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Summary 

Cylindrical helix and planar spiral antennas produce circularly polarised (CP) radiation 

over a wide bandwidth. Unfortunately this circular polarisation is not maintained in off- 

axis directions. This research investigates the Spherical Helical Antenna (SHA) which 

is essentially a helix which has been tapered to give it a spherical envelope. The SHA is 

shown to produce good quality CP over both a wide bandwidth and a wide beamwidth. 

Custom FORTRAN code has been written which implements the Method of Moments 

(MoM) technique in order to model the antenna. Curved segments are used and these 

are shown to substantially reduce the number of segments required to accurately 

represent the current distribution and shape of the antenna. The code is carefully 

validated against both published results and control software. 

Modifications are proposed to the SHA including a novel scheme to define the spacing 

between turns, the consideration of non-integer number of turns, truncation, and a novel 

balanced feed configuration. Each of these modifications is shown to improve the 

performance of the antenna, particularly its polarisation properties. 

A multi-objective non-dominated genetic algorithm (GA) is applied to optimise the 

perfonnance of the antenna in terms of its axial ratio (AR) in the boresight direction and 

its half-power and AR beamwidths. 

With the aid of a purpose-milled mould which allowed wires to be shaped to exact 

curvatures, a prototype twin-arm SHA has been constructed. Radiation patterns and 

axial ratio measurements for this antenna are presented. 
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I Chapter I Introduction I 

1 Introduction 

1.1 Purpose of research 

V] The cylindrical helix antenna, first proposed by Kraus , and the planar spiral 

antenna [241 are both well known for producing circularly polarised (CP) radiation over 

a wide bandwidth. Such properties are useful for a range of applications, particularly 

satellite and other Earth-space communications where radio signals undergo Faraday 

rotation as they pass through the ionosphere. One of the limitations to both of these 

types of antenna, however, is their inability to produce good CP off-axis 151 which 

results in relatively low usable bewnwidths. 

This research seeks to provide a solution to this problem by finding an antenna which 

radiates good quality CP over both a wide bandwidth and a wide bearnwidth. The 

antenna presented in this thesis, as a solution to this problem, is the Spherical Helical 

Antenna. This is essentially a helix which has been tapered to give it a spherical 

envelope. The Spherical Helical Antenna (SHA), first proposed by Cardoso and Safaai- 

Jazi [61 
, has received only limited coverage in publications [7-151 so has not been fully 

researched. It is the purpose of this thesis to expand on this work. In particular this 

research will investigate various modifications to the SHA including a novel scheme to 

define the sPacing between turns, the consideration of a non-integer number of turns, 

truncation, and a novel balanced feed configuration. In addition, a search algorithm will 

be applied to optimise the antenna for minimum axial ratio (AR) on boresight, and 

maximum AR beamwidth. 
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I Chapter 1 Introduction 

1.2 Review of relevant research 

It is important to consider research that has been published on helical and spiral 

antennas, and in particular the modifications made to these in the pursuit of improved 

performance. Indeed it is also important to look at the limited number of papers on the 

SHA. In Chapter 4a genetic algorithm will be used to optimise the performance of the 

antenna. It is necessary therefore to consider optimisation techniques. A review of 

papers relevant to these areas follows. 

1.2.1 The cylindrical helix antenna 

The cylindrical helix, first proposed by Kraus 111, is a broadband antenna capable of 

providing a high gain and producing circular polarisation. It has two principle modes of 

operation - normal mode and axial mode. In normal mode, the radiation pattern is at a 

maximum in the plane which is normal to the axis of the helix. This mode occurs when 

the dimensions of the helix are small compared with the wavelength. In axial mode, the 

maximum radiation intensity is along the axis of the helix. CP is obtained in the axial 

mode when the circumference of the helix is close to a wavelength and the spacing 

between turns is around V4. 

The current distribution on the helix is defined by three regions: near the feed end the 

current magnitude decays, in the middle region the current takes the form of a travelling 

wave, and towards the open end of the helix a standing wave pattern is formed. For 

first-order approximations, the current can be considered to follow a travelling wave 

pattern over the entire of the helix. Furthermore Krauss found Ell that the phase velocity 

on the helix varies according to the frequency of the wave in such a way that the 
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Chapter I Introduction 

increased-directivity condition is satisfied over a wide bandwidth. This condition 

requires that successive turns of the helix have a current distribution which is phase 

retarded by the same amount as the electrical separation between the turns. Thus the 

directivity in the axial direction is maximised. 

1.2.2 Modifications to the helix antenna 

Several authors have proposed modifications to the standard cylindrical helix in order to 

improve its performance. Wong and King [161 proposed a quasi-taper helix; a helix 

formed by connecting together a number of uniform cylindrical helices of different 

diameters. Through experimental results they showed that by using this approach it is 

not only possible to increase the bandwidth of the antenna but also to synthesize an 

antenna to attain a specified gain-frequency response. To demonstrate the increase in 

performance they compared the quasi-taper helix to both a uniform helix and a 

continuously tapered helix and obtained a 25% improvement in bandwidth. In addition 

to the bandwidth improvements they also showed that tapering the helix can improve its 

axial ratio. 

Donn 1171 investigated connecting a fully tapered conical section to the open end of the 

cylindrical helix in the search for better on- and off-boresight axial ratio performance. 

Significant improvements were shown through experimental results. 

Kraft and M6nich 1181 used MoM to investigate how tapering the ends of a cylindrical 

helix affected the axial ratio of the radiated wave. They pointed out that the polarisation 

due to the helix is significantly dependent on both 0 and 0, therefore the consideration 
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I Chapter I Introduction 

of axial ratio in only certain elevation planes is insufficient. As a consequence they 

considered the polarisation properties of the antenna over the entire radiation 

hemisphere and utilised a novel contour diagram to show this information 

diagrammatically. 

1.2.3 The spiral antenna 

Spiral antennas are well known for their wide bandwidth and CP properties, and have 

frequently been modelled using the Method of Moments E19"211. It is usual to 

approximate the curved arms as a series of linear segments in order to simplify the 

analysis. It has been shown however [221 that many more segments are needed to 

approximate the curvature, than are required to approximate the current distribution. 

This has led some authors including Champagne [221 and Khamas and Cook [23,24] to 

develop curved segment analyses which they have shown to be significantly faster and 

less memory intensive. 

Recently Saghi, Khamas, and Cook 1251 have expanded their curved segment analysis to 

model a twin-arm Archimedean spiral conformal to the surface of a cylinder. They 

found that this antenna gave a wider beamwidth compared to a planar spiral. 

1.2.4 The Spherical Helical Antenna (SHA) 

Taking the idea of tapering the cylindrical helix one step further leads to the concept of 

a Spherical Helical Antenna (SHA). As the name suggests, this is a helical antenna with 

a spherical envelope instead of the usual cylinder. The SHA was first proposed by 

Cardoso and Safaai-Jazi 161 in 1993 although some earlier work by Mei and Meyer [261 in 
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1964 touched on a similar idea. Mei and Meyer published analytical solutions for the 

radiation patterns due to a spherical antenna with an anisotropic surface. The surface 

described conducts only in a spherically-spiral direction, so can be likened to a spherical 

helix with an infinite number of turns. Riblet [271 also proposed an antenna similar to the 

SHA. He showed a spherical antenna with an equiangular spiral slot which had been 

plotted onto a plane then projected onto the surface of the sphere. 

Cardoso and Safaai-Jazi [61 suggested that unlike the cylindrical helix which provides 

circular polarisation (CP) only in the direction near to its axis, the SHA should produce 

good CP over a much wider beamwidth. This would be of huge benefit in many 

situations requiring CP where the receiving or transmitting antennas were not at fixed 

locations. Satellite communications is one such application where a fixed earth-based 

antenna may need to receive signals from satellites anywhere in the sky. A circularly 

polarised receiving antenna is beneficial in this case as it allows the reception of signals 

which have undergone Faraday rotation from passing through the ionosphere. 

In their first paper Cardoso and Safaai-Jazi 161 used the wire antenna code ESP 

(Electromagnetic Surface Patch code) which is based on the Method of Moments, to 

model a coaxially-fed I O-turn SHA above a ground plane. Their results showed that 

reasonable CP was obtained over a 90' beamwidth -a significant improvement over the 

cylindrical helix. The limitation to this was that this CP over a wide beamwidth was 

maintained over a relatively narrow bandwidth (about 1.5 %. ) 

In a second paper Safaai-Jazi and Cardoso [71 considered the effect of altering the 

number of turns on the spherical helical antenna. They tested antennas with between 3 
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-1 

and 10 turns and showed that the number of turns is unimportant with regard to the 

radiation pattern and directivity. They stated that typical 3dB and I OdB bearnwidths are 

60' and 110' respectively, but that the polarisation over the beam varied greatly and 

was affected by frequency. In general the polarisation is elliptical, but under certain 

conditions, CP can be obtained over a wide bearnwidth. 

Hui et al. 181 also investigated the SHA using ESP, paying particular attention to its input 

impedance characteristics and gain, and how these vary with the number of turns. They 

noted that the size of an SHA is detennined purely by its radius, and is independent of 

the number of turns. Conversely, for a cylindrical helix with a fixed separation between 

turns, increasing the number of turns increases its axial length. As a result the effect of 

adding turns is very different, and in fact detrimental to the performance of the SHA. 

They showed that both the gain and input impedance vary more rapidly the more turns 

there are, which results in lower bandwidths of operation being possible. 

Hui ct al. then proposed a hemispherical helical antenna 19"01. The antenna was 

positioned above a ground plane and fed from its edge via a coaxial cable. Their 

motivation for effectively removing the lower half of a full SHA was mechanical 

stability. Through both theoretical and experimental results, and the consideration of 3-, 

4-, and 5-turn geometries, they showed that the hemispherical antenna has similar 

radiation performance to that of a full spherical helical antenna. They obtained a MB 

axial ratio bandwidth of 14.6% from a 5-turn antenna, and a MB axial ratio bearnwidth 

of 90' from a 3-turn antenna, although data was only given for a single elevation plane. 

It has been shown previously [181 that the polarisation of radiation from a cylindrical 

helix can vary dramatically with both 0 and 0. This is also true of the SHA and will 
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be considered in section 5.2 of this thesis. In a subsequent paper I'll Hui et al. 

constructed a 2x2 array from hemispherical helical antennas for INMARSAT-M 

satellite reception. They showed that due to the wide beamwidth over which the array 

elements produce good CP, their array outperformed others designed for the same 

application. 

Chan et al. 1121 proposed a modification to the feed of the hemispherical helical antenna. 

They added a linear segment between the edge and centre, of the sphere as shown in 

Figure 1.1. Chan et al. showed that this improved the axial ratio. 

z 

Hemispherical 
helix 

ýh 
ýXx 

Ground plane 

-Y 
P( 

Figure 1.1 - Centre-fed hemispherical helical antenna reproduced from Chan et al. 1121 

Zhang et al. 1131 presented a hemispherical helical antenna with an additional matching 

section, tuned for global positioning system (GPS) reception. They addressed the issue 

of mechanical instability by proposing that the helix be printed onto the surface of a 

hemisphere. For their experimental measurements, they affixed copper tape to a 

polystyrene hemisphere. 

o,. 4 



I Chapter I Introduction 

Weeraturnanoon and Safaai-Jazi [141 considered the effect of truncating a full SHA by 

terminating the wire before it reached the upper pole of the sphere. They showed that 

whilst the gain and radiation patterns remained fairly constant, the axial ratio on-axis 

could be significantly reduced, resulting in acceptable CP over a wider beamwidth. To 

demonstrate the effect this could have on the usable bandwidth of the antenna, they 

showed that a 4-tum SHA truncated after 2.75 turns produced an axial ratio of less than 

MB over an 80' bearnwidth and over a 10% bandwidth. Ding et al. 1151 also considered 

the effect of truncation. They presented computed results for a 7-tum SHA truncated to 

3.5 turns, thus forming a hemispherical antenna which rests with its southern pole just 

above the ground plane. Note that this is an inverted form of the hemispherical helix 

previously proposed by Hui 191. 

1.2.5 Antenna optimisation 

There are many optimisation. techniques which can be used to search a parameter-space 

for a set of parameters which produce either the best possible antenna characteristics or 

those which meet given criteria. Such methods include the Genetic Algorithm 128-30] 

1311 [32] 
Particle Swann Optimisation , Simulated Annealing , Monte Carlo techniques, hill 

climbing, and random or exhaustive searches. Electromagnetic problems often have 

solution domains which contain non-differentiable and/or discontinuous regions [301 

which can prevent some of the techniques from finding a solution. The GA however is 

robust [331 and is able to locate a globally optimum solution irrespective of the 

complexity of the solution space. Genetic Algorithms can also handle multi-objective 

problems [341 without the need for a predefined cost function. 
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Successful application of the GA to electromagnetic problems has been reported by 

[21,35-41] [211 various authors . In particular, Edwards et al optimised a planar printed 

spiral with a GA, using curved segments and the Method of Moments. Their chosen 

GA [421 used Pareto ranking and was dual-objective - looking to minimise both the axial 

ratio on boresight and the angle of the main beam from the boresight direction. 

Altshuler and Linden [351 used a GA to create a new design for an antenna rather than 

optimising a pre-existing design. The GA's goal was to produce an antenna which 

radiated uniform power over the entire radiation hemisphere. The only constraint was 

that the antenna should consist of a number of linear wires connected together in series. 

The GA was able to choose the position, orientation, and length of each of the wires, 

and used the NEC2 engine to perform simulations. A seven segment "crooked-wire" 

genetic antenna which met the design criteria was found using the GA. 
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1.3 Computer modelling 

Antennas with simple geometries can be modelled analytically by making various 

assumptions about their current distributions. The dipole is one such example. Here the 

current is assumed to be sinusoidal with nulls at the end points. This has been found to 

be a good approximation through experimental measurements. From the current 

distribution, further expressions can then be derived to calculate its input impedance and 

radiation patterns. The complex geometry of the SHA makes the development of 

analytic expressions unfeasible. The current distribution along the wire will take on a 

complex form. Thus analytical techniques are not possible. 

A traditional method of antenna design is through construction. Up until the mid-1980s 

it was common for antenna engineers to construct large numbers of test antennas of 

varying shapes and sizes, then to characterise them through time-consuming 

measurements. Over the last two decades available computing power has increased 

dramatically and has led to the realisation of a third method of antenna design - 

numerical methods. Although measurements remain an important part of antenna 

design, it is significantly more efficient to conduct the majority of the design work using 

computer simulations and use measurements to validate this work. 

There are several numerical techniques for modelling antennas computationally 

including Finite Difference Time Domain (FDTD), Finite Element, and the Method of 

Moments (MoM). The latter of these is well suited for modelling wire antennas and has 

been selected for this research. It will be discussed in finther detail in Chapter 2. 
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Method of Moments software is available both commercially (e. g. ESP [431) and in the 

public domain (e. g. NEC 1441) 
. Although NEC will be used to provide some validation, 

given in Chapter 3, the author has written custom FORTRAN code to model the SHA 

for this research. Custom software has the advantage that it allows full control over the 

model and its analysis. It also gives a better insight into the operation of the model 

which in turn allows for better interpretation of the results. In particular it has allowed 

the use of curved segments instead of the more usual choice of linear segments. This 

reduces the number of segments needed to accurately represent the curve, thus saving 

memory whilst increasing computational accuracy. Throughout this thesis the code will 

be referred to as SHA-MoM (Spherical Helical Antenna - Method of Moments. ) 
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1.4 SHA geometry 

Within the family of SHA antennas, there is scope for various different shapes of 

antenna, created by altering some of the various parameters available. These parameters 

will be discussed below. 

Number of turns: Perhaps the most fundamental of all the parameters, the number of 

turns will play a critical part in defining the characteristics of the antenna. Suitable 

values might range from a single turn to many tens or hundreds of turns, and are not 

restricted to integers. 

Radius of sphere: This sets the size of the imaginary sphere, around which the wire is 

wound. This dimension will be crucial in determining the frequency of operation of the 

antenna. 

Spacing between turns: When considering a cylindrical helix, it is usual although not 

essential to maintain a constant separation between adjacent turns. Because of the 

additional dimension incorporated by the SHA there are various ways in which a 

constant separation can be defined. Two such methods will be used in this thesis and 

will be referred to as Constant Vertical Separation (CVS) and Constant Circumferential 

Separation (CCS). These are shown in Figures 1.2 and 1.3. The CVS geometry has 

been used in all the papers on the SHA to date [6-151 
, and is defined such that each turn is 

of the same height. A CVS-type SHA projected onto a cylinder would form a typical 

cylindrical helix with constant spacing. On a sphere, however, this definition leads to 

an uneven distribution of turns over the surface, which is clearly evident when viewing 
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the antenna from the top or bottom (Figure 1.3a). The CCS method, proposed in this 

thesis, ensures a constant circumferential separation between adjacent turns. This 

means that the distance from one turn to the next, measured along the surface of the 

sphere remains constant and leads to more even spacing over the surface of the sphere. 

Figures 1.2 - 1.3 show the two methods of spacing being applied to aI O-turn. SHA. 

The diagrams show views from the side and top of the antenna. 

(a) Constant Vertical Separation (CVS) (b) Constant Circumferential Separation (CCS) 

Figure 1.2 - SHA viewed from the side 

(a) Constant Vertical Separation (CVS) (b) Constant Circumferential Separation (CCS) 

Figure 1.3 - SHA viewed from above (for clarity, only the upper hemisphere is shown) 
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Truncation: Instead of requiring the wire to start at the southern pole of the sphere, 

and extend up to the northern pole, the wire could be truncated. In this way a 

hemispherical SHA could be formed. 

The Twin-arm balanced feed: A further variation to the antenna is to feed it from its 

centre via a dipole which extends to two spherical helical arms, one for the upper 

hemisphere, and one for the lower, as seen in Figure 1.4. 

1 1-14 
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1.4.1 Mathematical description 

A mathematical description of both CVS and CCS geometries will be essential to model 

the antenna. These are given below in terms of spherical coordinates. 

z 

y 

x 

-; rN :! ý 0 :5 ; rN 

0 Cos-' 
(;, 

rN 

0 

ra 

Constant Vertical Separation (CVS) 

-; rN :! g ý :! 9 ; rN 

0 ;r0 

2 2N 
ra 

Constant Circumferential Separation (CCS) 

Here N is the number of turns, and a is the radius of the sphere. Appendix A gives a 

complete mathematical description of both types of antennas, and develops the various 

expressions required to model the geometries with the Method of Moments. 
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1.5 Novel contributions 

The Spherical Helical Antenna has received only limited coverage in publications, thus 

many of the results presented in this thesis have not been seen before. It is the first time 

that non-integer numbers of turns have been considered. It is also the first time the 

antenna has been optimised using a search algorithm. 

In each of the limited number of papers published on the SHA the shape of the helix has 

been defined such that it has constant spacing when projected onto the vertical axis. 

This thesis will present a novel alternative to this shape which instead provides a 

constant circumferential spacing (CCS). 

In order to apply the Method of Moments efficiently to the SHA antenna, an equation 

has been derived for calculating the impedance matrix elements between arbitrarily 

curved segments. Such an equation, which is rigorous for both half- and full- pulses, 

has not been seen in the literature. The use of curved segments to exactly represent the 

path of the wire, as opposed to approximating the curve with a number of linear 

segments, is also unusual. At the time the code was written, no other author had applied 

a curved segmentation technique to a non-planar geometry. 

A major novelty of this research is the modelling of a Spherical Helical Antenna, fed 

from its mid-point via twin arms and a balanced feed. Such a geometry has not 

appeared in the literature. 
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To construct a prototype antenna, a method was sought that would allow an exact 

curvature to be obtained. Previous authors have reported using ping-pong balls [71 

polystyrene [8,101 
, and foam 1111 to help construct SHA geometries but have not discussed 

methods of ensuring the curvature produced matched that of the models. In this thesis, 

such a method is described. It involves cutting a groove in a spherical-shaped "mould" 

using a CNC milling machine. The wire is then wrapped around the mould to obtain the 

exact curvature required. The mould is then removed before the antenna is tested. 
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1.6 Overview of thesis 

The next chapter presents the Method of Moments and other theory on which this 

research has been based. An Electric Field Integral Equation (EFIE) is developed which 

allows the modelling of arbitrarily curved segments without the need to approximate the 

helix with linear segments. 

Chapter 3 gives details of the author's MoM code, SHA-MoM, which has been used to 

model the Spherical Helical Antenna. It then goes on to validate the code against both 

published results and data obtained using NEC. Good agreement is shown. The 

number of segments required for accurate representation of the current distribution 

along the wire is also considered, and curved segments are shown to be substantially 

more efficient than linear segments. 

Chapter 4 presents results from the SHA-MoM code, and discusses the characteristics of 

the SHA, in particular its polarisation properties. Several modifications to the geometry 

are proposed including a novel scheme to define the spacing between turns, the 

consideration of a non-integer number of turns, truncation, and a novel balanced feed 

configuration. 

Chapter 5 presents details of the GA which has been used to optimise the antenna, and 

describes why this GA was chosen. Results from several runs of the GA are shown. 

Also included is a discussion of how the objectives of the optimisation were chosen. 
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Chapter 6 describes how a prototype SHA was constructed with the aid of a purpose- 

milled mould which allowed wires to be shaped to exact curvatures. The design of a 

printed balun suitable for feeding the antenna is also covered. Radiation patterns and 

axial ratio measurements taken in an anechoic chamber are then presented. 

Finally, chapter 7 summarises the research and provides some general conclusions. 

Recommendations for further work are also given. 
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2 Method of Moments 

2.1 Introduction 

The Method of Moments technique ill is a powerful tool which can be used to model 

many types of antennas, including dipoles, helices, mays, and printed antennas [21 
9 

including those with arbitrary configurations [31 
. It works by breaking down an antenna 

problem into a set of simultaneous equations which can be solved using matrix 

techniques. The solution obtained gives the current distribution on the antenna, which 

in turn can be used to calculate radiation patterns, input impedance, and various other 

properties which are of use to engineers. The method is limited only by the computing 

power available to solve the simultaneous equations. In thin-wire antennas, such as the 

dipole, it is usual to assume that the current exists only on the wire surface and is axially 

directed. The field boundary conditions are then satisfied along the axis of the wire. 

This is known as the thin-wire or reduced kernel approximation, and has been used 
[4,5,61 frequently 

2.2 Applying the Method of Moments 

The first step in applying the Method of Moments to an antenna problem is to derive an 

appropriate Electric Field Integral Equation (EFIE) or Magnetic Field Integral Equation 

(MFIE). MFIEs are more suited to closed form geometries, whereas EFIEs work best 

with open form geometries [71 
. It is simplest to model a wire antenna as a hollow tube of 

current with no ends, so an EFIE is sought. This is derived from Maxwell's equations, 
1 2-1 
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after which the boundary conditions of a specific geometry are imposed. The antenna is 

then broken up into a number of segments and the current distribution along the antenna 

approximated by a series of overlapping pulses. The mathematical description of the 

shape of these pulses is known as the basis function. Each of the current pulses gives 

rise to an impressed electric field everywhere on the antenna. By considering only the 

field from a particular current pulse (known as the source) and integrating this field over 

a particular segment (known as the observation segment) a value for the mutual 

impedance between the segments or pulses is found 181 
. This can then be calculated for 

every pair of segments, and the values built up into a two-dimensional matrix known as 

the impedance (Z) matrix. When integrating over a particular observation segment, a 

weighting function, known as the testing function, is applied. If the basis and testing 

functions are identical, then it is known as the Galerkin method 191. Throughout this 

thesis, piecewise sinusoidal functions have been used for both the basis and testing 

functions. 

2.3 Source models 

Two source models exist: delta-gap 191 and the magnetic frill generator 1101. The delta- 

gap model assumes that an excitation voltage is placed across a narrow gap between two 

connected segments. This voltage gives rise to an impressed electric field which exists 

only in the gap. The magnetic frill generator models a coaxial feed terminated with an 

aperture in an infinite ground plane. An annular region of circumferential current is 

then assumed to exist over this aperture and the fields due to this are calculated on the 

surface of the wire. Because the delta-gap model assumes a source which cannot 
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physically exist, it is less accurate than the magnetic frill generator, but due to its 

simplicity it is more widely used. The magnetic frill generator model leads to a more 

accurate solution, particularly when comparing with results obtained experimentally. 

This is however at the expense of being much more computationally extensive to 

obtain 
[71 

. 

2.4 Curved segments 

The number of segments into which an antenna geometry is split is important in 

determining the computing resources needed, and the time taken to generate a solution; 

the larger the number of segments, the more memory is needed and the longer the 

solution takes. When dealing with non-linear geometries, the number of linear 

segments needed to approximate a curve can often exceed the number of segments 

needed to approximate the current distribution. This leads to inefficiencies in the model 

and are best avoided. Curved segments have been proposed [11,121 which alleviate this 

problem by defining segments which accurately follow the curve of the antenna. The 

drawback to this is an increased complexity in the impedance matrix calculations. Due 

to the desire to analyse Spherical Helix Antennas which may have a large number of 

turns, curved segments have been used throughout this thesis. 
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2.5 Derivation of impedance matrix equation 

In order to model the Spherical Helix Antenna an EFIE is required which is suitable for 

curved segments. Such an equation can be derived as set out here. The first part of this 

development is based on the standard treatment of Maxwell's equations. Similar 

workings can be seen in [9]. Figure 2.1 shows the geometry and variables which will be 

used in the derivation. R defines the distance between the source and observation points 

while ? and i describe unit vectors tangential to the wire at these points. 

Observation point described 
by position vector r 

Observation segment*-ýýýý t^ 

R 

A 
if 

Source point described -*-ý Source segment 
by position vector r' 

Figure 2.1 -Geometry and variables used in impedance matrix equation 

We begin by defining: - 

H=VxA (1) 

VO = -E - jcoptA 

and obtain the Lorentz gauge condition: - 

V-A= -jo)c(D 

2-4 



I Chapter 2 Method of Moments 

Recall Maxwell's 2 nd equation: - 

VxH=j(j)D+JT 

which, using D= FE and (1) gives: - 

VxVx A= icocE+J 

Substituting (2), then using the vector identity VxVxA= V(V - A) -V2A 

VxVx A= jcoF. (-jcoýtA-V(D)+J 

V(V. A)- V2 A= (02 qtA - jcor. V(D +J 

V'A = V(V -A+ j(oc(D) _ (02 qtA -J 

Using (3), then defining P' = 0)26ýt gives the vector wave equation: - 

V'A + PA = -J 

Its solution in free space (c -4 co, ýt -), ýLo) for our current tube is: - 

A= ffJG(R)ds' 

s 

where G(R) =e 
-jPR 

and R= V(z-z')+ (p-p')+a 
4nR 

A(r) = 
ffJs(r)G(Rýs' 

s 

From (2) and (3) :- 

Es =-jcokLOA-V 
1 

V-A 
jcoco 

Es = -j(qt0A -jI V(V - A) 
(060 

Es = -i 
[ß2 

A+ V(V - A)] 
cos 0 

(4) 
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If PEC, then n^ x (Es + El) =0 

fixE s nxEi 

,0 

[ß2 

, =. 
i 

-A fixE nx�, A+V(V 

Substituting (4) into (5): - 

fixEi = 
fix J 

p2 ffJs(r')G(RýS'+V V-ffJs(r')G(R)ds' 
Coe 0ss 

fixEi =fix 
i 

t8 
2jS (r')G(R) + (VF 

- Js (r'))V'G (R)ýs' 
WE 

f 

0S 

where the V means that the "del" operator now works on the source coordinates, 

r'. 

Applying the thin-wire approximation and defining t' as a vector which follows 

the contour of the spiral at the source point: - 

J (r') = 

Using V. a, 
I(f') gives: - at 

ý-Ej =ý. 
ij,, 

g2j(V)G(R)+ 
aI I(f' V'G(R dt' 

Coro v 

(at )l 

Making use of t- VG G 
at 

i-E (f 
.jr), 8 2 I(f')G(R)+ I(f')a G(R)Idt' 

O)CO 1, at, at 

(5) 
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Integrating by parts, noting that the current must be zero at the ends of the wire, gives: - 

j 

e. 

(t. jrý2j(tF)G(R)_ I(tr) 
a2 

f G(R )Idt' 
wro ataf 

Applying the Method of Moments: - 

fJV. (tyt-Ejdt- I 

I (oco 

whcrc: - 

, 
82 fIV. (f) f(f - (t')G(R)dtdt 

E 1.1 11 

-flV. 
(t)fU. (t') '02 

G(R)dtdt 
atat, 

sin fi(t -) 

IV. (t) = wcighting function sin flAt 

sin, 6(t.., -1) 
sin flAt 

sin P(t'- I. 
-, 

) 

U. (C) = basis function sin PAC 

sinfl(t.., - I') 

sin flAt' 

Af 

comparing with Z Z. J. = V. givcs: - 
M-1 

fIV. (t) f(t 
- 
i'ý. (t')G(R)dtdt' 

fiV. (t)fU. (t') 02 G(R)dtdt 
t. cillcit i 

Equation (6) contains a diffcrcntiated Grccn's function, which will need to be 

solved analytically or computcd numcrically for each curve. Computing it 

numerically will add significant computing time to the model, whilst solving it 

analytically will rcquirc individual and tedious calculations to be incorporated into 

the code for cvcry shape of curve to be modelled. 

t. 
-I :5i:! ý t. 

f. :51.5 
f. 

+1 

ýt'ýtD 

10 :5 fl:! ý t. +l 

(6) 
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The following derivation uses integration by parts to remove the differentiation 

from the Green's function, thus allowing efficient implementation of the Method 

of Moments with arbitrary curves. Such a derivation has not been seen elsewhere 

in the literature, and is novel to this research. 

Integrating the 2 nd line of (6) by parts gives: - 

'82 
fWm Q) f(f "'ýn (f')G(R)d"d' 
1.1. 

zmn -j- Un W) fWn Q)-ý- G(R)dt 
Wco 1. at 

+ fWm(f)f-a G(R)-&U,, (f')dVdt 

f. t. at at 

Then, again integrating by parts, the 2 nd line of (7) becomes-. - 

U,, (t, IW (t)G(R)I. 
t. + U. (f) W.. (t)G (R)dt 

L 

And the 3 rd line becomes: - 

W. (t)fG(R) Ujf')dil 

t. at, 
llftt. 

- 
f 
i'l W. (t) fG (R) -0 U,, (f')df'dt 

to t t. aff 

(7) 

(8) 

(9) 
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Putting (8) and (10) back into (7) gives: - 

Z. 
n -, ý 

i 

Coco 

'82 
f W. (t) f(^t U,, (t') G (R) dt'dt 

2nd line only needed if 

" 
1W. 

(f) 

IfG 
(R) 

at, 
U,, (t) dt' obs. pulse is half pulse 

" 
[U,, 

(t) W. (t) G (R) dt] 
3rd line only needed if 

at 
Vftt. 

src. pulse is half pulse 

[U,, (i') [W. (t) G (R)] 
4th line only needed if 

aa both are half pulses 
-f W. (t)fG(R)ý7U,, (i')dt'dt 

at 

(10) 

Equation (10) will form the heart of the computer code used to model the antenna. The 

double integrations will need to be calculated numerically as no closed-form solutions 

exist for the complex geometry of the Spherical Helical Antenna. The second, third, 

and forth lines of the equation are only needed when either the source and/or 

observation pulses are half pulses (which occur either side of sharp bends in the wire. ) 

When both source and observation are full-pulses, these terms equate to zero. 

Through the use of integration by parts, the equation has been engineered to avoid any 

differentiated Green's functions, G(R), which makes the calculations much easier. 

Within the integrations, the only quantities required are G(R), the distance between the 

source and observation point, and 
(f 

- it') which is determined from the angle between 

the vectors tangential to the wire at the source and observation points. 

Appendix A gives expressions for the G(R) and 
(f 

- 
i') terms for the SHA geometries 

considered in this thesis. 
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2.6 Discussion 

This chapter has described the Method of Moments and the theory on which this 

research has been based. Delta-gap and magnetic frill source models have been 

considered, and both of these will be incorporated into the SHA-MoM code. The ability 

to simulate two different source models will be useful when comparing results both with 

modelled results from other authors, and with measurements. 

An equation for calculating the impedance matrix elements has been derived. This 

equation is rigorous for both half- and full- pulses, and can be used with segments 

which are arbitrarily curved. The equation includes double-integrations which must be 

solved numerically. Crucially the equation contains no differentiated Green's functions 

so can be applied to any shape of curve without the need for tedious analysis each time. 

The following chapter will describe how the equation for mutual impedance developed 

here has been incorporated into the FORTRAN code SHA-MoM, which can then be 

used to model the Spherical Helical Antenna. 
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Chapter 3 Software and Validation 

3 Software and Validation 

3.1 Introduction 

Many of the results presented in this thesis have been produced using independent MoM 

code developed specifically for this research. This has allowed the implementation of 

curved segments E1,21 which would not otherwise have been possible. It is of course 

crucially important that the code be thoroughly validated against external controls 

before the data it outputs can be trusted. Validation has been achieved in two ways; 

against published results, and against a piece of well known EM software. 

A small number of published papers [3-81 have addressed various geometries of 

Spherically Helical Antennas (SHAs). These have incorporated both modelled and 

measured results with various parameters of the antennas being reported graphically. It 

was possible to reproduce many of these graphs with the independent MoM code, and 

some of these comparisons will be given later in this chapter. 

Due to the desire to model a unique geometry for a SHA, a centre-fed balanced variety, 

which has not been reported elsewhere, a second source of control data was also 

required. NEC 191 was chosen for this due to its strong reputation and widespread use. 

The main drawback to using NEC for SHA geometries is its restriction to using linear 

segments, which will be shown to add a great deal of inefficiency to the computations 

involved in the modelling. Comparisons with NEC will be presented in section 3.4 of 

this chapter. 
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3.2 SHA-MoM code 

Dedicated FORTRAN code, referred to in this thesis as SHA-MoM (Spherical Helical 

Antenna - Method of Moments code) was written to assist the research. The main 

reason for developing custom code was to allow the modelling of curved segments -a 

feature which is not available in any of the commercial or public domain 

implementations of the Method of Moments. In addition to this, SHA-MoM has 

allowed a greater control over the source model and choice of basis/testing functions. It 

has also allowed a greater understanding of the physics and maths which fonn the 

foundation of antenna analysis and of how the results are being produced and thus how 

the results can be interpreted. 

3.2.1 Program operation 

The SHA-MoM code takes as its input a text file named parameters. csv. This file 

contains a list of options and values needed to define the geometry of the antenna and 

indicate what output data the program should produce. After reading this file, the 

program calculates the mutual impedance between each pair of segments using 

equation (10) given in Chapter 2. These values form the impedance matrix which is 

then inverted and multiplied by the voltage matrix to give the current distribution along 

the wire. From this distribution, various characteristics of the antenna can then be 

calculated. These include the far-field radiation patterns, gain and axial ratio values, 

and the input impedance of the antenna. Appendix B gives details of the expressions 

used by SHA-MoM for calculating these values. 
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3.2.2 Input parameters 

A list of parameters which can be passed to the program are given in Table 3.1. If a 

particular parameter is not specified in the input file, the default value shown in the 

table is applied. 

Name Description Default 

GEOMETRY-TYPE Type of geometry to model: - I 

I= CVD type SHA 

2= CCD type SHA 

3= Twin-an-n centre-fed CCD type SHA 

4= Cylindrical helix above g. p. 
5= Monopole above a ground plane 
6= CVD type upper hemisphere above g. p. 
7= (not implemented) 

8= Edge-fed CVD hemisphere above g. p. 

N Number of turns 7 

R Radius of sphere (cm) 1.95 

H Height of sphere above ground plane (cm) 0.4 

WIRE_RADIUS Wire radius (cm) 0.04 

FREQUENCY Frequency (MHz) 2870 

NLS Number of segments in linear section I 

NS Number of segments in curved section(s) 50 

NS2 
(see notes below) 0 

GP-PRESENT 0= antenna is in free space I 

I=a ground is present 

END_POINT The proportion of the wire in the lower 1.0 

hemisphere before truncating 

END_POINT2 The proportion of the wire in the upper 1.0 

hemisphere before truncating 
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MAG_FRILL 0= use delta gap source model 0 

1= use magnetic frill source model 

COAX-OUTER_MULT Radius of coax outer as a multiple of 0.45 

WIRE_RADIUS 

(only used when MAG_FRILL = 1) 

Table 3.1 - List of parameters for setting the geometry of the antenna to be modelled 

Notes: - 

The meaning of Ns and NS2 depends on the GEOMTERY-TYPE used. 

It is often desirable to model a particular antenna whilst varying some parameter over a 

specified range. The SHA-MoM code allows for this by the inclusion of the 'RUNS' 

parameter, shown in Table 3.2, which indicates that the model should be repeated a 

given number of times. The parameter to be varied is then specified by the word 

'VARIABLE' followed by a list of values to be used. An example of such is shown in 

Figure 3.1. 

RUNS Number of times to repeat the model whilst I 

varying one or more of the parameters 

Table 3.2 - Additional parameter to allow multiple models to be analysed 

RUNS, 3 

GEOMETRY-TYPE, l 

N, 7 
R, VARIABLE 
1,1.85 
2,1.95 
3,2.05 
H, 0.4 

Figure 3.1 - Example of a parameters. csv rile 
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