical RFID meander line antenna in free space the relationship is more severe . 

HFSS simulation software was used to model the Wheeler cap technique in addition 

to efficiencies calculated by pattern integration, the default method in HFSS [8]. The 

loss method developed in this study was based on a calculation of the loss in each 

segment of the antenna with the aid of the current distribution calculated using NEC 
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software [9].  The revision of electromagnetic theories  was concluded in Chapter 2 

by revision of the physical limitations (Chu-Wheeler-Harington limit) to the 

performance of small antennas.  

The shortcomings of RFID technology can be classified into two main categories: 

high cost and performance issues. More recently, social and privacy issues have been 

raised for the expansion of RFID technology but such issues were outside the 

boundaries of this research. This study focused on performance and reliability issues 

only. 

The meander line wire antenna is one of the most exciting types of antenna currently 

being investigated. The aim of this research was to investigate different meander line 

structures in order to find some general design rules for designing small wire 

antennas. Since many factors affect the performance of wire antennas (such as wire 

radius and conductivity) it was decided to keep some of these factors constant and 

concentrate on the structural effects on performance.  

A novel method of design was introduced, based on mapping a given area by grid 

points and finding the best performing structure. The 2D and 3D structures were 

studied and their performances were compared to each other and with the Chu-

Wheeler-Harington limits. A Figure of Merit was introduced to enable these 

comparisons.  

The main conclusion was that in the high efficient structures the current on the 

segments close to the feed point (high current segments) has to flow in opposite 

directions. This increases radiation resistance and consequently reduces the current, 

which lowers the loss and increases efficiency.  

Based on theories and general design rules concluded from this research, a novel 

method of tapering the wire radius of antennas was introduced. It was shown that the 
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loss in the structure decreased as the radius of the wire increased. As a result, 

efficiency and gain improved. However, the meander line antenna showed an increase 

in resonant frequency as the radius of the wire increased.  These results were 

explained in terms of increasing the capacitance effect between the meander elements. 

Based on these results a new tapering method was introduced. Two methods were 

investigated: the first reduced the amount of material needed to construct the antenna, 

and the second enhanced the antenna’s performance without using any additional 

materials. These two methods were used to design RFID antennas that were more 

efficient and/or reduced manufacturing costs for a tag with a fixed area.  

A small number of grid points were used to map the given area for finding the best 

performing 2D and 3D meander lines. This was because exhaustive searches were 

used to find the absolute optimum, which would be extremely time-consuming for a 

large number of grid points. An optimization regime was needed to perform the 

search. The Generic Algorithm (GA) method was used to find the best performing 2D 

antenna. This method is the most efficient and accurate, and the results are close to 

absolute optimums found by the exhaustive method. However, the GA has a 

significant shortcoming in that all different permutations must be found before it can 

solve the problem. To overcome this, a path finding optimization method (Ant Colony 

Optimization) (ACO) was introduced. The ACO method was applied to 2D meander 

structures. Results were more accurate and could be calculated more efficiently. The 

resonant frequency was then added to the optimization routine. The result of this 

multi-objective optimization was a pereto front that capped the efficiency in a given 

area. 
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8.2  Contribution 

This research has contributed to antenna design and development in a number of 

ways, as outlined below.    

 
 A more accurate method of calculating efficiency was found. The loss method 

based on NEC calculated currents is computationally efficient and more 

accurate in some cases compared to the HFSS methods. The technique results 

in a smoother plot of efficiency versus conductivity indicating improved 

accuracy. It was also concluded that antenna efficiency was linearly 

proportional to the square root of the resistivity for a straight line dipole 

antenna. However, the decrease in efficiency for the meander line is far more 

significant. 

 A  new method of designing 2D meander antennas was found and, based on 

the best performing structures in a given area, a new set of design rules was 

formulated. It was found that by bringing the high current segment closer 

together (and in the way their currents flow in opposite directions), the real 

part of input impedance increased and so resonant frequency also increased 

and the level of efficiency improved. 

 3D meander line antennas were introduced for the first time and a new 

generation of RFID antennas was suggested.  These antennas are capable of 

working near a conductive plane. 

 The two significant shortcomings of RFID tags - expense and performance – 

were addressed. These two problems were minimised by introducing a novel 

method of tapering the wire radius of antennas.  Increasing the radius of the 
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wire reduced structural loss and improved both efficiency and gain. Tapering 

also aimed to reduce the environmental impact of the RFID tags.  

 A path finding optimization method (ACO) was used to find the best 

performing 2D meander antennas in a given space. ACO was found to be a 

very accurate and efficient method of antenna design.   

 

8.3  Further Work 

 This research has contributed to the field of electromagnetics and provides a 

foundation for future research in antenna design. Other issues were outside the 

boundaries of this research but are considered important for future 

investigation.  These include: Increasing the number of large 3D grid points in 

the optimization regime.   The large 3D grid points were omitted from the 

optimization regime in this research. It is believed  that the ACO can improve 

the performance of 3D antennas (efficiency and resonant frequency) if the 

number of grid points is increased. 

 Finding the best Figure of Merit in 2D and 3D antennas using ACO. By doing 

so, structures closer to the Chu-Wheeler-Harington limits can be found. 

 Applying the tapering method to 3D antennas to find a more efficient antenna. 

However, this can cause more difficulties with the construction of 3D antennas 

and render them impractical for industry application.    

 Exploring the environmental effects on RFID meander antennas in more 

detail. The environmental effects on the performance of RFID antennas were 

only addressed once in this research in relation to 3D antennas. Additional 

research could be undertaken on shielding RFID antennas from environmental 

effects.  
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Appendix A: 
 
MATLAB Code: 
 

I. Meander: this code with the help of neighbours create all possible 2D meander 
antennas for 5x5 grid points. 

 
% ------------   2D Meander finder    ------------- 
% Script:       Meander.m 
% Authors:      Amir A.M.Galehdar    2145033 
% Version: 5 , 14-May-2008  
 
 
% create meanders on n by n grid 
clear all 
n = 5; 
z = zeros(1,n^2); 
u = ones(1,n^2); 
nlist = neighbours(n); 
 
% initialize current list - each row will build up a paty 
starting with [1, 
% 2] 
curr_list = z; curr_list(1:2) = 1:2; 
curr_length = 2; 
 
% now increase curr_length 
while curr_length < n^2 
    next_list = []; 
     
    [p,q] = size(curr_list); 
     
    % work through current paths 
    for g = 1:p 
          curr_path = curr_list(g,:); 
          temp = curr_path; 
           
          % find endpoint of this path and points not 
visited 
          endpt = curr_path(curr_length); 
          nn = nlist(endpt, :); 
          index = find(curr_path == 0); 
           
          % which points are available 
          available = u; 
          available(curr_path(1:curr_length)) = 0; 
          temp = available.*nn; 
          index = find(temp>0); 
           
          %fprintf('Path, neighbours and available are  
\n');   
          %disp([curr_path; nn; available]); 
           
          % work through points listed in temp - they are 
next steps 
          for h = 1:length(index) 
              temp = curr_path; 
              temp(curr_length+1) = index(h); 
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              next_list = [ next_list; temp]; 
          end; 
    end; 
       
    % now update curr_list and curr_length 
    curr_list = next_list; 
    curr_length = curr_length+1; 
     
    % report 
      fprintf('\n Current length is %g \n', curr_length); 
      disp(curr_list); 
end 
 
return 
       
       
 

 
 

II. Neighbors: this is function for Meander code defining the boundaries for grid 
map. 

% ------------   2D Meander finder    ------------- 
% Script:       neighbours.m 
% Authors:      Amir A.M.Galehdar    2145033 
% Version: 5 , 14-May-2008  
 
 
 
function res = neighbours(n) 
% function res = neighbours(n) 
%  The points in an n by n square are labelled 1,2, ...n^2 - 
across rows 
%  first 
% input 
%     n = size of square 
%  output 
%  res = n^2 x n^2 matrix giving boolean values for 
neighbours 
%     - if p and q are neighbours res(p,q) = res*q,p) = 1 
 
%  label rows as 0,1, ..n-1 and columns in same way 
%  point = n*r + c + 1 
 
    u = 1:n;  [coln, row] = meshgrid(u,u);  
    row = row-1; 
   
    % neighbouring points above 
     row1 = row-1; row1(1,:) = Inf; 
     coln1 = coln; p_above = n*(row1) + coln1; 
     p_above = p_above';  p_above = p_above(:); 
        
    % neighbouring points below 
      row1 = row+1; row1(n,:) = Inf; 
      coln1 = coln; p_below = n*(row1) + coln1; 
      p_below = p_below';  p_below = p_below(:); 
        
   % neighbouring points to the left 
     row1 = row; coln1 = coln-1; coln1(:,1) = Inf; 
     p_left = n*(row1) + coln1; 
     p_left = p_left';  p_left = p_left(:); 
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   % neighbouring points to the right 
     row1 = row; coln1 = coln+1; coln1(:,n) = Inf; 
     p_right = n*(row1) + coln1; 
     p_right = p_right';  p_right = p_right(:); 
    
   % print p_left, p-right etc 
   fprintf('left, right. above, below \n'); 
   disp([p_left p_right p_above p_below]); 
    
   % combine these columns into matrix res - first intialize 
res 
   res = zeros(n^2, n^2); 
    
   for p = 1:n^2 
        
       if isfinite(p_left(p)) 
           res(p, p_left(p))  = 1; 
       end 
        
       if isfinite(p_right(p)) 
           res(p, p_right(p)) = 1; 
       end 
    
           if isfinite(p_above(p)) 
           res(p, p_above(p)) = 1; 
       end 
    
           if isfinite(p_below(p)) 
           res(p, p_below(p)) = 1; 
       end 
    
   end 
      
  return 

 
 
 
III. Meander2D: for every permutation produced by Meander code this code gives 

you Efficiency, resonant frequency and input impedance of the structure. This 

code requires NEC simulator engine. 

% ------------   2D Meander Solver  ------------- 
% Script:       Meander2D.m 
% Authors:      Amir A.M.Galehdar    2145033 
% Version: 5 , 14-May-2008  
 
 
function Results=Meander2D(B) 
 
fre=[.3:.001:.5]; 
 
%B=[25 20 15 14 13 18 19 24 23 22 21 16 11 6 1 2 3 4 5 10 9 
8 7 12 17]; 
 
if (B(1)==5)|(B(1)==10)|(B(1)==15)|(B(1)==20)|(B(1)==25) 
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    C(1:25)=[25 20 15 10 5 24 19 14 9 4 23 18 13 8 3 22 17 
12 7 2 21 16 11 6 1]; 
end 
if (B(1)==6)|(B(1)==11)|(B(1)==16)|(B(1)==21) 
    C(1:25)=[21 16 11 6 1 22 17 12 7 2 23 18 13 8 3 24 19 14 
9 4 25 20 15 10 5]; 
end 
if (B(1)==21)|(B(1)==22)|(B(1)==23)|(B(1)==24)|(B(1)==25) 
    C(1:25)=[25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 
9 8 7 6 5 4 3 2 1]; 
end 
if (B(1)==1)|(B(1)==2)|(B(1)==3)|(B(1)==4) 
    C(1:25)=[1:25]; 
end 
A=[0 0 0 0 0 1 1 1 1 1 2 2 2 2 2 3 3 3 3 3 4 4 4 4 4;0 1 2 3 
4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4]; 
Ts=1; 
m=1; 
g=1; 
 
for i=1:length(B) 
    a=B(i); 
    [d]=find(C(:)==a); 
    x1=A(1,d); 
    y1=A(2,d); 
   out(1,m)=x1; 
   out(2,m)=y1; 
   m=m+1; 
end 
% figure(1) 
% plot(out(1,:),out(2,:),'LineWidth',3) 
% grid on 
% axis square 
 
 
for i=0:length(out)-1 
    Meander(1,g)=(out(1,length(out)-i)); 
    Meander(2,g)=(out(2,length(out)-i)); 
    g=g+1; 
end 
 
for i=1:length(out) 
    Meander(1,g)=(-out(1,i)-1); 
    Meander(2,g)=(out(2,i)); 
 g=g+1; 
end 
% figure(2) 
% plot(Meander(1,:),Meander(2,:),'LineWidth',3) 
% grid on 
 
G=[1:g-2]; 
for i=1:length(G) 
    if i==(g-1)/2 
        seg(i)=3; 
    else 
        seg(i)=2; 
    end 
end 
for i=1:length(G) 
    Meand1(1,i)=G(i);% number of element in structure (fist, 
second, ...) 
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    Meand1(2,i)=seg(i);% number of segments that the element 
divided to 
    Meand1(3,i)=Meander(1,i);% x cordinate of the start of 
element 
    Meand1(4,i)=Meander(2,i);% y cordinate of the start of 
element 
    Meand1(5,i)=0; 
    Meand1(6,i)=Meander(1,i+1);% x cordinate of the end of 
element 
    Meand1(7,i)=Meander(2,i+1);% y cordinate of the end of 
element 
    Meand1(8,i)=0; 
    Meand1(9,i)=0.05;% elements radius 
end 
for i=1:length(G) 
    Meand2(1,i)=5; 
    Meand2(2,i)=G(i); 
    Meand2(3,i)=1; 
    Meand2(4,i)=seg(i); 
    Meand2(5,i)=5.8E7; 
end 
 
     
fid = fopen('D:\2D\exp.txt','w'); 
fprintf(fid,'CM\n'); 
fprintf(fid,'CE\n'); 
fprintf(fid,'GW %d %d %d %d %d %d %d %d %d\n',Meand1); 
fprintf(fid,'GS 0 0 .01\n'); 
fprintf(fid,'GE 0\n'); 
fprintf(fid,'EX 0 25 2 0 1 0\n'); 
fprintf(fid,'LD %d %d %d %d %d\n',Meand2); 
fprintf(fid,'FR 0 %d 0 0 %d 
%d\n',length(fre),1000*fre(1),1000*abs(fre(1)-fre(2))); 
fprintf(fid,'RP 0 1 360 1000 89 0 1 1\n'); 
fprintf(fid,'FR 0 %d 0 0 %d 
%d\n',length(fre),1000*fre(1),1000*abs(fre(1)-fre(2))); 
fprintf(fid,'RP 0 181 1 1000 -90 0 1 1\n'); 
fprintf(fid,'EN'); 
fclose(fid); 
! D:\nec32.EXE D:\2D\exp.txt D:\2D\exp.out D:\2D\exp.tin 
 
b=0; 
 
fid=fopen('D:\2D\exp.nou'); 
str=('ANTENNA INPUT PARAMETERS'); 
neg=(' '); 
len_str=length(str); 
count=0; 
got1=[]; 
got2=[]; 
numfr=length(fre);% chaged by the number of Frequency 
flag=1; 
while 1 
    tline = fgetl(fid); 
     
    if b==numfr, break, end 
    if flag==2, break, end 
      if ~ischar(tline), break, end 
        count=count+1; 
%===========================================================
============== 
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count3=[]; 
for(t=1:length(tline)-length(str)+1) 
count4=0; 
for(count2=1:length(str)) 
    if(str(count2)==tline(t+count2-1)) 
        count4=count4+1; 
    end 
end 
%===========================================================
==============         
count3=[count3 count4]; 
if(count4==len_str) 
    b=b+1; 
    tline1=fgetl(fid); 
    tline1=fgetl(fid); 
    tline1=fgetl(fid); 
    ant_in(b,:)=fgetl(fid); 
    Real(b,:)=ant_in(b,62:72); 
    if ant_in(b,73)==neg 
        flag=flag+1; 
        if flag==2; 
            RESO=fre(b); 
            fre=b; 
            for i=1:118 
                tline1=fgetl(fid); 
            end 
            tline1=fgetl(fid); 
            ef=tline1(61:65); 
        end 
    end 
     
end 
end 
 
end 
fclose(fid); 
Efficiency=sscanf(ef,'%f'); 
REA=sscanf(Real(fre,:),'%f'); 
Results=[RESO,Efficiency,REA]; 

 
IV. Meander3D: This code solves the 3D meander antennas and returns the 

effieicny, input impedance and resonant frequency. This code requires NEC 

simulator engine. The 3D permutation can be produced by Meander code but 

some modifications are required. 

 

% ------------   3D Meander Solver  ------------- 
% Script:       Meander3D.m 
% Authors:      Amir A.M.Galehdar    2145033 
% Version: 5 , 14-May-2008  
 
 
function Results=Meander3D(B,F,EF,FEED) 
f=F-8; 
fre=[f:1:f+16]; 
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A=[0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2;0 0 
0 1 1 1 2 2 2 0 0 0 1 1 1 2 2 2 0 0 0 1 1 1 2 2 2;0 0 0 0 0 
0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2]; 
Ts=1; 
m=1; 
g=1; 
for i=1:length(B) 
    a=B(i); 
    x1=A(1,a); 
    y1=A(2,a); 
    z1=A(3,a); 
   out(1,m)=x1; 
   out(2,m)=y1; 
   out(3,m)=z1; 
   m=m+1; 
end 
% figure(1) 
% plot3(out(1,:),out(2,:),out(3,:),'LineWidth',3) 
% grid on 
% axis square 
for i=0:length(out)-1 
    Meander(1,g)=(out(1,length(out)-i)); 
    Meander(2,g)=(out(2,length(out)-i)); 
    Meander(3,g)=(out(3,length(out)-i))+1; 
    g=g+1; 
end 
 
for i=1:length(out) 
    Meander(1,g)=(out(1,i)); 
    Meander(2,g)=(out(2,i)); 
    Meander(3,g)=(-out(3,i)); 
 g=g+1; 
end 
% figure(2) 
% 
plot3(Meander(1,:),Meander(2,:),Meander(3,:),'LineWidth',3) 
% grid on 
 
 
G=[1:g-2]; 
for i=1:length(G) 
    if i==(g-1)/2 
        seg(i)=3; 
    else 
        seg(i)=2; 
    end 
end 
for i=1:length(G) 
    Meand1(1,i)=G(i); 
    Meand1(2,i)=seg(i); 
    Meand1(3,i)=Meander(1,i); 
    Meand1(4,i)=Meander(2,i); 
    Meand1(5,i)=Meander(3,i); 
    Meand1(6,i)=Meander(1,i+1); 
    Meand1(7,i)=Meander(2,i+1); 
    Meand1(8,i)=Meander(3,i+1); 
    Meand1(9,i)=0.05; 
end 
for i=1:length(G) 
    Meand2(1,i)=5; 
    Meand2(2,i)=G(i); 
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    Meand2(3,i)=1; 
    Meand2(4,i)=seg(i); 
    Meand2(5,i)=5.8E7; 
end 
 
 
fid = fopen('D:\exp.txt','w'); 
fprintf(fid,'CM\n'); 
fprintf(fid,'CE\n'); 
fprintf(fid,'GW %d %d %d %d %d %d %d %d %d\n',Meand1); 
fprintf(fid,'GS 0 0 .01\n'); 
fprintf(fid,'GE 0\n'); 
fprintf(fid,'EX 0 27 2 0 1 0\n'); 
fprintf(fid,'LD %d %d %d %d %d\n',Meand2); 
fprintf(fid,'FR 0 %d 0 0 %d 1\n',length(fre),f); 
fprintf(fid,'RP 0 1 360 1000 89 0 1 1\n'); 
fprintf(fid,'FR 0 %d 0 0 %d 1\n',length(fre),f); 
fprintf(fid,'RP 0 181 1 1000 -90 0 1 1\n'); 
fprintf(fid,'EN'); 
fclose(fid); 
 
 
! D:\nec32.EXE D:\exp.txt D:\exp.nou D:\expout.tin 
freq=0; 
b=0; 
fid=fopen('D:\exp.nou'); 
str=('ANTENNA INPUT PARAMETERS'); 
neg=(' '); 
len_str=length(str); 
count=0; 
got1=[]; 
got2=[]; 
numfr=length(fre);% chaged by the number of Frequency 
flag=1; 
while 1 
    tline = fgetl(fid); 
     
    if b==numfr, break, end 
    %if flag==2, break, end 
      if ~ischar(tline), break, end 
        count=count+1; 
%===========================================================
============== 
count3=[]; 
for(t=1:length(tline)-length(str)+1) 
count4=0; 
for(count2=1:length(str)) 
    if(str(count2)==tline(t+count2-1)) 
        count4=count4+1; 
    end 
end 
%===========================================================
==============         
count3=[count3 count4]; 
if(count4==len_str) 
    b=b+1; 
    tline1=fgetl(fid); 
    tline1=fgetl(fid); 
    tline1=fgetl(fid); 
    ant_in(b,:)=fgetl(fid); 
    Real(b,:)=ant_in(b,62:72); 
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    Imag(b,:)=ant_in(b,73:84); 
    if ant_in(b,73)==neg 
        flag=flag+1; 
        if flag==2; 
            RESO=fre(b); 
            freq=b; 
        end 
    end 
     
end 
end 
 
end 
if freq==0 
    Results=[0,0,0,0,0]; 
else 
REA=sscanf(Real(freq,:),'%f'); 
j=sqrt(-1); 
for i=1:length(fre) 
    
Impedance(i)=sscanf(Real(i,:),'%f')+j*sscanf(Imag(i,:),'%f')
; 
end 
 
co=1; 
for i=1:length(fre) 
    S11(i)=20*log10(abs((REA-
Impedance(i))/((REA+Impedance(i))))); 
    if abs(S11(i))>=3 
        count(co)=i; 
        co=co+1; 
    end 
end 
 
 
Bw=abs(fre(count(1))-fre(count(co-1)))+1; 
Bwper=Bw/RESO; 
if FEED==1 
    a=3.7749/100; 
else 
    a=2.8723/100; 
end 
 
k=2*pi*RESO/300; 
 
Efficiency=EF; 
Q=1/(k*a)+1/(k*a)^3; 
Efficiency/100*Bwper; 
sig=(Efficiency/100*Bwper)/(2/Q); 
EFFICIERNCY=Efficiency; 
FIGUR_OF_MERIT=sig; 
K=k; 
RAD=a; 
QUE=Q; 
BAND_WIDTH=Bw; 
RAD=k*a; 
Results=[k,sig,Q,Bw,RAD,S11]; 
 
end 


