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Abstract
INVESTIGATION, DESIGN AND IMPLEMENTATION OF
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Handheld Satellite Mobile Handsets, and Investigations of Polarization
Purity, Specific Absorption Rate and Antenna Design Optimization Using
Genetic Algorithms
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The objectives of this research work are to investigate, design and implement circularlypolarized antennas to be used for handheld satellite mobile communication and wireless sensor
networks. Several antennas such as Quadrifilar Spiral Antennas (QSAs), two arm Square Spiral
and stripline or coaxially-fed microstrip patch antennas are developed and tested. These
antennas are investigated and discussed to operate at L band (1.61-1.6214GHz) and ISM band
(2.4835-2.5GHz)
A substantial size reduction was achieved compared to conventional designs by introducing
special modifications to the antenna geometries. Most of the antennas are designed to produce
circularly-polarized broadside-beam except for wireless sensor network application a circularlypolarized conical-beam is considered.
The polarization purity and Specific Absorption Rate (SAR) of two dual-band antennas for
satellite-mobile handsets next to the human head are investigated and discussed, using a hybrid
computational method. A small distance between the head and the handset is chosen to highlight
the effects of the relatively high-radiated power proposed from this particular antenna.
A Genetic Algorithm in cooperation with an electromagnetic simulator has been introduced to
provide fast, accurate and reliable solutions for antenna design structures. Circularly-polarized
quadrifilar helical antenna handset and two air-dielectric microstrip antennas were studied. The
capabilities of GA are shown as an efficient optimisation tool for selecting globally optimal
parameters to be used in simulations with an electromagnetic antenna design code, seeking
convergence to designated specifications. The results in terms of the antenna size and radiation
performance are addressed, and compared to measurements and previously published data.
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CHAPTER ONE

INTRODUCTION AND RESEARCH
MOTIVATION

1.1 BACKGROUND AND OBJECTIVES
The modern world has made many inventions which have helped to solve countless
problems, and whilst these devices have brought several advantages, they have also
come with their associated disadvantages. One of these, which have an immeasurable
influence on daily life, is the mobile telephone. There is a continuing upward trend in
sensor design for wireless communications due to enhancements in the range of services
provided. These and the expected increasing use of UHF and the high frequency
spectrum have raised huge public and government demands.

Mobile radio communications are beset with many problems including fading, noise,
frequency drifts and Doppler shifts, co-channel interference and inter-symbol
interference. The present work will not however be involved with such problems but
will concentrate mainly on the developments of new compact antenna designs for
satellite mobile handsets and wireless LANs. In addition, the research work will also
discuss the antenna related problems with and without mobile users, including antenna
optimization design processes.

Personal satellite communications systems are one of the new generations in mobile
communications [1-2]. The objective of these satellite-based systems is to provide a
global coverage, especially where there are no nearby terrestrial base stations. Many of
the systems on the market nowadays are the so-called 'big low earth orbit' (Big-LEO)
satellite systems. The handsets of such systems require broad-beam radiation patterns
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with high performance circularly polarized antennas in order to achieve acceptable link
margins. These terminals use an uplink band at 1.61-1.6214 GHz (L-band) and
downlink band at 2.4835-2.5 GHz (ISM-band). The communications and strategic
characteristics of the Globalstar system are summarized in [1].

Satellite mobile communications systems have been available for some years. The
systems have experienced some commercial problems, particularly due to the
unexpectedly rapid growth of terrestrial systems, but they still have a place in the
overall range of wireless communication systems.

One major problem with the systems has been the relatively large size of the antenna
that has been required on the handset. Typically, such handsets use antennas like the
quadrifilar helix [3-4], which, with its radome, has the size and appearance of a large
cigar. The public has become used to small or invisible antennas on terrestrial handsets
and the large satellite mobile antennas are thus a significant disadvantage.

However, reducing the size of the antenna is not an easy task since it requires more
directive gain than the lowest order (dipole) mode: this causes difficulties in the design
of small antennas if its size is required to be less than about a half wavelength at the
operating frequency, due to what is effectively a ‘law of physics’ for small antennas, the
so-called Wheeler limit [5] for which an electrically small antenna whose dimensions is
less than λ/2π.

3

Some success in reducing the size of antennas has been achieved by coiling the wire
elements, first into helices and later into spirals. Understanding of traditional circular
spirals is well advanced [6-10]; in addition, square designs are likely to be more
convenient to fit into practical products [9-10]. The present program of work has thus
initiated studies of dual band circular and square versions of the quadrifilar spiral
antennas (QSAs) on a finite ground plane, and then on a handset. The desirable size of
the QSA will be that of the top of a typical personal handset; however, the initial design
was made somewhat larger in order to prove the concept: later versions will use solid
dielectrics beneath the spirals to reduce the size. There is a problem with traditional
multifilar spiral designs [6-7] in that they are restricted to feed the elements from the
centre. This causes extra constraints on the dimensions and the mutual coupling
between the feeding ports of the antenna. To overcome this, a new technique has been
developed to feed the QSA from the outside; this has the additional advantage that it
permits the antenna to be integrated with its feeding circuit on a single substrate.

The circular polarization purity and Specific Absorption Rate (SAR) were also
investigated in the present work when the antenna handset was placed next to a human
head. This is due to the ‘fear of the unknown’ and possibly higher powers required for
wider bandwidth mobile systems, which has raised public concern over the possible
health hazards due to close proximity of the handset and body-worn wireless devices to
the user’s head and body. Limits on SAR are recommended and adopted by government
regulatory agencies to determine compliance with non-ionizing radiation hazard
standards [11-13].
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This parameter tries to measure the rate of Electromagnetic Energy (from mobile phone
and wearable wireless electronic devices) absorbed by living tissue.

In addition, the design of a new portable handset antenna is influenced by the
requirement of both government legislations and the market situation.

It should

maintain as high efficiency as possible, with minimum losses; best radiation pattern in
terms of gain and coverage, good input impedance matching over the required band and
maximum protection to the user. Overall, it needs to reduce the field interactions
between the radiating element and the user body to a minimum level. Therefore, the
present work has introduced substantial optimization software tools using genetic
algorithms in conjunction with an electromagnetic simulator and adaptive meshing
software for planar antenna structure [14-16].

1.2 REVIEW OF EXISTING WORK ON CIRCULAR POLARIZED
ANTENNAS FOR MOBILE SATELLITE AND WIRELESS
COMMUNICATIONS
The present work is directed towards the new developments of circular-polarized
antennas and their related design problems. Thus, it is interesting to briefly review some
of the available information on this topic, and its historical development.
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1.2.1 ANTENNAS FOR SATELLITE COMMUNICATIONS

The current capacity and bandwidth of the existing wireless communication systems are
insufficient to meet the needs of future mobile requirements. In anticipation to this, new
wireless systems, such as HSDPA, 4G, WiMAX, MIMO, IEEE 802.11n and UWB, are
currently being developed [17]. It is expected that future mobile devices will be required
to inter-operate seamlessly in any mobile environment and must be 2nd and 3rd
generation compatible. Therefore, research into efficient methods for design of new
antennas for future handsets and wireless electronic appliance is imperative [18-20].
The characteristics of the ideal antenna for mobile handset and portable body-worn
wireless communication devices are expected to be light weight, low volume, low
fabrication cost, low profile, and high efficiency and, to allay concerns among the
general public, must be a generation with low Specific Absorption Rate (SAR). In the
industrial context there is a general need for more rapid and reliable ways of devising
low SAR antennas for future mobile handsets, wearable wireless communication
equipment and implantable medical devices (e.g. pacemakers, defibrillators, etc.), in
order not to exceed the safe limit of SAR.

The trend toward worldwide wireless communications continues at a remarkable pace,
and the antenna element of the technology is crucial to its success. Microstrip antennas
are attractive for mobile communications terminals because their characteristics allow
significant reduction in size and cost [21-26]. Many global satellite systems, such as the

6

communication technology satellite (CTS) [27], use circular polarization for both
spacecraft and ground terminals.
Microstrip antennas can be made in circularly-polarized form and they offer advantages
of conformality and low profile without significantly affecting the structure or
aerodynamics of the object on which they are mounted.

For hand-held satellite-mobile terminals the existing antennas are, on the whole, rather
bulky helical types and the reduction in both size and weight afforded by microstrip
antennas would be very beneficial [21-26]. Such microstrip antennas could be achieved
by using thick or high dielectric constant substrates. However, the degree of size
reduction achievable in this way can be limited and the antenna can become difficult to
integrate with the transceiver structure.

Loaded patch antennas are an alternative method used to achieve slightly more
reduction in the antenna dimensions [24, 28-29]. The type of loading used has typically
been by use of shorting pins and slots in the antenna structure.

Microstrip antennas are resonant-type antennas which usually radiate linear
polarization. To obtain circular polarization the antenna must be made resonant in two
orthogonal dimensions. The two orthogonal modes must be excited equally in amplitude
and phase quadrature. There are several methods that can be used to achieve this: one
that is widely used is to perturb the area of the antenna element with slits: this technique
can offer good size reduction compared with a plain square patch antenna. For the
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present work, different techniques are used for the design of compact stripline-fed
circular-polarized microstrip antennas for satellite mobile communications. A
substantial size reduction was achieved compared to previous designs [24, 26].

1.2.2 SAR AND POLARIZATION PURITY

Personal satellite communications systems provide global coverage, especially where
there are no nearby terrestrial base stations. The majority of the systems currently in
operation use the ‘big low earth orbit’ (Big-LEO) satellite system, such as ‘Globalstar’,
which was chosen as the system for detailed study [1]. The handsets of this system
require broad-beam radiation patterns with low-cross-polarization circularly-polarized
antennas to get acceptable link margins. These terminals use an uplink band at 1.611.6214GHz (L-band) and downlink band at 2.4835-2.5GHz (ISM-band).

Health safety issues of using mobile phones have caused, in recent years, a growing
anxiety in people’s concerns. As a consequence, mobile phone companies must produce
more and more detailed documentation on the compliance of their mobile or wireless
products to prescribe the limits subject to safety guideline documents [11-13]. The
design of a new portable handset antenna is influenced by the requirement of both
governmental legislations and the market situation; lately, protecting the user is
becoming a significant issue although up until now there was no strong evidence of any
real hazard
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Degradation of circular polarization purity (equivalent to good axial ratio performance)
of the radiated field in the proximity of human head has been addressed before in [6].
SAR assessments in comparison with terrestrial mobile handset antennas have been
presented in [30] and [31]. In [6] it was demonstrated how the presence of the human
head could significantly affect the circular polarization purity of a candidate helical
antenna. A square helix, modeled with the finite-difference time-domain method was
used to approximate a large circular helix antenna mounted on a small perfectly
conducting box. The antenna was rather larger than would be realistic, but the intention
was to characterize the polarization issue only. For this geometry, it was found that the
presence of the head degraded the average axial ratio within a 50o cone by between 2.9
and 9.1 dB, which can have a significant effect on the system performance. Concerning
the SAR in the user’s head, in [30] and [31] the authors compared a quadrifilar helix
antenna (QHA) with a terrestrial monopole antenna. It was shown that input power for
the satellite antenna could be increased by 27% for the same peak SAR level. Moreover,
in [32] it was shown that the peak SAR of a QHA can be reduced by shifting the feed
points vertically to the top of the antenna. In these studies the transmission line matrix
(TLM) modeling technique was used. Different satellite antenna designs have been
proposed in the literatures that have complex curved geometries such as single curl,
quadrifilar-curl antenna [33] and modified QHAs in [4] and a dual-band QHA [3]. It is
concluded in [34-35] that the hybrid MOM/FDTD technique suits investigations of all
of these types very well. Some interesting work was considered by the present author
using the hybrid method for satellite mobile handsets [36-37] and GSM balanced and
unbalanced phones [38-39].
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The present research work presents a study of human proximity and polarization purity
effects on two different types of circularly polarized handset antennas used in personal
satellite communications, together with SAR assessments using the hybrid method.
These are important aspects in the designing of mobile satellite terminals.

1.2.3 ANTENNAS AND WIRELESS COMMUNICATIONS

A Wireless Local Area Network (WLAN) standard has been introduced with several
operating frequencies ranging from UHF to several GHz. It has been proposed for such
application that antennas for such a system should have a conical beam, i.e. an Omnidirectional pattern with a null at zenith and peak radiation at specified elevation.
Designs have been proposed based on microstrip disc patch antennas [40-41] which
produce vertical polarization.
Basically, it would be useful to have a free choice of polarization, and a polarization
diversity scheme might also be considered.

The natural choice of polarization for a WLAN is not obvious, and their present
standard contains no recommendation. It was suggested [42-43] that horizontal
polarization may reflect more strongly from ceilings, while there is also the possibility
of using switched-polarization diversity to improve reliability. Likewise it may be
possible to improve frequency re-use by using orthogonal polarizations to provide
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isolation between independent LAN’s. Dual-polarized dual port antennas were
introduced [44-45] in which it addresses the possibility of diversity issues.

A method of realizing circularly-polarized conical beam antennas, using an array of
radiating elements, was previously discussed in [46-47]. Four elements of monopole
radiators and a slot antenna spherical antenna array were considered in [46, 48],
whereas in [49] a set of axial-mode helical antennas were used; in both cases the
radiating elements occupied an appreciable volume. A ring of microstrip patches was
used in [47] to achieve the desired conical beam pattern with circular polarization, but
involved a rather complicated feeding network. A single patch antenna with a hybrid
feeding mechanism was proposed in [50], but this has a basic broadside radiation
pattern.

The emphasis of the present work is to address the design of a conical-beam circularlypolarized antenna array of patches mounted on a single surface layer. The antenna
design needs to have a simple feeding method and is intended to work for short-range
low power WSN applications, such as Bluetooth, WiFi and ZigBee. This work is an
extension of earlier work [45] that discussed horizontally and vertically-polarized
conical-beam antenna arrays; however, the operating frequency considered in the
present case is the ISM 2.4 GHz band [51].
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1.3 SCOPE OF THE WORK

Chapter two demonstrates the basic viability of the wire antennas such as the
quadrifilar- Spiral Antenna designs as low-profile antennas for dual-band satellitemobile handsets. This concept was developed for personal communication antennas for
a ‘big low earth orbit’ (big-LEO) satellite system mobile terminal, using the uplink and
downlink bands of 1.61-1.63 GHz (L band) and 2.48-2.5 GHz (ISM band) respectively.
The problems associated of feeding quadrifilar spiral antenna (QSA) from the centre
such as the size and the mutual coupling between the feeding ports have been solved
here by applying the feeding ports on the outside, thus avoiding the complexity and
space requirement of a centre feed. Thus an externally-fed antenna also offers the option
of feeding either by co-axial cables or stripline and the hybrid phasing and matching
networks can be located outside and possibly printed in the same plane as the antenna
structure.

Chapter three presents a new design of Dual-Arm Square Spiral Antenna (DASSA) on a
thin dielectric substrate. This made the new antenna of a size that would be easily
mountable on the top of a handheld terminal to be used with a low-earth-orbit (LEO)
personal satellite communications network.
The present program of work has thus initiated a study of a square version of the dual
spiral antenna (dual arm square spiral antenna or DASSA) that should satisfy the
following design requirements:
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•

Hemispherical radiation pattern with elevation coverage from the zenith to the
nominal minimum elevation angle (typically 10° and 20°).

•

Circular polarization with an axial ratio better than 5dB within the coverage
angle.

•

Operational bandwidth to be covered with one antenna operating by itself,
either with a single wide bandwidth or, with the assistance of a simple
matching circuit, over the two sub-bands of interest.

•

The size to be minimized by implementing the (DASSA) over dielectric
substrates of high relative permittivity.

The new compact antenna design for handheld satellite mobile communication is
investigated and discussed at L band (1.61-1.6214GHz), ISM band (2.4835-2.5GHz)
and dual L-ISM bands. Five different antenna types are presented using two-arm spirals
connected from inside by small rectangular patch and fed through a stripline at their
ends. Various stripline widths are studied. The inputs return loss and field patterns show
quite reasonable results that satisfy the requirements of the communication strategy. The
results in terms of the antenna size and radiation performance are addressed, and
compared to previous published data.

Chapter four presents several types of antennas designed and optimized to work at
around 2.45GHz, where the work started with a square patch antenna as a reference,
followed by a ring antenna perturbed with slits, and finally two modified antennas
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perturbed by slits and slots to show the size reduction compared to the reference
antenna.

In chapter five, the polarization purity and SAR of two dual-band antennas for satellitemobile handsets next to the human head were investigated and discussed (Fig. 5.1),
using a hybrid computational method. These antennas are the quadrifilar spiral antenna
(QSA) [11] and quadrifilar helical antenna (QHA) [9]. A small distance between the
head and the handset was chosen to highlight the effects of the relatively high-radiated
power proposed from this particular antenna. Moreover, a better resolution was used
since the FDTD cell size is 2.5mm compared to the work done by [12]. The results for
two operating frequencies were studied and discussed.

In chapter six a conical-beam circularly-polarized antenna array of patches mounted on
a single surface layer is presented. This has a simplified feeding method and is intended
for short-range low power WSN applications, such as Bluetooth, WiFi and ZigBee. This
work extends earlier work [2] which discussed horizontally and vertically-polarized
conical-beam antenna arrays; although the operating frequency considered in the present
case is the ISM 2.4 GHz band.

Chapter seven discusses the design concept of a circularly-polarized quadrifilar helical
antenna, operated at 2.4 GHz, intended for the applications of satellite mobile
communications, using Genetic Algorithms. The antenna was firstly considered as a test
on an infinite ground plane and then optimized further on small size handsets. The
performance of the optimized antenna design was analyzed using commercial
14

simulators in terms of VSWR, axial ratio and power gain. The attained results indicate
that the optimal antennas met design objectives subject to several constraints. Moreover,
the capabilities of GA are shown as an effective optimization tool for selecting globally
optimal parameters to be used in simulations with an electromagnetic antenna design
code, seeking convergence to designated specifications. In addition, in this chapter, a
FORTRAN program to adaptively design and mesh any type of planar antenna structure
using wire-grid models is presented, and subsequently, successfully applied to the
design and optimization of circularly polarized air-dielectric microstrip patch antennas
using genetic algorithms in conjunction with an NEC2 source code. The performance of
the attained optimal antennas has then been investigated in terms of VSWR and axial
ratio using electromagnetic simulation, in order to validate the GA method. The
comparisons have shown reasonable results and the design goals have been met.

In chapter eight the conclusions of this work are presented, reviewed and suggestions
for further work are made.
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CHAPTER TWO
DESIGN OF DUAL-BAND
QUADRIFILAR SPIRAL ANTENNAS
FOR SATELLITE-MOBILE
HANDSETS

2.1 INTRODUCTION

Spiral antennas are particularly known for their ability to produce very wide-band,
almost perfectly circularly polarized radiation over their full coverage region [1-5]. As a
result of this polarization characteristic and the ability to produce a broad zenithdirected pattern, spiral antennas are popular for use in satellite mobile communication
handsets [2, 6-7].

This concept was developed for personal communication antennas for a ‘big low earth
orbit’ (big-LEO) satellite system mobile terminal, using the uplink and downlink bands
of 1.61-1.63 GHz (L band) and 2.48-2.5 GHz (ISM band) respectively [7]. Earlier and
recent studies [2, 5] for single, dual and quadrifilar spirals were restricted by the need to
feed the antennas from the centre. This caused additional constraints on the size and the
mutual coupling between the feeding ports. These problems have been solved here by
applying the feeding ports on the outside, thus avoiding the complexity and space
requirement of a centre feed. An externally-fed antenna also offers the option of feeding
either by coaxial cables or stripline and the hybrid phasing and matching networks can
be located outside and possibly printed in the same plane as the antenna structure.

The present study was performed on a finite ground plane of dimensions 6cm × 6cm
with an air dielectric between the spirals and a ground plane for convenience (a solid
dielectric version would be significantly smaller). An industry-standard frequencydomain MoM program was used for computer simulations.
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2.2 Wave Polarization
The axial ratio and orientation of the wave polarization are briefly reviewed and
explained in this section with the help of [8] which is as follows. Consider a general
elliptically polarized plane wave travelling out of the page (in the positive z-direction),
as shown in the polarization ellipse in Figure 2.1. This is a more arbitrary case that any
antenna designer can consider. Assuming the electric field components in the x and y
directions are given by:
E x = E1 sin ωt

(2.1)

E y = E2 sin ( ωt + δ )

(2.2)

And

Where δ = phase shift (range -180o ≤ δ ≤ 180o ) between Ey and Ex. Referring to Figure
2.1, let:

γ = tan -1

E2
E1

0o ≤ γ ≤ 90o

(2.3)

Where E2/E1 = amplitude ratio. Also, let the tilt angle of the polarization ellipse be
designated by τ (where - 180 o ≤ τ ≤ 180 o ). Following the equations of [8], the tilt angle

and axial ratio can be expressed as follows:

τ=

1
tan − 1 (tan 2 γ cos δ))
2

1
AR = cot ( sin − 1 (sin 2 γ sin δ))
2

(2.4)

(2.5)
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Where the axial ratio, AR =

major axis
,
minor axis

(1 ≤ AR ≤ ∞) . Thus, by knowing γ and δ

from far field data, AR and tilt angle can be obtained using these two equations.

Y
LHCP

E2
RHCP

ε

τ

γ
E1

X

Major axis
Minor axis
Polarisation
ellipse

Figure 2.1 Relation of amplitude E1 and E2 and angles ε, γ and τ to the polarization
ellipse.

Moreover, the sense of rotation, in conjunction with the direction of propagation that
defines the left-circular or right-circular polarizations can also be obtained. For the case
of E1 = E2 (be noted that E1 ≠ E2 for elliptical polarization) and δ = - π/2, the orientation
is set to be Right-Handed Circular Polarization (RHCP). Similarly, Left-Handed
Circular Polarization (LHCP) can be observed when δ = π/2 and E1 = E2.
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2.3 CONFIGURATION OF QUADRIFILAR SPIRAL ANTENNAS

Quadrifilar spiral antennas (QSAs) consist of four separate spiral arms, each rotated by
90° with respect to its neighbours (Fig.2.2). The feed signal for each of the arms is 90°
out of phase with respect to its neighbours. The Archimedean spiral configuration [5]
with small pitch turns was adopted and fitted within a 6cm × 6cm planar area. The area
can be varied, subject to meeting the required antenna performance for personal satellite
services. In addition, some extra spacing between wires should be allowed in order to
prevent degradation by proximity effects between closely spaced wires [9].

(a)

(b)

Figure 2.2. Basic geometry of quadrifilar spiral antennas fed from outside; a) QSA with

free (unconnected) inner ends, b) QSA with connected inner ends.

The antenna is designed to provide circular polarization in the elevation angular region
from the zenith to ±60° in both the L and ISM bands (range 1.61-1.63GHz and 2.482.5GHz). The dual band antenna should provide a maximum voltage standing wave
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ratio (VSWR) of 2:1 over the whole range of the bands, reasonable power gain above 3
dB at L band and 5dB at ISM band, and also a relative impedance bandwidth of 6.2% at
L band and 4% at ISM band.

2.4 SIMULATED AND MEASURED RESULTS

The antenna analysis software NEC-Win Pro [10] was used to predict the antenna
performance. It was assumed that the conductors in the spirals and the finite ground
were conducting perfectly. A range of parameters was tried in order to find the design
that gave the optimum characteristics. Different discretisation segment lengths were
tested to evaluate the stability of the results. The antenna parameters as shown in Table
1. The feeding lines to the spiral arms were tilted by 33° from the normal to the ground
plane to improve the circular polarization performance. The arms were fed using a
hybrid network that provided the required voltages with approximately equal amplitude
and appropriate phase [11]. The antenna prototypes of the two new versions of QSAs
are shown in Figure 2.3

Table 2.1: Geometrical data for quadrifilar spiral antennas.
Inner end connection:
Wire radius (m)
Spiral height (m)
Number of turns
Spacing between turns (m)
Inner start radius of spiral (m)
End radius of spiral (m)
Spiral constant (m/radian)

Free
.00025
0.0175
1.42
0.013
0.017
0.0278
0.248

Connected
.00025
0.018
1.3
0.0159
0
0.028
0.253
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(a)

(b)
Figure 2.3 Prototypes of quadrifilar spiral antennas; a) QSA with free inner ends,

b) QSA with connected inner ends.
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(a)

(b)
Figure 2.4. Simulated and measured voltage standing wave ratio versus the operating

frequency for QSAs; (a) with free inner ends, (b) with connected inner
ends; (simulated: ‘_____’, measured: ‘-------‘)
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The simulated and measured VSWR, axial ratio and power gain for a QSA with free
inner ends (Fig.2.2a) are shown in Figs.2.4a, 2.5a and 2.6a respectively. Similarly, the
results of the shorted-arm version QSA (Fig.2.2b) are presented in Figs.2.4b, 2.5b and
2.6b. The measured results correspond well with the desired computed behaviour. The
relative bandwidths of VSWR ≤ 2.5 of the free inner QSA at 1.6 GHz and 2.48GHz are
8.1% and 8% respectively. Similarly for shorted-arm QSA at 1.6 GHz and 2.48GHz are
5% and 7.2% respectively. These results were encouraging since they showed a
reasonable agreement with the required specifications.

The measured return losses of (16.2 dB at 1.6 GHz and 12.7 dB at 2.5 GHz) for free
inner ends and (13.03dB at 1.6 GHz and 11.3 dB at 2.5 GHz) for shorted-arms version
were in good agreement with the performance required. The measured imaginary part of
the input impedance was close to zero at the working frequencies, whereas the real parts
were (49.6Ω and 39.2Ω at 1.6 GHz and 2.48 GHz respectively) for free inner ends QSA
and (60Ω and 68Ω at 1.6 GHz and 2.48 GHz respectively) for shorted-arms version,
which are acceptable values in practice, when driven from a 50Ω source.

The maximum degradation in axial ratio at 1.6 GHz for free inner ends and shortedarms QSA’s was around 2dB over the elevation range ±45° as shown in Figs 2.5a and
2.5b respectively. The variations of the axial ratio over the elevation angle at 2.48 GHz
of free inner ends QSA was quite similar to 1.6 GHz band (see Fig.2.5a), whereas, for
shorted-arms version QSA it was 3.6dB over a ±50° elevation angle as shown in Fig.
2.5b.
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Figure 2.5. Axial ratio of QSAs; (a) with free inner ends,

(b) with connected inner ends.
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(a)

(b)
Figure 2.6. Simulated and measured power gain versus the operating frequency of the

QSAs; (a) L band, (b) ISM band. (Simulated Figure 2.2a ‘____’,measured
Figure 2.2a ‘-----‘, simulated Figure 2.2b ‘-.-.-.’, measured Figure 2.2b
‘……’)
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(a)

(b)
Figure 2.7: The normalised horizontal and vertical power gain components for free

ends QSA (Vertical ‘------‘,Horizontal ‘____’),
(a) f = 1620 MHz, (b) f = 2520 MHz.
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(a)

(b)
Figure 2.8: The normalised horizontal and vertical power gain components with

connected free ends QSA (Vertical ‘------‘, Horizontal ‘____’),
(a) f = 1620 MHz, (b) f = 2520 MHz.
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Fig.2.6 illustrates the calculated and measured antenna gain in the broadside direction of
the two antennas shown in Fig. 2.3 over L and ISM bands. It is clear the measured
results were quite reasonable compared to the computed ones. It also showed that the
gain variations were slightly symmetric for the free inner ends and shorted-arms QSA’s
of the two bands under consideration. It is notable that the insertion loss of the feeding
network was subsequently compensated by the measured power gain at each specific
frequency band in the measurement plot. It can also be noted in Fig.2.6, the measured
antenna gains for both antennas were varied between 2.8 dBi and 3.8 dBi over the entire
L band; and 5.2 dBi and 6.8 dBi over the entire ISM band. The normalized vertical and
horizontal power gain components for two antennas at L and ISM bands were also
presented in Fig. 2.7 and 2.8. These results were quite promising and encouraging
compared to the practical expectations.

2.5 CONCLUSIONS

Quadrifilar spiral antennas of traditional form have been limited by the need for feeding
at the centre, causing extra constraints on the size and the mutual coupling between the
feeding ports. These problems have been overcome by locating the feeding ports on the
outside of the spirals. This allows the QSA arms to be connected at the centre, thus
providing extra space for long spiral arms. Such an antenna can be fed by microstrip
lines and can allow integration with phasing and matching networks on the same plane.
Measured results showed excellent agreement with method-of-moments simulations.
The antennas demonstrate the basic viability of the designs as low-profile antennas for
dual-band satellite-mobile handsets: it is to be expected that much smaller designs could
be created using suitable solid dielectrics between the spirals and the ground plane.
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CHAPTER THREE
A COMPACT DESIGN OF A NEW
SQUARE SPIRAL ANTENNA FOR
SATELLITE-MOBILE HANDSETS

3.1 INTRODUCTION

Personal satellite communications systems provide global coverage, especially where there
are no nearby terrestrial base stations [1,2]. The majority of the systems currently in
operation use the ‘big low earth orbit’ (Big-LEO) satellite system, such as ‘Globalstar’,
which was chosen as a system for detailed study [1]. The handsets of this system require
broad-beam radiation patterns with low-cross-polarization circularly-polarized antennas to
get acceptable link margins. These terminals use an uplink band at 1.61-1.6214GHz (Lband) and downlink band at 2.4835-2.5GHz (ISM-band). The communications and
strategic characteristics of the Globalstar system are summarized in Table 3.1.

Satellite mobile communications systems have been available for some years. The systems
have experienced some commercial problems, particularly due to the unexpectedly rapid
growth of terrestrial systems, but they still have a place in the overall range of wireless
communication systems.

Quadrifilar helix antenna with its radome is one of the main problems for the terrestrial
handsets (i.e., antenna size and appearance), for which the public tend to use invisible
antennas [3-6], and to achieve specific antenna requirements appropriate for satellite
communications.

Reducing the size of the antenna is not easy since it requires us to have more directive gain
than the lowest order (dipole) mode: this causes difficulties if its size is required to be less
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than about a half wavelength at the operating frequency, due to what is effectively a ‘law of
physics’ for small antennas, the so-called Wheeler limit [7].

Table 3.1: Communications and strategic characteristics of the Globalstar LEO satellite
PCS systems
Mobile user link
Frequency (uplink GHz)

1.6100-1.62135

Frequency (downlink GHz)

2.4835-2.49485

Bandwidth (MHz)

11.35

Spot beams per satellite

16

Voice bit rate (coded)(kb/s)

2.4
Feeder link

Frequency (Uplink/Downlink GHz)
Gateway antenna Gain/Temp. (dB/K)

5.1/6.9
28.5

User terminal
Multiple access method

CDMA-FDMA

Carrier bandwidth (kHz)

1250

Carrier bit rate (kb/s)
Modulation
RF power (W)
G/T(dB/K)
Nominal link margin (dB)

2.4
QPSK
0.5
-22.0
11
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Nominal satellite capacity (circuits)

2,400

Transmission delay (ms)

140- 220

Service limitations

Indoors
Number of satellites and orbital planes
48 LEO satellites
1414 km at 52o inclination
8 planes, 6 satellites each

Some success in reducing the size of antennas has been achieved by coiling the wire
elements, first into helices and later into spirals [8-11]. Understanding of traditional
circular spirals is well advanced, but square designs are likely to be more convenient to fit
into practical products [8, 9].

Spiral antennas are particularly known for their ability to produce very wide band, almost
perfectly circularly polarized radiation over their full coverage region. As a result of this
polarization characteristic and the ability to produce a broad zenith-directed pattern, spiral
antennas are popular for use in satellite mobile communication handsets.

In this chapter, the desirable size of the Quadrifilar Square Spiral Antenna (QSSA)
discussed in [8, 9] was significantly reduced by a new design of Dual-Arm Square Spiral
Antenna (DASSA) on a thin dielectric substrate. This made the new antenna of a size that
would be easily mountable on the top of a handheld terminal to be used with a low-earth-
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orbit (LEO) personal satellite communications network. The present program of work has
thus initiated a study of a square version of the dual spiral antenna (dual arm square spiral
antenna or DASSA) that should satisfy the following design requirements:

•

Hemispherical radiation pattern with elevation coverage from the zenith to a
nominal minimum elevation angle (typically 10° and 20°).

•

Circular polarization with an axial ratio better than 5dB within the coverage
angle.

•

Operational bandwidth to be covered with one antenna operating by itself, either
with a single wide bandwidth or, with the assistance of a simple matching circuit,
over the two sub-bands of interest.

•

The size to be minimized by implementing the (DASSA) over dielectric substrates
of high relative permittivity.

The new compact antenna design for handheld satellite mobile communication is
investigated and discussed at L band (1.61-1.6214GHz), ISM band (2.4835-2.5GHz) and
dual L-ISM bands. Five different antenna types are presented using two-arm spirals
connected from inside by small rectangular patch and fed through a stripline at their ends.
Various stripline widths are studied. The inputs return loss and field patterns show quite
reasonable results that satisfy the requirements of the communication strategy.
The results in terms of the antenna size and radiation performance are addressed, and
compared to previous published data.
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3.2 GEOMETRY OF DUAL ARM SQUARE SPIRAL ANTENNA

The DASSA is an electrically small antenna providing circular polarization over a broad
angular region. The antenna consists of two spirals equally spaced circumferentially
(placed at 180° to each other) and fed with equal amplitude signals and 180°-phase
difference between feeding sources. The DASSA can also be described as two orthogonal
bifilar helix antennas fed in phase quadrature, (where a bifilar is a two-element helix
antenna). The two spirals are fed at their ends, so that the feed lines in this case do not
cause significant problems from the point of view of mutual coupling effects.

The desirable size of the DASSA will be that of the top of a typical personal handset;
however, the initial design was made somewhat larger in order to prove the concept [9]: the
work presented here uses a solid dielectric beneath the spirals to reduce the antenna size.
All antennas were mounted on a thin dielectric substrate of εr = 2.55, tan δ = 0.0018 and
thickness = 1.524 mm. Five different antennas were considered. Two of these antennas
were designed for single band only (L Band Fig. 3.1a and ISM Band Fig. 3.1b). The
antenna size and the stripline width used for L and ISM bands are (12.5mm × 10.5mm and
0.75mm) and (7.5 mm × 5.0mm and 0.25mm) respectively.
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(a)

(b)
Fig. 3.1. The antenna geometry for a single L band (a) and ISM band (b).
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(a)

(b)

(c)
Fig. 3.2. The antenna geometry for a dual band with stripline width: 1mm (a), 0.25 mm (b)
and 0.75 mm (c).

The other three were considered for dual band operations as shown in Fig. 3.2. The antenna
size and stripline width are (16mm × 17mm and 1mm: Fig. 3.2a), (12mm × 16 mm and
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0.25mm: Fig. 3.2b) and (8.4mm × 12.5mm: 0.75mm: Fig. 3.2c). The reason for the
different designs is to give a variety of choice and to investigate the required antenna
performance. Moreover, from the antenna sizes presented, the antennas can be easily
mounted on top of a small area of the handset.

3.3. SIMULATION AND RESULTS

The simulated results of all antenna geometries shown in Fig. 3.1 and 3.2 were carried out
using HPADS (High frequency design solutions software) series 4 [12]. The return loss for
antennas shown in Fig. 3.1 and 3.2 are shown in Fig. 3.3 and 3.4 respectively. The results
are quite encouraging especially for all dual bands antennas presented in Fig. 3.2. The
computed relative bandwidths for single band antennas (Fig. 3.1) are 8.44% (at 1.6 GHz)
and 4.4% (at 2.5 GHz). Similarly, the bandwidths for antennas shown in Fig. 3.2 are
15.62% at 1.64GHz and 10% at 2.4GHz: Fig. 3.2a; 14.38% at 1.6GHz and 5% at 2.6GHz:
Fig. 3.2b; 12.5% at 1.61GHz and 15.87% at 2.52GHz Fig. 3.2c.
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(a)

(b)Fig. 3.3. The return loss at the input port for: (a) Fig. 3.1a; (b) Fig. 3.1b. ;
(───── simulated, ---------- measured)
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(a)

(b)
Fig. 3.4. The return loss at the input port of dual band antennas: (a) Fig. 3.2a; (b) Fig. 3.2b;
(c) Fig. 3.2c. ; (───── simulated, ---------- measured)
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(c)
Fig . 3. 4. Continued: The return loss at the input port of dual band antennas: (a) Fig. 3.2a;
(b) Fig. 3.2b; (c) Fig. 3.2c. ; (───── simulated, ---------- measured)
The radiation pattern results were computed for the y-z plane (φ=90o) on an infinite ground
plane. Figure 3.5 shows a far field pattern cut through the zenith direction (θ=0) for the Eφ
and Eθ components and for the L (Fig. 3.1a) and ISM (Fig. 3.1b) bands respectively (the
zenith direction is to the top). Fig.3. 6 shows the radiation fields for dual band antenna
given in Fig. 3.2a at 1.6GHz (Fig. 3.6a) and 2.4GHz (Fig. 3.6b). A reasonable beam
radiation pattern over the elevation angle range of ±45o is observed for all antennas. The
computed antenna gains for single L (Fig. 3.1a) and ISM (Fig. 3.1b) band antennas are
5.2dB and 4.5dB respectively, whereas for dual band antenna Fig. 3.2a they are 5.1dB at
1.6GHz and 3.8dB at 2.4GHz.
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The measured axial ratios for coverage of ±50° elevation angles away from the zenith for
the L and ISM bands for all antennas shown in Figs. 3.1 and fig. 3.2. are between –1dB
and
–4dB. These results were taken at their maximum return loss frequencies.

3.4. SUMMARIZED CONCLUSION

A new technique was discussed that reduced the antenna size for mobile handsets with
different stripline widths introduced to achieve the desired frequency response and
radiation performance for Big LEO satellite mobile communications. Five different antenna
geometries have been presented. The new designs were found very small compared with
previous studies performed on four-square spiral on the same dielectric substrate. The
results in terms of the return loss are extremely promising and the field radiations were
reasonable for both bands of interest that covers an almost ±45° elevation angle.
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Fig. 3.5. Eθ (‘-----‘) and Eφ (‘……’) versus theta at φ=90°:
(a) 1.6GHz Fig. 3.1a; (b) 2.5GHz Fig. 3.1b.
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(a)

(b)
Fig. 3.6. Eθ (‘-----‘) and Eφ (‘……’) versus theta at φ=90°
for dual band antenna shown in Fig. 3.2a
at: (a) 1.6GHz; (b) 2.4GHz.
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Fig. 3.7. Measured axial ratios for two operating frequencies versus
elevation angle at φ = 90° for dual band antennas
shown in :(a) Fig. 3.2a; (b) Fig. 3.2b; (c) Fig. 3.2c
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Fig. 3.7. Continued: Measured axial ratios for two operating frequencies versus elevation
angle at φ = 90° for dual band antennas shown in Fig. 3.2:
(a) Fig. 3.2a; (b) Fig. 3.2b; (c) Fig. 3.2c
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CHAPTER FOUR
STRIPLINE FED CIRCULAR
POLARIZED MICROSTRIP
ANTENNAS FOR SATELLITE
MOBILE COMMUNICATIONS

4.1 INTRODUCTION

Choosing the antenna for wireless communication system is very important issue and
crucial for some specific design and model constraints. Microstrip antennas are one of
the best choices for mobile communication terminals where they can be reduced in size
and in cost [1-2]. In addition of that, they can be fit within a small complex geometry
space of the mobile handset and can also provide excellent global circular polarization
over a wide elevation angle.

On top of these advantages, microstrip antennas can be made in circularly-polarized or
dual-polarized forms and operate at multi resonant frequency bands. Also the
introduction of the advanced radio frequency switching has added and extended various
applications to this particular antenna design.

For hand-held satellite-mobile terminals the existing antennas are generally rather bulky
helical types and the reduction in both size and weight afforded by microstrip antennas
promises to be very beneficial [3]. Such microstrip antennas could be achieved by using
thick or high dielectric constant substrate. However, the degree of size reduction
achievable in this way is limited and the antenna can become difficult to integrate with
the transceiver structure.

Loaded patch antennas are an alternative method used to achieve slightly more
reduction in the antenna dimensions [3, 4]. The type of loading used has typically been
by the use of shorting pins and slots in the antenna structure.
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The work presented here investigates techniques for the design of compact stripline-fed
circular-polarized microstrip antennas for satellite mobile communications. Firstly, a
theoretical simulation was carried out using Agilent ADS Momentum software [5] to try
to meet the required design goals. Several antennas working at 2.45 GHz were
implemented and then tested against the requirements. A substantial size reduction was
achieved compared to previous designs. Several modified microstrip antennas were
simulated, built and tested to evaluate their performance for this application. The
simulations showed good agreement with the measurements and the antennas appear
propitious for the application.

4.2. ANTENNA DESIGN TECHNIQUE

As it is well known that microstrip antennas radiate linear Polarization for which
different techniques are applied to achieve circular polarization. To obtain the circular
polarization, the antenna must be made resonant in two orthogonal modes, and a
possible technical idea can be done by perturbing the antenna with slits, that results in
good size reduction, to provide the required excitation of the two orthogonal modes and
to achieve acceptable radiation antenna performance.

The antennas were designed and optimized to work at around 2.45GHz. The work
started with the square patch antenna as a reference, followed by a ring antenna
perturbed with slits, and finally two modified antennas perturbed by slits and slots to
show the size reduction compared to the reference one.
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4.2.1 Square Patch Antenna

A single patch antenna can be made to radiate circular polarization if two orthogonal
patch modes are simultaneously excited with equal magnitude and ±90º out of phase,
with the sign determining the sense of rotation. This can be done by applying two feed
points to the antenna patch.

The feeding points usually excite two different modes of the single patch. In general,
these modes are orthogonal and can be generated through use of a phase shifter and
power divider, but the feeding network should not add any contribution to the radiated
fields of the patch.

Fig. 4.1. Square patch antenna with perturbed areas.
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However, circular polarization can be obtained using one feed point, and this can be
done by perturbing an area in the patch to excite two orthogonal modes, as shown in
Fig. 4.1. The design procedure begins in linear mode, using a transmission line model; it
is then optimized with areas perturbed at its two opposite corners. The radiation
performance and matching requirements at the input port were tested against values of
the perturbed area‘s’ and the width ‘w1’ of the stripline feed.

4.2.2 Annular-Ring Patch

Circular patches tend to have the worst performance at the fundamental resonant
frequency when compared to square patch, they have difficulty in matching and
narrower bandwidth [6].The annular ring is a more compact design of the circular patch,
in fact it is a circular patch loaded by what is effectively a slot embedded at the patch
centre. Such a ‘ring’ antenna in general is resonant when the mean circumference is
equal to an integral number of wavelengths, because the current is forced to follow the
ring strip, thus giving a reduction in patch size. Also the bandwidth is improved as a
result of reducing the stored energy under the patch.

For a singly fed annular ring or circular patch, circular polarization can be achieved by
exciting orthogonal resonant modes by introducing perturbing slots or stubs in the inner
or outer circumference of the ring, then placing the feed at 45° and 135° relative to the
slots or stubs.
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Fig. 4.2. Annular ring antenna geometry, showing perturbing slots.

In this design, two slits cut in the inner circumference were used, as shown in Fig. 4.2.
This antenna achieves some size reduction compared with the square patch. In principle,
more reduction is possible by using high dielectric constant substrate, but it is difficult
to match in this case.

4.2.3 Slit-Loaded Square Patch

Loading of patches with slits has been reported in the literature [3, 7-8] as a way of
achieving miniaturisation, for both linear and circularly polarization. For linear
polarization, miniaturisation is achieved by slits introduced into two facing dimensions
and fed from either of the other sides [7]. These slits force the current to meander inside
the patch and follow a path longer than the physical one. For circular polarization, the
same idea is used; inserting slits into each adjacent side with differing amounts from
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each other, and equal to the slit on the opposite side (see figure 4.3, 6.70mm and
7.30mm slits respectively). Each pair of facing dimensions is loaded equally and the
whole antenna is fed by a coaxial feeder located on a diagonal [3,8]. Again, the slits
force the current to meander and the difference between the meander paths splits the
resonant frequency into two orthogonal modes.

These designs however are not suitable for the proposed uniplanar feeding technique,
because the input impedance will become very high at any point at the circumference,
especially at the corners, because of the current distribution. Making it impossible to
match.

Fig. 4.3. Slits loaded square patch antenna geometry.

Thus a modified design technique was used by cutting two slits into each of the patch
edges, instead of one located near the corners, and feeding from the middle of one of the
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edges and as shown in (fig.4.3), for circular polarization, slits of two slightly unequal
lengths are used, distributed symmetrically. The design starts by fine tuning the slit size
to achieve the required resonance frequency and then varying the difference between
the slits: this causes the resonant mode to split into orthogonal modes. The antenna size
reduction achieved is around 32% compared to the reference design.

4.2.4 Slot-Loaded Square Ring

In the case of the microstrip ring antenna, the resonant frequency is determined by the
mean circumference [9]. Any reduction in the size requires a reduction in the outer
circumference and this requires an increase in the inner circumference in order to keep
the mean circumference, and hence the resonant frequency, the same. This makes the
strip very narrow and difficult to match.

Fig. 4.4. Slot-loaded square ring antenna geometry.
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This problem was solved by making the ring square and loading the sides with equal
slots ‘s1’, as shown in Fig.4.4. These slots make the mean circumference electrically,
longer than the physical length. Further, additional slots ‘s’ are cut to split the resonant
frequency into two orthogonal modes. Using a full-wave analysis, this antenna was
simulated: it gave 40% size reduction compared to the square patch antenna while
maintaining circular polarization behaviour within ±50º elevation angles.

4.3. RESULTS AND DISCUSSION

The antenna designs in Figs 4.1 to 4.4 were constructed in hardware form as shown in
Fig. 4.5. To make comparisons between the various designs easier, all of the hardware
realisations were mounted on a dielectric substrate with εr = 2.55, h = 1.524 mm and
tanδ = 0.0018. These were tested for impedance bandwidth performance using a
network analyser.

Good agreement between the measured and simulated values of return loss, input
impedance and centre frequency were achieved for all antennas, as shown in Figs. 4.6,
4.7, 4.8 and 4.9. These results are confined to the antennas given in Figs. 4.3 and 4.4 as
they are the primary targets of the size minimisation exercise. Comparisons with the
reference antenna and the annular ring shown in Figs 4.1 and 4.2 respectively are given
in Table 4.1.
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(a)

(b)

(c)

(d)
Fig. 4.5 Antenna prototypes;
(a) Square patch antenna shown in Fig. 4.1,
(b) Annular ring antenna shown in Fig. 4.2,
(c) Slits loaded square patch antenna shown in Fig. 4.3,
(d) Slot-loaded square ring antenna shown in Fig. 4.4.

65

Fig. 4.6. Simulated input impedance and return loss of the slit-loaded square patch.

Fig. 4.7. Measured input impedance and return loss of the slit-loaded square patch.
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The results in Table 4.1 show that a reduction of up to 32% in size, compared with the
conventional square patch, is achieved using the slit-loaded square patch and 40%
reduction is achieved using the slotted square ring. Moreover, with the slotted square
ring the resonant frequency can be shifted by varying the dimensions of the slots and
moving them toward or away from the edges of the ring. Further, the results imply that
it could resonate at much lower frequencies with the same outer dimensions, meaning
that further reduction in dimensions is possible.

Fig.4.8. Simulated input impedance and return loss of the slot-loaded square ring.
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Fig. 4.9. Measured input impedance and return loss of the slot-loaded square ring.

Table 4.1. Summary comparison for the antennas shown in Figs. 4.1, 4.2, 4.3 and 4.4.
Type

Square patch

Annular ring

Slit-loaded patch

Size mm

37.4x
37.4
0.0 %

R=34.4

31x31

Slot-loaded
square ring
29x29

15 %

31.7 %

40 %

6.57/
7.1dB
138.78°

6/7dB
143°

6/5.94
dB
145.5°

5.8/6.9
dB
144°

5.0 %
Good
Not possible

3.3 %
Bad
Difficult

3.6 %
Quite good
Up to 36%

3.5 %
Bad
Possible

2.427
GHz

2.438
GHz

2.456
GHz

2.435
GHz

Achieved
reduction
Gain/
directivity
Coverage
angle
Band-width
Matching
Further size
reduction
Resonance
frequency

The simulated axial ratio and power gain of the antennas in Figs. 4.3 and 4.4 are shown
in Figs. 4.10 and 4.11 respectively. As shown, a reasonable power gain of 5 to 6 dB and
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axial ratios between 1 to 3 dB were observed over a wide elevation angle of
approximately ± 75°.

Fig. 4.10a. The axial ratio in dB versus θ in degrees
for the antenna shown in Fig. 4.3.

Fig. 4.10b. Gain and directivity in dB versus θ in degrees
for the antenna shown Fig. 4.3.
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Fig. 4.11a. The axial ratio in dB versus theta in degrees
for the antenna shown in Fig. 4.4.

Fig. 4.11b. Gain and directivity in dB versus θ in degrees
for the antenna shown in Fig. 4.4.
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4.4. CONCLUSIONS

Several types of stripline-fed circularly polarized microstrip antennas, intended for
hand-held satellite terminals, were presented. Some of these antennas not only satisfy
the radiation performance required for satellite communications but also achieve a
significant reduction in size compared to a reference square patch antenna, perturbed at
its opposite corners. Up to 40% size reduction was found to be possible when using a
slot-loaded square ring antenna. The simulated return loss and resonance frequency
showed good agreement with the measurements.
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CHAPTER FIVE
INVESTIGATIONS OF
POLARIZATION PURITY AND S.A.R.
FOR TWO DUAL BAND ANTENNAS
FOR SATELLITE-MOBILE
HANDSETS

5.1 INTRODUCTION

If there is no nearby terrestrial base station, then the satellite communications system
need to provide a global coverage [1, 2]. Most of the systems which is currently in
operation uses the `big low earth orbit`(Big-LEO), such as `Globalstar ` which was
chosen by [1].The handsets of this system require broad-beam radiation patterns with
low-cross-polarization circularly-polarized antennas to achieve acceptable link margins.
These terminals use an uplink band at 1.61-1.6214GHz (L-band) and downlink band at
2.4835-2.5GHz (ISM-band).

Degradation of circular polarization purity (Degradation of axial ratio) of the radiated
field in the proximity of a human head has been addressed before in [3]. SAR
assessments in comparison with terrestrial mobile handset antennas have been presented
in [4] and [5]. In [3] it was demonstrated how the presence of the human head could
significantly affect the circular polarization purity of a candidate helical antenna. A
square helix, modeled with the finite-difference time-domain method and mounted on a
small perfect conducting box was used to approximate a large circular helix.

The antenna was too large to be realistic, but the intention was to characterize the
polarization issue only. For this geometry, it was found that the presence of the head
degraded the average axial ratio within a 50o cone by between 2.9 and 9.1 dB, which
can have a significant effect on the system performance.
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Concerning the SAR in the user’s head, in [4] and [5] the authors compared a
quadrifilar helix antenna (QHA) with a terrestrial monopole antenna. It was shown that
input power for the satellite antenna could be increased by 27% for the same peak SAR
level. Moreover, in [6] it was shown that the peak SAR of a QHA can be reduced by
shifting the feed points vertically to the top of the antenna. In these studies the
transmission line matrix (TLM) modeling technique was used.

Different satellite

antenna designs have been proposed in the literature recently that have complex curved
geometries such as single curl, quadrifilar-curl antenna [7] and modified QHAs in [8]
and a dual-band QHA [9]. It is concluded in [10] that the hybrid MoM/FDTD technique
suits investigations of all of these types very well.

In this chapter, the polarization purity and SAR of two dual-band antennas for satellitemobile handsets next to the human head will be investigated and discussed (Fig. 5.1),
using a hybrid computational method. These antennas are the quadrifilar spiral antenna
(QSA) [11] and quadrifilar helical antenna (QHA) [9]. A small distance between the
head and the handset was chosen to highlight the effects of the relatively high-radiated
power proposed from this particular antenna. Moreover, a better resolution was used
since the FDTD cell size is 2.5mm and this better than the previous work done by [12].
The results for two operating frequencies were studied and discussed.
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5.2 SATELLITE ANTENNAS ON HANDSET ADJACENT TO
REALISTIC HEAD MODEL

The QSA and QHA are the best antenna candidates for satellite mobile handsets
providing circular polarization over a broad angular region. Looking to Fig. 5.1 the
QSA is an electrically small antenna compared to QHA, thus it is worthwhile to
investigate both antenna performances in the vicinity of the human head.

However the QSA consists of four spirals equally spaced circumferentially (placed at
90° to each other), whereas the QHA has four helices placed at 90° to each other. Both
antennas are fed with equal amplitude signals and 90°-phase difference between feeding
sources (i.e. 0°, 90°, 180°, and 270°). Basically, the QSA and QHA can also be
described as two orthogonal bifilar spiral or helix antennas fed in phase quadrature,
(where a bifilar is a two-element spiral or helix antenna). The antenna geometry for
QSA and QHA antennas is detailed in Table 5.1 and 5. 2 respectively.

The handset dimensions were selected to be 56 x 56 x 140 mm. It should be noted that
the QSA here is fed from inside rather than outside since the distance between the feed
lines in this case does not cause significant problems from the point of view of mutual
coupling effects.
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Z

X

Y

Direction
of the head

Fig. 5.1 The geometry for the dual band QHA and QSA.
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Table 5.1 Data of Quadrifilar Spiral Antenna
Wire radius (m)

0.0025

Spiral height (m)

0.0175

Number of turns

1.42

Spacing between turns (m)

0.0131

Inner start angle Φst (radians)

0

Spiral constant

0.248

Outer end angle Φend (radians)

13.05

Inner start radius of spiral (m)

0.017

Outer radius of Spiral (m)

0.0278

The size of the equivalent Huygens surface [10-12], that includes the antenna inside the
FDTD grid cells was selected to be 36 x 36 x 72 cells for QSA antenna and 36 x 36 x
117 cells for QHA antenna. This closed surface is placed on the x-axis, adjacent to a
realistic head image. The details of this surface and the head for two different slices are
shown in Figs 5.2 and 5.3. The FDTD details for both frequency bands (i.e., 1.6 GHz
and 2.5 GHz) are stated in the Table 5.3. The head tissue classifications used in this
work is given in [13], which uses 16 different human tissues.
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Table 5.2 Data of Quadrifilar Helical Antenna
Helix

Helix Radius

Pitch

Axial

Wire radius

No.

(m)

distance

length

(m)

(m)

(m)

1

0.007

0.068

0.085

0.00089

2

0.007

0.028

0.035

0.00089

3

0.007 / 0 .021

0.068

0.017

0.00089

Table 5.3 FDTD details of the QSA and QHA next to human head at 1.6GHz and
2.5GHz
1.6 GHz

2.5 GHz

Total number of

127x96x127

127x96x127

FDTD

(QSA)

(QSA)

127x91x137

127x91x137

(QHA)

(QHA)

Cell width

2.5mm

2.5mm

Time step

3.375ps

2.75ps

Number of cycles

25

30

Number of time

4629

4629

steps
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5.3 NUMERICAL RESULTS USING REALISTIC HEAD MODEL

Two simulations were performed for both antennas, firstly in free space and secondly in
the presence of a realistic inhomogeneous human head model. Several distances
between the handset and the head (placed at x-axis φ=0° direction) were investigated
and discussed. The numerical results of these simulations were as follows.

The VSWR at the input ports of the QSA and QHA without the head are shown in Fig.
5.4. The dual bands clearly state the operation of both antennas (i.e. 1.6 GHz: L band
and 2.48 GHz: ISM bands). Good axial ratios for both antennas at the two bands were
observed with the following power gains: 5 dB (L Band) and 6.5 dB (ISM Band) for
QSA; 6 dB (L band) and 8 dB (ISM band) for QHA. Reasonable circular polarization
coverage of ± 50° and ± 45° elevation angles were obtained for L and ISM bands
respectively for QSA and QHA antennas.

The field pattern with and without a head is shown in Fig. 5.5. The head is placed at 7.5
mm from the handset. The free space field is computed using the hybrid technique and
has excellent agreement with pure Method of Moments [10]. The fields were displayed
for 1 watt-input power. As shown the Eφ component was much affected by the presence
of the head.
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Fig. 5.2. Geometry of mobile handset with human head in XZ plane.

Fig. 5.3. Geometry of mobile handset with human head in XY plane.
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Fig. 5.4. The VSWR versus frequency for antennas shown in Fig. 5.1:
(----- QHA, …… QSA).

In the presence of the head, Figures 5.6 and 5.7 show the distribution of electric field
magnitude contours across the central vertical problem space principal-plane cut for the
QSA handset at L band and QHA handset at ISM band, in the proximity of the head. It
should be noted that the rectangular sub-region is the Huygens surface that forms the
boundary between the MOM (interior) and FDTD (exterior) domains. Within this
surface only the scattered fields are displayed, while the total fields are displayed
outside. It can be observed that the main lobe is pointing upwards out of the scattered
field region of the Huygens surface.
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Unlike the single helix antenna where the field distribution is more uniform as the QSA
handset is more symmetrical. According to Figures 5.6 and 5.7, the peak SAR location
can be seen to be towards the top part of the head, contrasting with GSM terrestrial
handsets, for which the peak is located at the ear region.

Fig. 5.5. Eθ and Eφ versus θ at φ = 0°;
(ooo Eθ, xxx Eφ: with human head; …. Eθ, ---- Eφ: without human head).

84

Fig.5. 6. The magnitude of the Electric field in dB at YZ plane for QSA
at L-band for a total of 1 watt input power (axis Y & Z : number of cells).

Fig. 5.7. The magnitude of the Electric field in dB at XZ plane for QHA
at ISM-band for a total of 1 watt input power (axis X & Z : number of cells).
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Fig.5.8. Axial ratio in (dB) for QSA antenna at L band: (ooo φ=0o, xxx φ=90o)

Fig.5.9. Axial ratio in (dB) for QSA antenna at ISM band: (ooo φ=0o, xxx φ=90o)
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Fig. 5.10. Axial ratio in (dB) for QHA antenna at L band: (ooo φ=0o, xxx φ=90o)

The axial ratios results were computed for the x-z plane (φ=0o) and y-z plane (φ=90o) in
the presence of the head. Figures 5.8 and 5.9 present the axial ratio for QSA at L band
and ISM band respectively, whereas Figures 5.10 and 5.11 show the axial ratio for
QHA at L band and ISM band respectively. The distance between the handset and the
head was kept 7.5 mm same for all figures.
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A reasonable coverage of circular polarization is observed over the elevation angle
range of ±40o for both bands of interest. The circular polarization purity for both bands
decreases in the presence of the head by 2 to 5 dB, which is much better than for the
single axial mode helix.

Fig.5.11. Axial ratio in (dB) for QHA antenna at ISM band: (ooo φ=0o, xxx φ=90o)
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The calculated peak SAR and the maximum averaged SAR over masses of 10g and 1g
power absorbed for different distances between the head and the handset for both
antennas at L and ISM bands are shown in Fig. 5.1 and summarized in Table 5.4 for an
input power of 1W. The SAR distributions for xz plane for both antennas at L and ISM
bands are presented in Figs. 5.12 to 5.16. The computations indicate that approximately
24% (L-band) and 14% (ISM-band) of the total delivered power was absorbed by the
head using QSA antenna, while 13% (L-band) and 8% (ISM-band) of the total delivered
power was absorbed by the head using QHA antenna.

These results are much lower than those reported in [10] for a GSM 1800 terrestrial
handset, for which peak SAR in the head was between 10 and 21W/kg/W for a headhandset separation of 7.5mm. Additionally, the head absorbed between 48 and 68% of
the power delivered to the antenna. The decrease in the absorption levels for satellite
terminals is partly due to the direction of radiation being different for the two cases and
partly to the inherently greater distance between the head and the antenna.

5.4 CONCLUSIONS

In this chapter, new satellite handsets were simulated in the proximity of a human head
model using a proven hybrid MOM/FDTD technique [10]. A dual-band quadrifilar
spiral antenna (QSA) and quadrifilar helix antenna (QHA) were selected for this study.
The similarity in the computed performance of the traditional single helix with
published data was compared as validation. This yields confidence in the capabilities of
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the hybrid method for modeling such complex structures. The effect of the presence of
the head model on the axial ratio and the circular polarization radiation purity was
investigated in detail.

The computations indicated that approximately 24% to 14% of the total delivered power
was absorbed by the head for the QSA satellite antenna and 13% to 8% for the QHA
satellite antenna, compared with 48 to 68% for GSM terrestrial handsets. The results
also indicate the impact of the presence of the head on the circular polarization purity of
this antenna: for both bands, this varied between 2 to 5 dB compared to 30 dB obtained
using single axial mode helix.
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Fig. 5.12. SAR distribution for xz plane for QSA at L band.

Fig. 5.13. SAR distribution for xz plane for QSA at ISM band.
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Fig. 5.14. SAR distribution for xz plane for QHA at L band.

Fig. 5.15. SAR distribution for xz plane for QHA at ISM band.
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Table 5.4 Computed SAR and power absorbed for Both QSA and QHA antennas.
Distance
(mm)

Computed parameters

7.5

SAR Unaverage (w/kg)
SAR average over 1gm (w/kg)
SAR average over 10gm (w/kg)
Power absorbed
Prad/Pabs
SAR Unaverage (w/kg)
SAR average over 1gm (w/kg)
SAR average over 10gm (w/kg)
Power absorbed
Prad/Pabs
SAR Unaverage (w/kg)
SAR average over 1gm (w/kg)
SAR average over 10gm (w/kg)
Power absorbed
Prad/Pabs
SAR Unaverage (w/kg)
SAR average over 1gm (w/kg)
SAR average over 10gm (w/kg)
Power absorbed
Prad/Pabs

10

15

20

QSA

QHA

1.6GHz

2.5GHz

1.6GHz

2.5GHz

6.759
1.399
0.138
174
4.75
3.912
0.847
0.811
132.6
6.542
2.871
0.644
0.614
113.4
7.816
2.179
0.504
0.478
98.3
9.171

17.312
1.088
0.836
130
6.688

2.003
0.503
0.465
85.6
10.68
1.434
0.363
0.336
70.6
13.16
1.074
0.271
0.252
59.3
15.87
0.834
0.210
0.195
50.5
18.81

0.9
0.267
0.227
44.3
21.57
8.788
2.460
1.639
72.6
15.00
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CHAPTER SIX
A NEW DESIGN OF CIRCULARLYPOLARIZED CONICAL-BEAM
MICROSTRIP PATCH ANTENNA
ARRAYS

6.1 INTRODUCTION

The natural choice of polarization for a Wireless Sensor Network (WSN) is not obvious,
and the IEEE 802.11x standards at present contain no recommendations. It was suggested
that horizontal polarization [1] may reflect more strongly from ceilings, while there is also
the possibility of using switched - polarization diversity to improve reliability. Likewise it
may be possible to improve frequency re-use by using orthogonal polarizations to increase
isolation or by using a dual-polarized form of ring array by exciting square patches in two
orthogonal modes [2]. This gives uncertainties about the propagation conditions, it would
be useful to have a free choice of polarization, and a polarization diversity scheme might
also be considered. An interesting problem for such wireless networks is the use of conical
beam radiators that consider the peak radiation which could be made to occur at higher
values of θ, i.e. lower elevations. This also explains the type of mounting of these antennas
on ceilings and ground surface.

A method of realizing circularly-polarized conical beam antennas, using an array of
radiating elements, was previously discussed in [3-6]. Four elements of monopole radiators
and a slot antenna spherical antenna array were considered in [3, 4], whereas in [5] a set of
axial-mode helical antennas was used; in both cases the radiating elements occupied an
appreciable volume. A ring of microstrip patches was used in [6] to achieve the desired
conical beam pattern with circular polarization, but involved a rather complicated feed
network. A single patch antenna with a hybrid feed mechanism was proposed in [7], but
this has a basic broadside radiation pattern.
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In this chapter, a conical-beam circularly-polarized antenna array of patches mounted on a
single surface layer is presented. This has a simplified feed method and is intended for
short-range low power WSN applications, such as Bluetooth, WiFi and ZigBee. This work
extends earlier work [2] that discussed horizontally and vertically-polarized conical-beam
antenna arrays; however, the operating frequency considered in the present case is the ISM
2.4 GHz band.

6.2 THE MULTIPATCH DESIGN CONCEPT

It has been proposed [3, 4] that an approximate conical beam can be generated by using a
structure which is not completely circularly symmetric, but is self-congruent under
rotations of 2π/N where N is an integer for vertically [3] and horizontally [4] polarized
antenna design. This principle is adapted here to a circularly polarized design.

Fig.6.1. describes a group of N rectangular patch antennas arranged in a ring formation. A
polar coordinate system, will be used with the polar axis θ = 0 normal to the ground plane,
and φ = 0 aligned with the radiating edge of one of the patches. If it is assumed that the
patches are equally excited with dominant electric current components in the direction of
increasing φ, there will clearly be null radiation at zenith.
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Fig. 6.1: Local axis coordinates for the antenna array

6.3 GEOMETRY OF ANTENNA

By implementing the theory from [1, 3, and 4], two new conical beam circular polarized
antenna are proposed and shown in Figures 6.2 to 6.5. These show antenna arrays of three
and four radiating elements that will be discussed in the following two sub-sections.
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Fig. 6.2: Geometry of the proposed three elements antenna array.

Fig. 6.3: Prototype of the proposed three elements antenna array
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Fig. 6.4: Geometry of the proposed four elements antenna array.

Fig. 6.5: Prototype of the proposed four elements antenna array
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6.3.1 THREE ELEMENTS ANTENNA ARRAY

The design of an antenna for broadband performance implies using a moderate substrate
thickness with dielectric constant as low as possible [4]. Although the requirements for
avoiding feed line radiation contradict these criteria, the section of the feed networks which
performs power splitting can have the same symmetry as the group of patches, and its
spurious radiation can therefore also approximate to a conical beam. Taking account of the
above arguments and practical considerations, all the antennas were fabricated using air
filled substrate.

By extending the previous works from [2, 6], a new conical beam circular polarized
antenna is proposed. The designed antenna, as shown in Fig. 6.2, was made by three 4.5cm
x 4.6 cm rectangular patch which are 120 degree apart from each other around the
circumferential ring. By inserting a rectangular slot (1cm x 1.1cm) into the rectangular
patch and diagonally truncating two corners of the rectangular patch, excitement of two
orthogonal modes of equal magnitudes results, 90 degrees out of phase [6], to achieve the
required circular polarization. In order to prove the required matching of the input
impedance at the desired frequency band, a feed network is designed which will permit
equal feeding of all the patches from a central point fed by an SMA connector from the rear
of the ground plane. It should be noted that the proposed antenna is mounted 1cm above a
30cm x 30 cm ground plane.
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However, once the basic patch geometry has been optimized and fixed, to complete a
testable design it is only necessary to devise a feed network which will permit equal
feeding of all the patches from a central point fed by a pin from the rear of the substrate.
This network should if possible also provide the necessary matched input impedance.
Design of the feed line networks is essentially a separate issue from the pattern design. The
feeds are not expected to affect the pattern very significantly and they can be realized in
many different ways. In a narrow band system there is little reason to choose between any
two reasonable designs. The condition was imposed, however, that the prototypes would
use microstrip line feeds attached at the centre of the radiating edges of the patches. It was
expected that this would help to maintain low cross-polarization, for individual patches.

6.3.1.1 SIMULATION AND RESULTS OF THREE ELEMENTS
ARRAY

The computed and measured return loss of the proposed antenna shown in Figs. 6.2 and
6.3 is presented in Fig. 6.6. The predicted return loss of the proposed antenna is simulated
using the commercial software package CST [6]; whereas the measured return loss was
obtained using an HP8510A network analyzer. The measured and simulated impedances
were referenced at the point where the central feed pin crosses the ground plane.

As can be observed, the proposed antenna operates over the frequency band from 2400
MHz to 2485 MHz at S11 < -10 dB which is fully covers the ISM2400 band. The best match
of the proposed antenna occurs at 2.44 GHz in which the input impedance is
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Zin = 44.56 + j 12.4 Ω at the input return loss of 18.3 dB. Both simulated and measured
return losses of the proposed antenna are in agreement.

Fig. 6.6: Simulated and measured return loss of the proposed antenna
shown in Figs. 6.2 and 6.3.

Measurements of the far-field radiation patterns of the prototype, was carried out in a farfield anechoic chamber using an elevation over-azimuth-positioner with the elevation axis
coincident with the polar axis (θ = 0) of the antenna’s co-ordinate system. The elevation
drive thus generates cuts at constant θ and the azimuth drive cuts at constant φ. The fixed
antenna was a broadband horn (EMCO type 3115) and the spacing between the test antenna
and the horn was 4 m. The azimuth elevation positioner was rotated from φ = - 90° to 90°
for E - plane measurement with an increment of 5°. The antenna pattern was measured at
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two individual frequencies. Four patterns cuts at constant φ were shown in Figs. 6.7 and
6.8.

Fig. 6.7: Measured axial ratios against the elevation angle of the proposed
antenna for two operating frequencies, at four vertical cuts;
φ = 0°, φ = 30°, φ = 45° and φ = 90°
Fig. 6.7 illustrates the axial ratio of the proposed antenna against the elevation angle θ at
2400 MHz and 2450MHz for four vertical planes i.e., φ = 0°, φ = 30°, φ = 45° and φ = 90°.
As can be observed, the proposed antenna maintains a good axial ratio of less than 4 dBs
over ± 50° elevation angle. Fig. 6.8 shows the radiation patterns of the proposed antenna at
2450MHz for four planes, similar to those considered in axial ratio. As can be examined,
the symmetrical and identical variations were obtained for all the radiation patterns. The
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maximum gain of the antenna is found to be around 5 dBi at 2450MHz. The results confirm
the superior circular polarized conical beam shape for the proposed antenna.

(a)

(b)

Fig. 6.8: Measured radiation patterns of the proposed antenna at 2450MHz for four
vertical planes (a) φ = 0°, (b) φ = 30° and (c) φ = 45° (d) φ = 90° where ‘x-xx’ measured cross-polar pattern component and ‘o-o-o’ measured co-polar
pattern component.
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(c)

(d)

Fig. 6.8: Continued (c) φ = 45° (d) φ = 90° where ‘x-x-x’ measured cross-polar pattern
component and ‘o-o-o’ measured co-polar pattern component.
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6.3.2 FOUR ELEMENTS ANTENNA ARRAY

Similarly, using the design theory presented in [2, 9], the new four elements antenna array
proposed is shown in Figs. 6.4 and 6.5, in which, the important dimensions for the optimal
antenna configuration in this study were found to be: w1 = 34, w2 = 33, w3 = 21.75, w4 =
9.75, s1 = 17.4, s2 = 16, s3 = 11, s4 = 10, lf = 31.25, wf = 2.5 and c1 = 12 (all dimensions in
mm). This antenna array consists of four 45mm x 46 mm rectangular patches distributed
over one horizontal plane in a circular formation with 90° spacing. Inserting a rectangular
slot of size 10 mm x 11 mm into each rectangular patch and diagonally truncating two
corners of the patch will cause excitation of two orthogonal modes with approximately
equal magnitude and 90° relative phase, thus creating the required circular polarization.

Once the basic patch geometry has been optimized and fixed, the feed network can be
designed. In this case it should be highlighted that the proposed antenna, from bandwidth
considerations, is mounted 1cm above a 300mm x 300mm ground plane. The feed network
has been designed to permit equal and co-phased feeding of all the patches from a central
pin at which the feed lines are connected in parallel and which are then fed from an SMA
connector on the underside of the ground plane. For simplicity of construction, the feed
lines use the same spacing as the patches. Even with this rather large spacing, the feed lines
are not expected to affect the pattern very significantly and they can be realized in several
different ways. In a narrow band system the different choices all have similar
performances; however, the condition was imposed that the prototype would use microstrip
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line feeds attached at the centre of the radiating edges of the patches. It was expected that
this would help to maintain low cross-polarization, for individual patches. The impedance
matching took into account the strong interaction between the patches, and a good result
was obtained by optimizing, in field simulation, the feed line width.

6.3.2.1 SIMULATION AND RESULTS OF FOUR ELEMENTS ARRAY

For the hardware realization, copper sheet of thickness 0.5 mm was used for fabricating the
proposed antenna and the ground plane. The predicted and measured return losses for the
prototype array are presented in Fig. 6.9 and reasonably good agreement between them is
observed. The simulations used the FDTD method (CST Microwave Studio [10]) and the
return loss was measured with the impedance referenced to at the point where the central
feed pin crosses the ground plane. As can be seen, the proposed antenna operates over the
frequency band 2.395 GHz to 2.585 GHz at S11 < -10 dB which fully covers the ISM band
at 2.4 GHz to 2.485 GHz.

Measurements of the far-field radiation patterns of the prototype antenna array were carried
out in a far-field anechoic chamber using an elevation-over-azimuth positioner with the
elevation axis coincident with the polar axis (θ = 0°) for the antenna’s co-ordinate system.
The azimuth drive thus generated cuts at constant φ. The fixed antenna was a calibrated
broadband horn (EMCO type 3115) with a spacing of 4 m. The elevation positioner was
rotated from θ = -180° to 180° for E-plane measurements, with an increment of 5°. The
prototype antenna was measured at targeted frequencies within the ISM 2.4 GHz band.
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Three pattern made cuts, at constant φ, i.e. φ = 0°, φ = 30° and φ = 45°, chosen due to the
symmetrical geometry of the proposed antenna.

Fig. 6.9 Simulated and measured return loss of the proposed four elements antenna array.

The normalized radiation patterns measured at 2.45 GHz are shown in Fig. 6.10. This figure
depicts the measured Eθ and Eφ far field patterns for three vertical planes, φ = 0°, φ = 30°
and φ = 45°. As can be seen, this antenna possesses conical beams with peaks situated at
around θ = ± 28° over the three different plane cuts. Radiation patterns for this antenna
were measured at other frequencies within the intended band and conical beam radiation
patterns with similar beam width were observed. Moreover, the maximum gain of the
antenna was found to be about 7 dBi at 2.45 GHz and gain deviation from the peak was less
than 2 dB as measured.
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(a) φ = 0°
Fig. 6.10: Measured gain radiation patterns of the proposed antenna at 2.45 GHz for
three planes: (a) φ = 0°, [‘x-x-x’ measured Eφ pattern, ‘o-o-o’ measured Eθ
pattern].

(b) φ = 30°
Fig. 6.10: Measured gain radiation patterns of the proposed antenna at 2.45 GHz for
three planes: (b) φ = 30° [‘x-x-x’ measured Eφ pattern, ‘o-o-o’ measured Eθ
pattern].
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(c) φ = 45°
Fig. 6.10: Measured gain radiation patterns of the proposed antenna at 2.45 GHz for
three planes: (c) φ = 45°; [‘x-x-x’ measured Eφ pattern, ‘o-o-o’ measured Eθ
pattern].

Performance of the axial ratio for the antenna was also characterized. Fig. 6.11 illustrates
the simulated and measured axial ratio of the proposed antenna against the elevation angle
θ at 2.45 GHz, for the same three vertical planes as used for consideration of radiation
patterns. As can be seen, the results in simulation and measurement show reasonable
agreement in axial ratio for the proposed antenna, presenting axial ratios less than 4 dB for
elevation angles (θ) around peak gain.
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Fig. 6.11: Simulated and measured axial ratio against the elevation angle of the
proposed antenna at 2.45 GHz, for three vertical cuts: φ = 0°, φ = 30° and φ
= 45°. ‘───’ simulated at φ = 30°, ‘- - - -’ simulated at φ = 45°, ‘o-o-o’
measured at φ = 0°,‘□-□-□’ measured at φ = 30°, ‘x-x-x’ measured at φ =
45°.

In addition, broadband performance of axial ratio over the intended band was investigated.
The results were compared and verified against the simulation results, as shown in Fig.
6.12. Angles of θ = 45° and φ = 45° were chosen for this investigation, for both the
simulation and measurement. The measured 3 dB axial ratio bandwidth fully covers the
frequencies of interest for the ISM 2.4 GHz band, as observed. Therefore, this result
illustrates the broadband performance of the circularly polarized conical beams for the
proposed antenna.
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Fig. 6.12: Simulated and measured axial ratio against frequency.

6.4 SUMMARIZED CONCLUSIONS

A conical-beam, circularly-polarized co-planar three and four element antenna arrays were
presented. The proposed antenna arrays were designed to operate at the ISM 2.4 GHz band
and performance of the conical beam patterns was characterized and verified with
measurements and shown to have acceptable axial ratio. The present antenna design can be
used as a good candidate for applications in short-range wireless communication systems,
particularly wireless sensor networks, where the conical beam will give advantages of
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energy savings and reduced co-channel interference. Other applications could include
indoor WLAN antennas for mounting on ceilings or other horizontal surfaces.
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CHAPTER SEVEN
CIRCULAR-POLARIZED ANTENNA
DESIGN USING
GENETIC ALGORITHMS

7.1 INTRODUCTION
The method of moments (MOM) as applied in the Numerical Electromagnetic Code
(NEC) has been widely used with considerable success for antenna simulation [1].
Based on applying this method, several antenna design applications using wire and
planar antennas were presented and can be found in [2-12].

In addition, the wire-grid method is a well-known viable approach to model metallic
planar structures, and includes patch antenna designs, by employing thin wires and
using the NEC [13]. Such designs require careful selection of parameters, such as
segment length and radius.

The NEC-2 source code is now in the public domain, with helpful user guides: it can be
relatively easily modified and included in optimization algorithms such as genetic
algorithms [14]. This means that it is possible to use a source code programming
language for optimization and for the computational electromagnetic, thus simplifying
and accelerating the process for solution of complex problems.

The implementation of wire grids within the process can be easily added to the
optimization engine to model arbitrary conducting surfaces. This grid model, which
includes the option of the closed surface patch model using MFIE in NEC-2, makes the
full code convenient to implement a variety of conducting structures.

It is well known that there are more advanced commercial codes now available which,
in particular, implement patch modelling more effectively (e.g. FEKO [15] and IE3D
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[16]). These would remove some of the constraints applied by using wire grid models,
but the source codes for them are not as freely available as those for NEC-2.

Genetic algorithms (GA) are random search methods based on the principle of natural
selection and evolution [14]. The idea of using GA in conjunction with an
electromagnetic simulator has been introduced in recent times for antenna design and is
becoming increasingly popular: for example, GA has been employed to design wire
antennas and microstrip antennas [13-14, 17-18]. The benefit of applying GA is that it
provides fast, accurate and reliable solutions for antenna structures: it can also throw up
designs that are not intuitively obvious, even to experienced specialists.

Presented in this chapter are the results of studies in which GA are applied to design and
optimize quadrifilar helical antenna with the inclusion of a small size satellite mobile
handset for circular polarization. The optimal solution of the antenna structure derived
using GA were constructed and examined in detail against the simulation results.

Moreover, a program to adaptively generate equivalent wire-grid structures for the
electromagnetic simulation of 2D structures has been developed. The main purpose of
this program is to simulate planar microstrip patch antenna designs, using the Numerical
Electromagnetic Code in collaboration with a genetic algorithm (GA) [19]. In order to
demonstrate how this program operates in meshing planar structures, two examples are
illustrated, both involving design of circular-polarized coaxially-fed antennas. It is
confirmed that the performances of both GA-optimized antennas were excellent and the
presented examples show the capability of the proposed program in antenna design
using GA.
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7.2 THE GENETIC ALGORITHM
7.2.1 Introduction to genetic algorithms
Genetic algorithms are stochastic search procedures orchestrated by natural genetics,
selection and evolution [20]. They are modelled on Darwinian concepts of natural
evolution thus making them more inspiring during use [21]. After its first introduction
in 1960’s by J. Holland, it has become an efficient tool for search, optimization and
machine learning, but in the pre – GA era, concepts of it had been looming and applied
in game playing and pattern recognition [22]. Over the recent years, it has proven to be
a promising technique for different optimizations, designs and control applications.

Basically, GA exerts pressure on a set or population of possible solutions managing
them to evolve towards a global optimal point. This is achieved by a fitness weight
selection process and severe exploration of the solution search space attained through
recombination (crossover) and mutation of the characteristics present in the particular
population considered.

When the GA is used as an optimizer, it is found to be very effective and robust
especially if the goal of the operation is to locate an approximate global maximum in
complex combinatorial and search related problems. The powerful heuristics of the GA
are essentially efficient to dynamically update the parameters applied to the input
measurements, operate on them and produce near optimal solutions.
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Genetic algorithms show more promise because among other search algorithms, they
examine all possible solutions in the search space of unknown parameters and
eventually identify the most suitable and fittest solution to the complex problem. Due to
the unique ability to rigorously search the entire defined search space, it’s always been
referred to as a robust and highly efficient technique with better performances; capable
of solving complex problems in various engineering applications and fields.

7.2.2 Why genetic algorithms?
At this point, it is necessary to point out the reasons why GA is widely used in different
optimization processes. The majority of the optimization methods are classified as
either;

•

Global techniques with familiar examples such as Genetic Algorithms, random
walk, simulated annealing and Monte Carlo [17-20-26].

•

Local techniques with familiar examples such as conjugate gradient, quasi
Newton and simplex methods [17-20-26].

A major difference between these two optimization techniques is that the local
techniques tend to produce results extremely dependent upon initial start conditions and
they couple tightly to the solution domain thereby converging relatively fast and
producing local maximum results. On the other hand, global techniques are independent
of these starting conditions, although they do however place certain constraints on them.
Thus, the global techniques have proved to be robust and perform better even if there
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are discontinuities in the solution domain. Furthermore, it has been observed that there
are three main situations when the genetic algorithms tend to be more useful. These are;

•

If the problem at hand requires many parameters.

•

There are multiple local optima solutions present.

•

A non – differentiable objective function [20].

From this point of view, a closer look into these two groups of optimization process
shows that the local techniques converge faster than the global techniques [20].
However, in the electromagnetic design problems, the rate of convergence is relatively
less important but optimal results are vital. Amongst the global techniques, the GA is
more suitable for electromagnetic design issues. It is faster, reliable, robust and easily
programmed and readily implemented [23].

7.2.3 Terminologies in GA
To be able to appreciate and have a common understanding of this particular discussion
about GA, we need some fundamental definitions. The following summarizes the most
important concepts many of which are similar and borrowed from the concepts of
natural evolution.

•

Generation: A set of fit individuals which were successively created.

•

Parent: These are members selected in a probabilistic manner from a particular
initialized population. They are usually weighted relative to their fitness values
[20].
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•

Children: Usually generated by initially selected parents to form a new
generation. They are products of the major genetic operators; crossover and
mutation.

•

Fitness: A value that dictates the measure of the goodness of each individual.

•

Genes: Coded parameters required for optimization.

•

Chromosomes: Two genes in string format.

•

Objective function: A numerical representation in simple equation formats, of
the required goal in an optimization problem [24]. It defines if the complex
problem has been maximized or minimized and could also be referred to as the
cost function or fitness function.

•

Search space: The region that contains all possible solutions assumed by the
design engineer [24]. Due to the chances of flexibility during optimization, the
search space might contain solutions outside the feasible conditions. The
intelligent GA tends to isolate them and select the appropriate optimal solutions
from this pool. In addition to this, the format of the search space boundaries
must be taken carefully to prevent early convergence on less optimal results.

From all described so far, the whole optimization process involves some basic tasks
which are enumerated below as follows:

•

Solution parameters are encoded as genes.

•

Chromosomes are formed from strings of genes.

•

A random initiation creates a starting population.

•

Individuals in the population are evaluated and assigned fitness values.

•

Reproduction of the fit individuals selected.
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•

Genetic operators, crossover and mutation, to generate new set of individuals.

7.2.4 GA step by step implementations
In general, a typical genetic algorithm optimizer consists of three main phases as
described by Rahmat–Samii etc [20]. These stages include initiation, reproduction and
new generation (i.e. generation replacement).

The whole process of Genetic Algorithm is kicked–off by encoding the parameters into
either a binary or real-valued format. The coding of the parameters (real values or
binary) is required as this enables the GA to proceed in a style independent of the
parameters themselves and thus independent of the solution space [24]. Genes are then
allocated to represent these parameters which are used throughout the process to model
the evolutionary algorithm. A population set is selected randomly from the allocated
genes and this is called the initiation stage.

After the generation of the initial population, the fitness values of the individuals are
evaluated. The evaluation of these values determines the survival of the individuals in
this randomly generated generation to proceed to the selection stage. In simple terms,
the fitness values describes or measures how good the individuals (i.e. antenna samples
generated GA in this study) are able to produce desired results to an extent after
combination with themselves. This stage is usually referred to as the evaluation stage.

The selection stage tends to identify the genes with the highest fitness values to enable
them to migrate to the mating phase in which a more ideal and better generation is
produced by the algorithm. It is a stage whereby pressure is applied upon the population

125

in an approach similar to those of natural selection [20]. This stage is usually executed
with different techniques such as; tournament selection, population decimation and
proportionate selection also known as the roulette wheel. For the roulette wheel, the
individuals are selected based on fitness proportional to the following probability
equation:

p selection =

f ( parent i )
∑ f ( parent i )

7.1

i

Where f ( parent i ) is the fitness of the ith parent [20].
It could be inferred from this equation after a close look that the probability of
identifying and selecting an individual from the pool of population by the algorithm is
solely a function of the relative fitness of the particular individual. The selection
procedure is usually applied twice in an attempt to obtain a set of individuals suitable
for the GA operators to act on appropriately [21].

The second popular technique is the tournament selection because it is relatively straight
forward. A subpopulation of N individuals is chosen randomly from the selected
population. These individuals in the subpopulation then compete with their fitness
values and the one with the highest fitness value wins the tournament and is selected
and isolated. The remaining less fit subpopulation are then replaced back to the former
pool of individuals and the whole process is repeated until all the members of the
subpopulation are selected. It is a faster mode of selection and it is used in the GA
optimizer implemented in this dissertation.
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The next stage after selection is the reproduction phase in which a new generation is
produced by crossovers and mutation operators. They are implemented in
straightforward code segments. Simply put, crossover is the process by which the genes
of a parent are combined with those of another parent to produce children with new
genes. Several modes of crossover have been tried but the simplest of all is the singlepoint crossover demonstrated briefly below in Fig. 7.1 [25]. A random location is
selected in the parents’ chromosomes and swapped to produce the children.

Split Position …………………………………+
Fathers genes:
Mothers genes:

11101000111001100110 10101
10101110011101010111 00110

Left side genes from father + right side genes from mother
Child A’s genes: 11101000111001100110 00110
Left side genes from mother + right side genes from father
Child B’s genes: 10101110011101010111 10101

Figure 7.1 Single point crossover illustrations.

Individuals in the generation that are not selected for crossover operations are acted
upon by mutation. It also changes part of the chromosomes string in order to maintain at
least some traits in the new generation formed.

All these processes are continued until a new generation is formed by replacing the old
generation totally or partially and their fitness values evaluated intermittently. After
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some certain runs and considering the input search space, GA tends to identify the near
optimal value. Fig. 7.2 is the pictorial diagram illustrating the GA optimizer that
summarizes all processes described earlier.

Figure 7.2 Design procedure of the GA optimizer
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7.2.5 The genetic algorithm driver and implementation

During the current research, it was noticed that various versions of Genetic Algorithms
driver were available for use as optimizers, in which they are implemented in C,
MATLAB and FORTRAN 77. From our experiences on home programmes,
FORTRAN 77 seemed more friendly and easier to manipulate and thus was chosen for
this optimization processes. The FORTRAN 77 version of the GA driver was written by
David L. Carroll of the CU Aerospace USA [19] and uses the randomized approach to
initialize its start individuals and the tournament selection with shuffling techniques in
choosing random pairs for mating. Binary coding also enables the uniform and nonuniform process of single point crossovers.

For each one of the GA parameters presented, the GA driver can be controlled and
adjusted through an associated file called the GA input. Fig. 7.3 illustrates a sample of
GA driver input files. As can be seen, some of the parameters in the input file have been
highlighted and examined. These variables are the most important and influential to the
GA driver in the antenna design and should be adaptively adjusted according to the
various design types or objectives, in order to maximize the GA driver performance in
searching for solutions in antenna designs. It is notable that this GA driver is used to
maximize the design target objective.
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Figure 7.3 A sample of GA driver input file.

7.2.6 Implementation of antenna designs using GA driver
It is well known that the NEC-2 FORTRAN source code was adopted inside the GA
fitness function to perform the required calculation answers for the cost functions. The
source code modifies the process of the input data file to support the calling function
required. These modifications are found to be very helpful to reduce the execution
processing time and in the manipulation of output data files.

However, before the process of optimization is initiated, one is required to define the
target objectives and number of parameters required for the whole process in order to
achieve the optimum desired goal. In simple terms, some of the most important antenna
parameters which are directly targeted were selected for optimization and the desired
objectives were those usually required by the end users.

130

Sometimes a relationship was required to define a threshold for the GA which enables it
to evaluate the designed antenna performance and terminate where necessary. Usually,
this is a complex procedure to be applied; however, one can apply certain constraints
inside the cost function to support the data processing when nearly reaching the optimal
design requirements. The cost function is usually included in the algorithm and it
measures the fitness of the individuals produced in each generation of the algorithm
[26].

A flow chart to represent the easiest way in which the GA optimizer coordinates its
functions is represented in Fig. 7.4. The algorithm randomly initiates its population and
converts the parameters of the initiated individuals into a file in a card format which can
be called by the NEC to determine the performance of these individuals. The results
from the NEC are fed again to the GA engine to evaluate individual fitness if the
maximum value is obtained for convergence, if otherwise the whole process is repeated
until optimal results are produced [27].

7.3 NEC-2 SOURCE CODE
The NEC-2 was originated by the US Department of Defence and more specifically, it
was developed at the Lawrence Livermore National Laboratory in California under the
sponsorship of the Naval Ocean Systems Centre and the Air Force Weapons Laboratory
[28, 29]. The NEC is an advanced version of the AMP developed in early 1970’s. NEC2 is the most popular and widespread electromagnetic code in the public domain. This is
because it is free and easy to use with scripting programs. In addition to the full source
code of NEC is available and can be modified without any restrictions.
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Generally, NEC-2 is applied for thin wires (the basic modelling used as short straight
segments) and surface antenna structures (the basic modelling used as flat surface
patches) and is based on solving integral equations by the Method of Moments (MOM).

Initial Solution

Simulation Performance
Reproduction
Crossover
Mutation

Cost Function
Evaluation

Optimal Solution

Figure 7.4 Flow chart of the genetic algorithm adopted in this study.

In most cases, the Method of Moments is used to form equations such as the integral
equations or the integro-differential ones. The essential idea in using MOM is the
discretization of the problem into smaller linear bounded elements, which are treated as
independent by using many functions, known as “basis functions”. Then the inner
integral of the corresponding resulted functions is taken by applying the proper
weighting functions. At the end, the linear equations can take the form of a matrix and
can be solved by a simple matrix inversion [30].
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7.4 EXAMPLES ON ANTENNA DESIGNS USING GA
7.4.1 Design of Quadrifilar helix antenna using GA

In this section, one example on antenna design using the genetic algorithm driver in
collaboration with NEC-2 source code is presented. The quadrifilar helix antenna (QHA)
for the use in mobile satellite communications for mobile handsets is investigated and
discussed. The antenna firstly attempted to be designed and optimized using a genetic
algorithm and then subsequently the performance of the optimal GA antennas was
verified using a HFSS simulator. Finally, a prototype of GA-optimized antenna was
fabricated and tested in order to validate the GA solution.

The quadrifilar helix antenna (QHA) is a very attractive candidate antenna and has been
widely used for satellite mobile handsets due to the symmetry of its geometry,
properties of balanced feeding and their ability to provide circular polarization over a
broad angular region [31]. The QHA is a circular polarised (CP) antenna consisting of
four helices and fed with equal amplitude signals and with 90° phase difference between
the feeding sources (i.e., 0°, 90°, 180°, and 270°). The presented results in this section
are a case study in which GA are applied to designs to optimize circular polarized QHA
in the presence of a small size satellite mobile handset (2 x 5 x 10 cm). The QHA
antenna (see Fig. 7.5) can be defined by four parameters, including axial length (h),
Pitch distance (Pd), Radius at bottom (Rb) and Radius at the top (Rt), as illustrated in Fig.
7.5.
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Figure 7.5 QHA antenna configuration used by GA optimization.

Real-valued GA chromosomes were used for this optimization. Two most important
antenna parameters such as VSWR and axial ratio (AR) are optimized at a single
frequency (fo = 2.4 GHz). The antenna AR was calculated at fo at θ = 0° and φ = 0°.
The antenna sample was computed using NEC-2 source code and its results were
compared with desired fitness using a cost function, as follows:

F = W1 × (1 VSWR ) + W2 × A.R.

7.2

VSWR = (1 + Γ ) (1 − Γ )

7.3

Γ = (Z in − 50) (Z in + 50)

7.4

Where F is the Fitness of the cost function, VSWR is the voltage standing wave ratio,
A.R is the axial ratio, Z in is the input impedance, Γ is the reflection coefficient and W1
and W2 are the weighting coefficients. The weighting coefficients are adjusted for
specific elements of the cost functions.
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Table 7.1 Comparative results of VSWR, AR and Fitness as the values of the weighting
coefficients are varied.
Weighting (W1, W2)
VSWR
AR
Fitness

0.2, 0.85
1.74531
0.92561
0.90064

0.3, 0.75
1.66912
0.92665
0.87472

0.4, 0.75
2.03473
0.98089
0.93266

0.5, 0.75
1.49462
0.92493
1.0282

Using Eqn. 7.2 the algorithm ensures that the maximum value of F is obtained through
the combination of all the antenna parameters, although it should be noted that during
all optimization designs, trade offs are usually expected. The parameter quantities of
each helical antenna design were coded into chromosomes inside the source code of the
algorithm. It has to be noted that the two weighting coefficients are optimally found to
be 0.5 and 0.75 respectively for optimum design after a few tries, as illustrated in Table
7.1. It presents the comparative results of VSWR, AR and Fitness as the values of the
weighting coefficients are varied. Within the maximum generation, the values of
maximum fitness function for QHA design reached about 1.03. Moreover, a comparison
of maximum fitness versus generations of different combination choice of the two
weighting coefficients is shown in Fig. 7.6. The value of best fitness for the cost
function tends to reach optimum solution after around 150 generations. Fig. 7.7 presents
the progress of best fitness and average fitness against the number of generations for
some selected values of weighting coefficients.
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Figure 7.6

Maximum fitness versus generations
(4 populations in each generation).

Configurations for the GA-optimal QHA antenna, with excellent VSWR and AR values
were found within the maximum generation; the optimal values for each specified
parameter are shown in Table 7.2. This Table also includes a summary of the GA input
parameters and their constraints. The attained optimal antenna geometry for QHA
antenna is presented in Figs. 7.8 and 7.9.
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Figure 7.7 The progress of best fitness and average fitness
for w1 and w2 are 0.5 and 0.75, respectively.

Table 7.2 Summary of GA input parameters, antenna variables and optimum values
with the handset included.
GA parameters
Number of
population size =
4
Number of
parameters = 4
Probability of
mutation =0.02
Maximum
generation =200
Number of
possibilities=32768

QHA Design with the handset
Parameters (m)
Optimum
values
Pitch distance (Pd)
0.03026
(0.01-0.048)
Axial length (h)
(0.05-0.12)
Radius at the bottom
(Rb) (0.005-0.015)
Radius at the top (Rt)
(0.01-0.02)
Radius of wires
Distance above
handset

0.06294
0.00721
0.01194
0.00075
0.005
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Figure 7.8 The NEC2 model of the QHA.

Figure 7.9 Prototype QHA antenna; internal view of the completed assembly (left) and
overall complete assembly (right).
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For validation, a prototype of the GA-optimized QHA antenna was built and tested.
Photographs of prototype antenna, including configuration of the proposed antenna in
NEC-2 model and an overall view of the complete assembly, are presented in Fig. 7.9. It
is notable that the hybrid feeding network for the QHA was arranged to be
accommodated inside the handset box. The QHA arms were made of copper wires with
radius of 0.75 mm.

Figure 7.10 Comparison of the computed and measured VSWR.

The relative bandwidth (for VSWR ≤ 2) at the input ports of the proposed circularlypolarized antenna was calculated and measured over the targeted frequency bands, i.e.
2.4 GHz band from 2400 MHz to 2485 MHz, as illustrated in Fig. 7.10. It is interesting
to note that the resultant measured impedance bandwidth was found to be about 150
MHz (referring to 2:1 VSWR). The narrow bandwidth of the designed antenna was not
considered in the GA cost function, the optimal antenna appears to have excellent
impedance matching that covers the bandwidth requirements at 2.4 GHz band for
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satellite mobile communications. Both the simulated and measured VSWR are in good
agreement.

Figure 7.11 Measured AR in dB against the elevation angles for two vertical plane cuts
and four operating frequencies.

Fig. 7.11 illustrates the AR of the GA-optimized antenna against the elevation angle θ at
2350, 2400, 2420 and 2450 MHz for two vertical planes (i.e. z-x and z-y planes). As can
be observed, the proposed antenna shows ±70° elevation angle variation for a working
axial ratio less than 4 dB. The observations confirm the superior circular polarized
characteristic of the proposed optimal design.

Another interesting way to recognize whether a given antenna design is optimum for the
best AR is to look at the input impedance loci plot of the antenna on a Smith Chart. If
there is a kink (extremely small loop) in the impedance plot corresponding to the
excitation of the two orthogonal modes, it will yield the best AR at the kink frequency
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[32]. It is noticeable in Fig. 7.12 that there is kink around the intended design frequency
of 2.4 GHz on the Smith Chart, where the best AR is achieved, which in addition
verifies the initial design objective of an antenna with circular polarization.

Figure 7.12 Input impedance loci plot of the antenna on a Smith Chart.

Moreover, Fig. 7.13 presents the radiation pattern of the optimal antenna at 2450 MHz
for the same vertical cuts of the measured axial ratio. Radiation patterns at other
frequencies across the intended band were also measured and the symmetrical and
identical variations were obtained for all the radiation patterns. In addition, the
maximum gain of the antenna is found to be around 6 dBi over the 2.4 GHz band.

The attained results in simulation and measurement indicate that the optimal antennas
met design objectives under several certain constraints. Moreover, the capabilities of
GA are shown as an efficient optimization tool for selecting globally optimal
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parameters to be used in simulations with an electromagnetic antenna design code,
seeking convergence to designated specifications.

(a)

(b)
Figure 7.13 Measured radiation pattern of the proposed antenna at 2450 MHz for two
vertical planes z-x (a) and z-y (b); ‘o-o-o’: co-polar field component, ‘xx-x’: cross-polar field component.
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7.5 ADAPTIVE MESHING FOR NUMERICAL ANTENNA
DESIGNS USING GA
7.5.1 Motivation on development of adaptive meshing program

A conducting surface can be modelled in the NEC-2 code, by using multiple, small flat
surface patches similar to the segments used to the model wires. NEC-2 allows the use
of surface patches for modelling a conducting surface that is incorporated with the
magnetic field integral equation in which a closed surface can be implemented. In
addition, another alternative way for open and closed surfaces modelling can be
implemented through the use of wire grids [33].

The wire-grid is an effective approach to employ thin wire to achieve the modelling of
metallic planar structures using NEC for patch antenna designs. This technique requires
a careful selection of parameters, such as segment length and the segment radius. A
program to adaptively generate equivalent wire-grid structures for patch antennas for
electromagnetic simulation of 2D structures has been developed and presented here. The
main purpose of this program is to simulate planar microstrip patch antenna designs,
using the NEC-2 code in collaboration with a genetic algorithm. In order to demonstrate
how this program operates in meshing planar structures, two examples are illustrated;
the two designs are circular-polarized coaxially-fed antennas. It has been confirmed that
the performances of both GA-optimized antennas were excellent and the presented
examples show the capability of the proposed program in antenna design using GA.
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7.5.2 Principle of adaptive meshing program
This program (The complete FORTRAN adaptive meshing code is presented in the
Appendix A) is written in FORTRAN and is added as a subroutine to the GA driver,
with the primary objective of simulating planar microstrip patch antenna designs, using
the NEC-2 code in cooperation with a genetic algorithm. In addition to microstrip patch
designs, the program can support design of any type of planar antenna structure.

At the beginning, the intended antenna under optimization needs to be defined by a
number of parameters that can comprise the antenna configuration. Subsequently, the
antenna geometry is adaptively divided into optimum numbers of trilateral and
quadrilateral polygons by the code user. Each polygon can be represented using either
three or four nodes and each node is specified by its x, y and z co-ordinates written in
the format using the previously defined antenna parameters. Then, the fictitious wire
boundaries of these polygons can be optimally segmented to a pre-set segment length
and connected to each other using a designated algorithm. The pre-set segment length
(delta) can be carefully stated according to antenna operating frequencies. As
constraints for accurate modelling using NEC, this figure should not empirically be
greater than 0.1λ (λ is wavelength in free space).

Assuming that the surface area of the wire grid should approximate the surface area of
the polygon plane being modelled, the segmented element radii can be decided using a
relationship that the grid wire radius should equal the segment length divided by 2*PI.
Obviously, the more wires in a grid of a certain set of polygon plane dimensions, the
smaller the segment length becomes and hence, the smaller the wire radius needs to be.
It is notable that segmentations on the adjoining lateral neighbouring polygons are
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expected to be overlapped. If a model contains duplicate elements it will not be apparent
from the graphical display, but it may significantly corrupt the accuracy of the NEC
analysis. Another algorithm for checking and removing duplicate elements of these
overlapped segments is consequently applied.

Adaptive meshing coding creates the required wire grid models of antennas and
structures that may be used by other antenna modeling programs. Once the antenna
model has been created, its wire grid geometry is saved as an ASCII text file that can be
read by the NEC-2 source code.

In addition, this FORTRAN code also has the capability to calculate the total number of
segments in the internal structure, allowing the user to determine whether the size of the
model is still within the limits of maximum number of wires used by NEC (it should be
noted that no duplicate segments of the overlapping laterals are counted). The NEC-2
source code adopted in this work is restricted to the maximum number of segments of
2000. The presentation of the adaptive meshing to any randomly generated antenna
configurations using GA can be viewed using graphic support available from NEC-Win
Prof. Package for checking.

7.5.3 Design examples on implementation of adaptive meshing
In order to demonstrate how this program operates in meshing planar structures and
how it is subsequently applied in antenna designs using GA, two examples are
illustrated, both involving design of air-dielectric circular-polarized (CP) coaxially-fed
patch antennas. The first antenna design, having two cut-offs at the diagonal corners, is
shown in Fig. 7.14. Initially the antenna is subdivided into three quadrilaterals,
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requiring six parameters to define it (including the height h). Fig. 7.15 demonstrates the
adaptive segmentation results as delta was chosen to be 3 mm and was viewed using
NEC-Win Professional® package.

Figure 7.14. Geometry applied for
adaptive meshing using GA.

Figure 7.15 Mesh used for Fig. 7.14 using GA
(the dot indicates the optimal feeding point).

The other example considered a two square-slot CP antenna (see Fig. 7.16). This design
was first adaptively segmented into four trilateral and three quadrilaterals and requires
eight parameters. Its meshing can be seen in Fig. 7.17, where delta was also set to be 3
mm. The automatically-generated meshes are generally of a good shape (high area-toperimeter ratio), although there are a few exceptions.

For this optimization, real-valued GA chromosomes were used and antenna parameters
of VSWR and axial ratio (AR) optimized at a single frequency of 2.44 GHz (fo). The
antenna AR was calculated at fo with θ= 0° and φ=0°. The antenna performance of each
antenna was computed using the NEC-2 source code and its input impedance (Zin) and
AR were evaluated for desired fitness using the same cost function presented for QHA
antenna design.
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Figure 7.16 Two square slot CP Figure 7.17 Mesh used for Fig. 7.16 using GA
antenna geometry applied for (the dot indicates the optimal feeding point).
adaptive meshing using GA.
Table 7.3 Summary of GA input parameters, antenna variables and best solutions.
GA parameters

Air-dielectric CP antenna with two corners chopped
Parameters (m)
Optimal (m)
Antenna length (L) (0.03-0.07)
0.05185
No. of population size = 4,
Antenna width (W) (0.03-0.07)
0.06127
No. of parameters = 6,
Truncated length (d) (0.002-0.01)
0.0077
Probability of mutation =0.02, Antenna height (h) (0.003-0.01)
0.00608
Maximum generation =100,
Feeding position at x-axis (xf) (0.0-0.024)
0.00806
No. of possibilities=32768,
Feeding position at y-axis (yf) (0.0-0.024)
0.01613
Configurations for both optimal circular polarized microstrip antennas, with excellent
VSWR and AR, were found within the maximum generations. The attained optimal
antenna geometries for each of the antennas in wire-grid meshing are presented (see
Figs. 7.15 and 7.17). Tables 7.3 and 7.4 present the GA input parameters, their
constraints and the optimal values for each specified parameter of the design geometry.
It is notable that the two weighting coefficients were found to be 0.4 and 0.8
correspondingly for both designs after a few attempts. Within the maximum generation,
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the values of maximum fitness function for the two designs settled at about 1.08 and
1.03.

Table 7.4 Summary of GA input parameters, antenna variables and best solutions.
GA parameters

Air-dielectric CP patch antenna with two square slots
Parameters (m)
Optimal (m)
Antenna length (L) (0.04-0.07)
0.04667
No. of population size = 4,
Antenna width (W) (0.04-0.07)
0.04931
No. of parameters = 9,
Antenna height (h) (0.004-0.01)
0.00830
Probability of mutation =0.02, Slot centre position at x-axis (x1) (0.008-0.015)
0.00940
Maximum generation =200,
Slot centre position at y-axis (y1) (0.01-0.034)
0.02210
No. of possibilities=32768,
Slot centre position at x-axis (x2) (0.028-0.035)
0.03112
Slot centre position at y-axis (y2) (0.01-0.034)
0.01896
Distance from slot centre to side (d) (0.005-0.008)
0.00779
Feeding position at y-axis (yf) (0.0065-0.02)
0.00846
For validation, prototypes (see Figs. 7.18 and 7.19) of the GA-optimized proposed
antennas for CP were fabricated and tested. The copper of thickness 0.5 mm was used
for fabrication for both the patch antenna and the ground plane. The ground plane size
was chosen to be 150 x 150 mm. Return loss of the GA-optimized antenna structure for
each design achieved by the algorithm was validated and the results were compared
using measurement data with Ansoft designer [34], which is based on MOM. Figs. 7.20
and 7.21 present the resulting return loss of the GA-optimized antennas for comparison.
As can be seen, performance of the optimal antennas is excellent and presented results
are in close agreement with the GA expectation.

Finally, the far field properties of the GA-optimized patch antennas for CP were
analyzed using Ansoft designer simulator. The resulting air-dielectric circularly
polarized microstrip antennas have an excellent axial ratio (≤ 3 dB) and a bandwidth at
intended design frequency. Regarding the polarization type, it was found that both
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antennas are left-hand circular polarized (LHCP). The RHCP level for both antennas is
at least 20 dB below the LHCP level in the broadside direction.

Figure 7.18 photograph of a fabricated
prototype antenna with two cutoffs at
corner for CP.

Figure 7.19 Photograph of a fabricated
prototype antenna with two slots for CP.
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7.6 SUMMARIZED CONCLUSION

An efficient GA optimization technique has been used to design circularly-polarized
wire antennas and coaxially-fed air-dielectric microstrip patch antennas, and is
presented, together with computed simulation results for three practical antennas.
Application of the adaptive meshing program for generating wire-grid planar antenna
structures using genetic algorithms has been demonstrated.

The performances of three antennas were excellent, and the presented examples
demonstrate the viability of the principle of antenna design using GA. The results of
both optimal GA antenna structures agreed closely with those predicted using wire and
patch-based MOM codes and measurements. This application can contribute to
increased freedom in use of circular antenna polarization for compact area coverage
wireless communications. Moreover, the GA has proved advantageous in quickly
finding solutions for a wide range of antenna designs.
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CHAPTER EIGHT

CONCLUSIONS AND SUGGESTIONS
FOR FURTHER WORK

8.1 CONCLUSIONS

This work has dealt almost entirely with the new developments in circular-polarization of
different antenna structures. These antennas were applied to various applications such as those
used in satellite communications, mobile handsets and wireless LANs. The antenna design
concepts varied between simple to complex model techniques to satisfy certain constraints to
meet specified targets objectives. Several antennas were fabricated and tested against
theoretical results. In the work reported in the previous chapters the following concluded
remarks and novel achievements have been made:

The design of dual-band quadrifilar spiral wire-antennas has been presented in Chapter 2.
The problems associated with traditional form of feeding the QSA from the centre that
cause extra constraints on the size and the mutual coupling between the feeding ports, have
been overcome in this chapter by locating the feeding ports on the outside of the spirals.
This allows the QSA arms to be connected at the centre, thus providing extra space for long
spiral arms. Such an antenna can be fed by microstrip lines and can allow integration with
phasing and matching networks on the same plane. Measured results showed excellent
agreement with method-of-moment simulations. The antennas demonstrate the basic
viability of the designs as low-profile antennas for dual-band satellite-mobile handsets: it is
highly probable that much smaller designs could be created by using suitable solid
dielectrics between the spirals and the ground plane.
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In chapter 3 a new dual arm spiral antenna was introduced and investigated to validate the
concept of circular polarization, and compared with previous work of four arm circular and
square spiral antennas. Spiral antennas are known for their ability to produce a very wide
radiation band, almost perfectly circularly polarized radiation over their full coverage
region. As a result of this polarization characteristic and the ability to produce a broad
zenith-directed pattern, spiral antennas are very popular for use in satellite mobile
communication handsets.

A new technique was discussed that reduced the antenna size for mobile handsets using
different stripline widths to achieve the desired frequency response and radiation
performance for Big LEO satellite mobile communications.

Five different antenna

geometries have been presented. The new design was found to be very small compared
with a previous study that was performed on a four-square spiral on the same dielectric
substrate. The results in terms of the return loss are excellent and the field radiations were
quite reasonable for both bands of interest and cover up to ±45° elevation angle.

Chapter 4 has presented several types of stripline-fed circularly-polarized microstrip
antennas, intended for hand-held satellite terminals. The work presented in this chapter
investigated techniques for the design of compact stripline-fed circular-polarized microstrip
antennas for satellite mobile communications. Firstly, a theoretical simulation was carried
out using Agilent ADS Momentum software to try to meet the set required design goals.
Several antennas working at 2.45 GHz were implemented and then tested against the
requirements. A substantial size reduction was achieved compared to previous designs.
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Several modified microstrip antennas were simulated, built and tested to evaluate their
performance for this application. The simulations showed an acceptable agreement with the
measurements and the antennas appear propitious for the application.

In addition, some of the designed antennas not only satisfy the radiation performance
required for satellite communications but also achieve a significant reduction in size
compared to a reference square patch antenna, cut short at its opposite corners. Up to 40%
size reduction was found to be possible when using a slot-loaded square ring antenna. The
simulated return loss and resonance frequency showed good agreement with the
measurements.

In chapter 5 new satellite handsets were simulated in the proximity of a human head model
using a proven hybrid MOM/FDTD technique [1]. A dual-band quadrifilar spiral antenna
(QSA) and quadrifilar helix antenna (QHA) were selected for this study. The similarity in
the computed performance of the traditional single helix with published data was compared
as a validation. This yields confidence in the capabilities of the hybrid method for modeling
such complex structures.

The effect of the presence of the head model on the axial ratio and the circular polarization
radiation purity was investigated in detail. The computations indicated that approximately
14% to 24% of the total delivered power was absorbed by the head for the QSA satellite
antenna and 8% to 13% for the QHA satellite antenna, compared with 48% to 68% for
GSM terrestrial handsets. The results also indicate the impact of the presence of the head on
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the circular polarization purity of this antenna: for both bands, this varied between 2 to 5
dB compared to 30 dB obtained using single axial mode helix.

In chapter 6 conical-beam antennas as well as circularly-polarized co-planar three and four
element antenna arrays were presented. The proposed antenna arrays were designed to
operate at the ISM 2.4 GHz band and performance of the conical beam patterns was
characterized and verified with measurements and shown to have acceptable axial ratio.
The present antenna design can be used as a suitable candidate for applications in shortrange wireless communication systems, particularly wireless sensor networks, where the
conical beam will give advantages of energy saving and reduced co-channel interference.
Other applications could include indoor WLAN antennas for mounting on ceilings or other
horizontal surfaces.

In Chapter 7 the numerical solution technique of circular-polarized antennas using adaptive
meshing and genetic algorithm has been presented. A FORTRAN genetic algorithm driver
was adapted in this work in conjunction with the industry-standard NEC-2 Fortran source
code, which was used to evaluate the randomly generated antenna samples.

Several antenna designs were considered and investigated using GA. These include QHA
antenna, and two planar circular polarized antennas. For these designs the GA was
successfully proved as an efficient optimizer tool that can be adopted and used to search
and find the quicker solutions for complex antenna design geometries.
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A novel FORTRAN program for adaptively meshing planar antennas in terms of wire-grid
structure has been implemented and embedded inside the GA source code. The program
was fully tested and applied for complex antenna structures. It was shown that the results of
several examples modeled by the proposed adaptive meshing illustrated high levels of
stability and accuracy.

8.2 SUGGESTIONS FOR FURTHER WORK

This work can be extended for further research dealing with other antenna design problems for
example:

Further work could be to explore the present antenna design concepts using
Electromagnetic band gap [2] and Meta materials [3], in which further antenna size
reduction might be achieved, without degrading the whole antenna performance.
Low SAR antenna design is a new challenge with the objective to design optimized
realistic and commercially acceptable dual or triple band circular polarized
antennas. This type of antenna design might need more research that could be done
using the hybrid MOM/FDTD [1] or FEM/FDTD [4] methods as powerful
simulation tools.
Another research study might be considered for circularly polarized antennas using
Fractal antennas [5-6] and Genetic Algorithms. These antennas present an ability to
work over many different bands, at frequencies which are not necessarily
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harmonically related. This means that a specific fractal and fractal iteration can be
chosen to tailor the frequency agility of the desired antenna without discrete loads.
More research investigation can be done using the current antenna design
developments for Multiple Input and Multiple Outputs (MIMO) communication
systems [7]. The study might consider MIMO system on mobile handsets or mobile
access points.

Possible research may involve applying switchable controlled mechanisms
embedded into the antenna structure to provide multi-functions operations such as
specific field diversity or operated over different frequency bands [8].
Another type of circular-polarized antennas may be applied using Dielectric
Resonator Antennas (DRAs) in which various antenna structures can be considered
and further size reduction might be obtained [9].

Possible use of printed spiral antennas can be considered on a finite dielectric
substrate for Radio Frequency Identification (RFID) tags (or sensor) [10], in which a
circular-polarized antennas can be easily implemented to support the field diversity
operation of using these types of sensor to read by RFID reader.

Wideband circularly-polarized antenna design is another possible area of research
which might be considered further using adaptive reactance loadings with Genetic
Algorithms [11]. This also can include the field diversity over multi-band operations.
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APPENDIX A

c############################################################
subroutine mic1(z1,z2,z3,z4)

Real*8 z1,z2,z3,z4

real*8 px2,px1,py1,py2,pz1,pz2,delta,px3,px4,py3,
&py4,pz3,pz4
real*8 xseg1(1200),yseg1(1200),zseg1(1200),xseg2(1200),
&yseg2(1200),zseg2(1200),delta1(1200)

open(250,FILE='nec2.nec')
open(233,FILE='nec2.dat')
write(233,235)
235
format(2hCM,'CEExample 1. qha antenna')
write(233,234)
234
format(2hCE,'Example 1. Center fed dipole antenna')

c

real*8 xseg1n(1200),yseg1n(1200),zseg1n(1200),xseg2n(1200),
&yseg2n(1200),zseg2n(1200),delta1n(1200)

h1=0.015
px1 = 0.003+h*0.707
py1 = 0.003+h*0.707
pz1 = 0.0

real*8 area,radiusn(1200)
real*8 wid,len,d,h,h1
integer mseg,msegnew

px2 = 0.003+h*0.707
py2 = 0.003+h*0.707
pz2 = h1

cccccccccccccccccccccccc
mseg=0
msegnew=0
delta = 0.004
area = 0.0
cccccccccccccccccccccccc
wid=z1
len=z2
d=z3
h=z4
cccccc parent(1,j) >>>> wid
cccccc parent(2,j) >>>> len
ccccc
parent(3,j) >>>> d
ccccc
parent(4,j) >>>> h

write(250,235)
write(250,234)
mseg=mseg+3

px3 =0.0005
write(250,100)px1,py1,pz1,px2,py2,pz2,px3
write(233,100)px1,py1,pz1,px2,py2,pz2,px3
100

format(3hGW2,2x,2h5 ,6(1x,F8.5),1x,F8.5)

px1 = 0.0
py1 = 0.0
pz1 = h1
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px2 = 0.003+h*0.707
py2 = 0.003+h*0.707
pz2 = h1
px3 = d
py3 = len
pz3 = h1

&

px1 = wid
py1 = d
pz1 = h1
px2 = wid
py2 = len
pz2 = h1

px4 = 0.0
py4 = len-d
pz4 = h1

&
&

px2 = wid-d
py2 = 0
pz2 = h1
px3 = wid
py3 = d
pz3 = h1
px4 = 0.003+h*0.707
py4 = 0.003+h*0.707
pz4 = h1

&

px3 = d
py3 = len
pz3 = h1

call fourpoints(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
px4,py4,pz4,delta,xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area)
px1 = 0.0
py1 = 0
pz1 = h1

call fourpoints(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
px4,py4,pz4,delta,xseg1,yseg1,zseg1,xseg2,yseg2,

zseg2,delta1,mseg,area)

px4 = 0.003+h*0.707
py4 = 0.003+h*0.707
pz4 = h1

&
&

call fourpoints(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
px4,py4,pz4,delta,xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area)

cccccccccccccccccccc
call remove_copy(xseg1,yseg1,zseg1,xseg2,yseg2,
&
zseg2,delta1,mseg,area,
&
xseg1n,yseg1n,zseg1n,xseg2n,yseg2n,zseg2n,
&
delta1n,radiusn,msegnew)
ccccccccccccccccccccc Remove the attached segments
write(*,*)'No of segs=',mseg,msegnew
do 9 k=1,msegnew
write(233,10)xseg1n(k),yseg1n(k),zseg1n(k),xseg2n(k),
& yseg2n(k),zseg2n(k),radiusn(k)
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write(250,10)xseg1n(k),yseg1n(k),zseg1n(k),xseg2n(k),
& yseg2n(k),zseg2n(k),radiusn(k)
246
c
c

write(11,10)xseg1(k),yseg1(k),zseg1(k),xseg2(k),
& yseg2(k),zseg2(k),delta1(k)

write(233,246)
format(2hXQ, '0 0 0 0 0 0 0 0 0 0')

write(233,247)
format(2hEN, '0 0 0 0 0 0 0 0 0 0')
close(233)
close(250)
return
end
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
247

10

format(3hGW1,2x,2h1 ,6(1x,F8.5),1x,F8.6)

9

continue

c
c237

write(233,237)
format(2hGM, '1 3 0 0 90 0 0 0 0')

238

write(233,238)
format(2hGE, '1 0 0 0 0 0 0 0 0')

239

write(233,239)
format(2hGN, '1 0 0 0 0 0 0 0 0 0')

240

write(233,240)
format(2hFR, '0 1 0 0 2400 5 0 0 0 0')

241

write(233,241)
format(2hEX, '0 2 1 00 1.0 0.0 0 0 0 0')

c
c242

write(233,242)
format(2hEX, '0 2 1 00 0.00000 1.00000 0 0 0 0')

c
c243

write(233,243)
format(2hEX, '0 3 1 00 -1.00000 0.00000 0 0 0 0')

c
c244

write(233,244)
format(2hEX, '0 4 1 00 0.00000 -1.00000 0 0 0 0')

245

write(233,245)
format(2hRP, '0 1 1 1000 0 0 1 1 0 0')

&
&
&

subroutine remove_copy(xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area,
xseg1n,yseg1n,zseg1n,xseg2n,yseg2n,zseg2n,
delta1n,radiusn,msegnew)

real*8 xseg1(1200),yseg1(1200),zseg1(1200),xseg2(1200),
&yseg2(1200),zseg2(1200)
real*8 xseg1n(1200),yseg1n(1200),zseg1n(1200),xseg2n(1200),
&yseg2n(1200),zseg2n(1200),delta1n(1200)
real*8 delta1(1200),area,trad,radiusn(1200)
integer mseg,arrayseg(1200)

16

do 16 k=1,mseg
arrayseg(k)=0
continue
do 12 i=1,mseg-1
do 13 k=i+1,mseg
if(abs(xseg1(i)-xseg1(k)).le.1.e-6 .and.
& abs(yseg1(i)-yseg1(k)).le.1.e-6 .and.

219

& abs(zseg1(i)-zseg1(k)).le.1.e-6) then
msegnew=0
if(abs(xseg2(i)-xseg2(k)).le.1.e-6 .and.
& abs(yseg2(i)-yseg2(k)).le.1.e-6 .and.
& abs(zseg2(i)-zseg2(k)).le.1.e-6) then
c
c

c

do 14 k=1,mseg
if(arrayseg(k) .ne. 1) then
msegnew=msegnew+1

if(xseg2(i).eq.xseg2(k).and.yseg2(i).eq.yseg2(k).and.zseg2(i).
& eq.zseg2(k)) then

xseg1n(msegnew)= xseg1(k)
yseg1n(msegnew)= yseg1(k)
zseg1n(msegnew)= zseg1(k)

arrayseg(k)=1
write(*,*)k,arrayseg(k)
end if
end if

xseg2n(msegnew)= xseg2(k)
yseg2n(msegnew)= yseg2(k)
zseg2n(msegnew)= zseg2(k)
delta1n(msegnew) = delta1(k)

if(abs(xseg1(i)-xseg2(k)).le.1.e-6 .and.
& abs(yseg1(i)-yseg2(k)).le.1.e-6 .and.
& abs(zseg1(i)-zseg2(k)).le.1.e-6) then

end if
if(abs(xseg2(i)-xseg1(k)).le.1.e-6 .and.
& abs(yseg2(i)-yseg1(k)).le.1.e-6 .and.
& abs(zseg2(i)-zseg1(k)).le.1.e-6) then

14

continue
do 15 k=1,msegnew
trad=msegnew
radiusn(k) = 2.0*area/(trad*3.14159*delta1n(k))

c
c

if(xseg1(i).eq.xseg2(k).and.yseg1(i).eq.yseg2(k).and.zseg1(i).
& eq.zseg2(k)) then

15

continue

c
c

if(xseg2(i).eq.xseg1(k).and.yseg2(i).eq.yseg1(k).and.zseg2(i).
& eq.zseg1(k)) then

c16
c

continue
msegnew = mseg

c

13
12

arrayseg(k)=1
write(*,*)k,arrayseg(k)
end if
end if
continue
continue

RETURN
END
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

&

subroutine fourpoints(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
px4,py4,pz4,delta,xseg1,yseg1,zseg1,xseg2,yseg2,
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&

zseg2,delta1,mseg,area)

real*8 xseg1(1200),yseg1(1200),zseg1(1200),xseg2(1200),
&yseg2(1200),zseg2(1200),xb(1200),yb(1200),zb(1200)

real*8 px2,px1,py1,py2,pz1,pz2,delta,px3,px4,py3,
&py4,pz3,pz4,
& x(1200),y(1200),z(1200)
real*8 xseg1(1200),yseg1(1200),zseg1(1200),xseg2(1200),
&yseg2(1200),zseg2(1200)

real*8 delta1(1200), att,area,sa
real*8 px(1200,1200),py(1200,1200),pz(1200,1200)
real*8 length1,length2,length3,vlen,vleft,value,value1
real*8 t1x1,t1y1,t1z1,t1x2,t1y2,t1z2
real*8 t2x1,t2y1,t2z1,t2x2,t2y2,t2z2
real*8 t3x1,t3y1,t3z1,t3x2,t3y2,t3z2
integer n1,mseg,mv(1200)

real*8 delta1(1200),area
integer mseg

&
&

call traing(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
delta,xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area)

&
&

call traing(px1,py1,pz1,px4,py4,pz4,px3,py3,pz3,
delta,xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area)

RETURN
End
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c

&
&

subroutine traing(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
delta,xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area)

real*8 px2,px1,py1,py2,pz1,pz2,delta,px3,py3,
&pz3,
& x(1200),y(1200),z(1200),xt(1200),yt(1200),zt(1200)

ccccccccccccccccccccccc bottom line
ccccccccccccccccccccccccccccccccccccc>>>>>>>
c
c

mseg=0

write(*,*)'zzz',pz1,pz2,pz3
write(*,*)'mseg=',mseg
length1=sqrt( (px1-px2)**2 +(py1-py2)**2+(pz1-pz2)**2)
length2=sqrt( (px3-px2)**2 +(py3-py2)**2+(pz3-pz2)**2)
length3=sqrt( (px1-px3)**2 +(py1-py3)**2+(pz1-pz3)**2)
sa=(length1+length2+length3)/2
area= area + sqrt(sa*(sa-length1)*(sa-length2)*(sa-length3))
k12=0
k13=0
k23=0
if(length1 .ge. length2) then
if(length1 .ge. length3) then
k12 = 1
k13=1
k23=1
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if(length2 .ge. length3) then
t1x1=px1
t1y1=py1
t1z1=pz1
t1x2=px2
t1y2=py2
t1z2=pz2

t2x1=px3
t2y1=py3
t2z1=pz3
t2x2=px2
t2y2=py2
t2z2=pz2
t3x1=px3
t3y1=py3
t3z1=pz3
t3x2=px1
t3y2=py1
t3z2=pz1
else
t1x1=px2
t1y1=py2
t1z1=pz2
t1x2=px1
t1y2=py1
t1z2=pz1
t3x1=px3
t3y1=py3
t3z1=pz3

t3x2=px1
t3y2=py1
t3z2=pz1
t2x1=px3
t2y1=py3
t2z1=pz3
t2x2=px2
t2y2=py2
t2z2=pz2
end if
end if
end if
if(k12 .eq. 0) then
if(length2 .ge. length1) then
if(length2 .ge. length3) then
k23 = 1
k12=1
k13=1
if(length1 .ge. length3) then
t1x1=px3
t1y1=py3
t1z1=pz3
t1x2=px2
t1y2=py2
t1z2=pz2
t2x1=px1
t2y1=py1
t2z1=pz1
t2x2=px2
t2y2=py2
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t2z2=pz2
if(k12 .eq. 0 ) then
t3x1=px1
t3y1=py1
t3z1=pz1
t3x2=px3
t3y2=py3
t3z2=pz3

if(length3 .ge. length1) then
if(length3 .ge. length2) then
k13 = 1
k12=1
k23=1

else
if(length1 .ge. length2) then
t1x1=px2
t1y1=py2
t1z1=pz2
t1x2=px3
t1y2=py3
t1z2=pz3
t3x1=px1
t3y1=py1
t3z1=pz1
t3x2=px2
t3y2=py2
t3z2=pz2
t2x1=px1
t2y1=py1
t2z1=pz1
t2x2=px3
t2y2=py3
t2z2=pz3
end if
end if
end if
end if

t1x1=px3
t1y1=py3
t1z1=pz3
t1x2=px1
t1y2=py1
t1z2=pz1
t2x1=px2
t2y1=py2
t2z1=pz2
t2x2=px1
t2y2=py1
t2z2=pz1
t3x1=px2
t3y1=py2
t3z1=pz2
t3x2=px3
t3y2=py3
t3z2=pz3
else
t1x1=px1
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t1y1=py1
t1z1=pz1
t1x2=px3
t1y2=py3
t1z2=pz3

yb(i)=Y(I)
zb(i)=Z(I)
c
1

write(*,*)'zz',z(I)
CONTINUE
nb=n1
cccccccccccccccccccccccc top line
call line (t2x1,t2x2,t2y1,t2y2,t2z1,t2z2,delta,x,y,z,
&
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
&
n1,mseg,delta1)

t3x1=px2
t3y1=py2
t3z1=pz2
t3x2=px1
t3y2=py1
t3z2=pz1
t2x1=px2
t2y1=py2
t2z1=pz2
t2x2=px3
t2y2=py3
t2z2=pz3

2

nt=n1
ccccccccccccccccccccccccc left line

end if
end if
end if
end if
ccccccccccccc start meshing
.......
ccccccccccccccccccccccc bottom line
ccccccccccccccccccccccccccccccccccccc>>>>>>>

&
&

mseg=0
3

&
&

DO 2 I=1,n1+1
xt(i)=X(I)
yt(i)=Y(I)
zt(i)=Z(I)
CONTINUE

call line (t1x1,t1x2,t1y1,t1y2,t1z1,t1z2,delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
n1,mseg,delta1)

call line (t3x1,t3x2,t3y1,t3y2,t3z1,t3z2,delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
n1,mseg,delta1)
DO 3 I=1,n1+1
px(1,i)=X(I)
py(1,i)=Y(I)
pz(1,i)=Z(I)
CONTINUE

mv(1)=n1
ccccccccccccccccccccccccc
cccccccccccccccc Vertical lines segmentations........

DO 1 I=1,n1+1
do 4 i=2,nt
xb(i)=X(I)
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value = 0.0

10

do 5 k =2,nb

&

vlen=sqrt( (xt(i) - xb(k))**2 + (yt(i) - yb(k))**2 +
(zt(i) - zb(k))**2 )

&

vleft= sqrt( (t3x1 - t3x2)**2 + (t3y1 - t3y2)**2 +
(t3z1 - t3z2)**2 )

&
&

value1 = abs( (t3x1 - t3x2) * (xb(k) - xt(i)) +
(t3y1 - t3y2) * (yb(k) - yt(i)) +
(t3z1 - t3z2) * (zb(k) - zt(i)) )/ (vlen*vleft)

m=0
do 7 i=1,nt-1
if(mv(i) .ne.1) then
if((mv(i)-mv(i+1)) .ge. 2 ) then
ncon = mv(i+1)+1
else
ncon = mv(i)
end if
do 8 k=2,ncon

if(value1 .gt. value) then
value = value1
kk = k
end if
5

6

call line (xt(i),xb(kk),yt(i),yb(kk),zt(i),zb(kk),delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
n1,mseg,delta1)
DO 6 I1=1,n1+1
px(i,i1)=X(I1)
py(i,i1)=Y(I1)
pz(i,i1)=Z(I1)
CONTINUE

mv(i) = n1
4
continue
cccccccccccccccccccccc horzintal lines

c

m=m+1
xseg1(m+mseg) = px(i,k)
xseg2(m+mseg) = px(i+1,k)
yseg1(m+mseg) = py(i,k)
yseg2(m+mseg) = py(i+1,k)
zseg1(m+mseg) = pz(i,k)
zseg2(m+mseg) = pz(i+1,k)
delta1(m+mseg)= sqrt( (px(i,k)-px(i+1,k))**2 +
& (py(i,k)-py(i+1,k))**2 + (pz(i,k)-pz(i+1,k))**2 )

continue

&
&

do 10 k=1,nt
write(*,*)'mv=',mv(k)

continue

8

continue
end if

7

continue
mseg = mseg +m
return
end

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
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&
&

subroutine rectang(px1,py1,pz1,px2,py2,pz2,px3,py3,pz3,
px4,py4,pz4,delta,xseg1,yseg1,zseg1,xseg2,yseg2,
zseg2,delta1,mseg,area)

real*8 px2,px1,py1,py2,pz1,pz2,delta,px3,px4,py3,
&py4,pz3,pz4,
& x(1200),y(1200),z(1200),xt(1200),yt(1200),zt(1200)
real*8 xseg1(1200),yseg1(1200),zseg1(1200),xseg2(1200),
&yseg2(1200),zseg2(1200),xb(1200),yb(1200),zb(1200)

real*8 delta1(1200), att,area,length1,length2,length3
real px(1200,1200),py(1200,1200),pz(1200,1200)
integer n1,mseg
ccccccccccccccccccccccc bottom line
ccccccccccccccccccccccccccccccccccccc>>>>>>>

mseg=0

zb(i)=Z(I)
CONTINUE

1

nn=n1
cccccccccccccccccccccccc top line
call line (px4,px3,py4,py3,pz4,pz3,delta,x,y,z,
&
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
&
n1,mseg,delta1)
DO 2 I=1,n1+1
xt(i)=X(I)
yt(i)=Y(I)
zt(i)=Z(I)
CONTINUE

2

cccccccccccccccccccccccc left line
call line (px1,px4,py1,py4,pz1,pz4,delta,x,y,z,
&
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
&
n1,mseg,delta1)

length1=sqrt( (px1-px2)**2 +(py1-py2)**2+(pz1-pz2)**2)
length2=sqrt( (px3-px2)**2 +(py3-py2)**2+(pz3-pz2)**2)
length3=sqrt( (px1-px3)**2 +(py1-py3)**2+(pz1-pz3)**2)
sa=(length1+length2+length3)/2
area= area + 2*sqrt(sa*(sa-length1)*(sa-length2)*(sa-length3))

&
&

call line (px1,px2,py1,py2,pz1,pz2,delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
n1,mseg,delta1)
DO 1 I=1,n1+1
xb(i)=X(I)
yb(i)=Y(I)

DO 3 I=1,n1+1
px(1,i)=X(I)
py(1,i)=Y(I)
pz(1,i)=Z(I)
CONTINUE

3

mm=n1
ccccccccccccccccccccccccc right line

&
&

call line (px2,px3,py2,py3,pz2,pz3,delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
n1,mseg,delta1)

DO 4 I=1,n1+1
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4

px(nn+1,i)=X(I)
py(nn+1,i)=Y(I)
pz(nn+1,i)=Z(I)
CONTINUE

c

write(*,*)mseg

if(nn .ne. 1) then
do 7 k=1,nn
if(mm .ne. 1) then

cccccccccccccccccccccccccccccccccccccccccccccccc
ccccccccccccc vertical lines from bottom to top

do 8 i=2,mm
xseg1(i-1+mseg)=px(k,i)
yseg1(i-1+mseg)=py(k,i)
zseg1(i-1+mseg)=pz(k,i)
xseg2(i-1+mseg)=px(k+1,i)
yseg2(i-1+mseg)=py(k+1,i)
zseg2(i-1+mseg)=pz(k+1,i)

if(nn .ne. 1) then
do 5 k=2,nn

&
&

call line (xb(k),xt(k),yb(k),yt(k),zb(k),zt(k),delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,
n1,mseg,delta1)

6

DO 6 I=1,n1+1
px(k,i)=X(I)
py(k,i)=Y(I)
pz(k,i)=Z(I)
CONTINUE

5

continue

c
c
c
c12

&

8

att=sqrt( (px(k,i)-px(k+1,i))**2+ (py(k,i)-py(k+1,i))**2 +
(pz(k,i)-pz(k+1,i))**2)
delta1(i-1+mseg)=att
continue
mseg=mseg+mm-1

7

end if
continue

end if

end if

do 12 k=1,nn+1
do 12 i=1,nn+1
write(*,*)k,i,px(k,i),py(k,i),pz(k,i)
continue

mseg = mseg

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
write(*,*)mseg
ccccccccccccccc connect the horizantal lines

c
c
c
c
c

write(*,*)mseg
open(11,FILE='data.nec')
do 9 k=1,mseg
write(11,10)xseg1(k),yseg1(k),zseg1(k),xseg2(k),yseg2(k),
& zseg2(k), delta1(k)
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c10

format(3hGW1,2x,2h1 ,6(1x,F9.5),1x,F9.5)

T1=n1

c9

continue

deltaT=length/T1

c

close(11)

DX=(px2-px1)/(T1)
DY=(py2-py1)/(T1)
DZ=(pz2-pz1)/(T1)
DO 1 I=1,n1+1
X(I)=px1+(I-1.0D0)*DX
Y(I)=py1+(I-1.0D0)*DY
Z(I)=pz1+(I-1.0D0)*DZ
CONTINUE
do 2 i=1,n1
xseg1(i+mseg)=x(i)
yseg1(i+mseg)=y(i)
zseg1(i+mseg)=z(i)
xseg2(i+mseg)=x(i+1)
yseg2(i+mseg)=y(i+1)
zseg2(i+mseg)=z(i+1)
delta1(i+mseg)=deltaT
continue

c

stop
return
end
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

&
&

&
&

subroutine line (px1,px2,py1,py2,pz1,pz2,delta,x,y,z,
xseg1,yseg1,zseg1,xseg2,yseg2,zseg2,n1,
mseg,delta1)
real*8 px2,px1,py1,py2,pz1,pz2,length,d,delta,dx,dy,dz,
x(1200),y(1200),z(1200),dn,T1
real*8 xseg1(1200),yseg1(1200),zseg1(1200),xseg2(1200),
yseg2(1200),zseg2(1200)
real*8 delta1(1200)
integer n1,mseg

1

2

length= sqrt((px2-px1)**2+(py2-py1)**2+(pz2-pz1)**2)
d=length/delta
n1=int(d)
c

mseg = mseg + n1
c

write(*,*)n1,d,dn,dx,mseg,deltaT
return
end

write(*,*)n1
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
dn= d-n1
if(abs(dn) .gt. 0.1*delta) then
n1= n1 + 1
end if

228

