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Abstract

Practical realization of radar and communication systems that exploit the millimetre-
wave part of the electromagnetic spectrum by using high gain antenna systems that
may be electronically beam steered, challenges both current design knowledge and
technological capability. Progress and achievement on both these frontiers is ultimately
judged in relation to such considerations as cost-effectiveness and reliability, as well
as specified millimetre-wave performance requirements. Increasingly stringent system
requirements have focussed attention on the design of phased array antennas, and cost-
effective implementation of such arrays for millimetre wavelength operation requires
extensive use of integration, especially if each antenna element is to have amplifiers
and other components such as switches as well as phase shifters associated with it.
The research presented in this thesis addresses the problem of designing phased arrays
at millimetre-wavelengths with antenna elements that are fabricated on the substrates

of monolithic microwave integrated circuits (MMICs).

Fundamental to the need for design knowledge is the development of accurate and
versatile analytical tools. After reviewing appropriate architectures for MMIC based
phased arrays, and the implications of the architecture on the choice of antenna ele-
ments, a class of antennas is identified which consist of metal conductors supported on
finite size dielectric substrates that may be electrically thick. A numerical solution to
the electric field integral equations formulated for these structures has been developed
for calculating the impedance and radiation characteristics of elements and arrays.
The method can be applied to the entire antenna structure, which is specified in terms
of the geometric and constitutive parameters associated with both the radiating and
feeding parts. In this way uncertainties due to gross idealizations for analytical reasons
are minimized, and the accuracy of designs that take account of all practical aspects

of the structure can be tested with measurements.

Application of the method, subsequent to testing it with experimental measure-
ments, has demonstrated its accuracy for a variety of antenna element and array

problems. Useful informla,t,ion has been obtained which reveals the influence of the

vj



fields within the dielectric parts of the structure on the antenna characteristics in
sufficient detail to enable engineering design that exploits these effects to optimize per-
formance. Accurate design is essential to the realization of MMICs because there is
no cost-effective way of adjusting the individual components in such an assembly after

fabrication.

From the results obtained, it is concluded that the substrate supported metal strip
antennas described in this thesis satisfy the requirements for MMIC based phased

arrays, and exhibit useful characteristics.
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Chapter 1

Introduction

1.1 Millimetre Wave Phased Arrays

The exploitation of the millimetre-wave part of the electromagnetic spectrum for radar,
communications and imaging systems has been receiving increasing attention over the
past two decades. Although millimetre-wave systems will not replace microwave, opti-
cal or infrared systems for most applications, for some specific tasks a sufficient number
of unique features attach to millimetre-wave systems to warrant this interest {1]. Ad-
vantages have been perceived in areas of both commercial and military significance, and
are often related to the potential for high-resolution, compact systems, brought about,
by the short wavelengths. Propagation characteristics as well as large available band-
width are other factors which may favour the use of millimetre wavelengths. A substan-
tial body of literature, for example [1,2,3], serves to demonstrate that millimetre-wave

systemns are progressing beyond the conceptual stage to become a reality.

System performance often dictates the need for high gain antenna systems which

may be electronically beam steered. Antenpa gain and beamwidth requirements deter-



mine the antenna aperture, and the need for electronic beam steering focuses design
on apertures filled with discrete elements with the phase of excitation at each element
controlled so that the beam 1s formed in the required direction. At microwave fre-
quencies, such phased arrays have been implemented using half-wave resonant dipole,
or waveguide radiating elements [4], however, the use of planar printed circuit arrays
of microstrip antennas is gaining popularity [5,6]. In the most versatile implementa-
tions of phased arrays, each antenna element is connected to a module which contains
the appropriate electronic and electromagnetic circuits to perform the beam steering
function. Other functions which are usefully performed by the module may include am-
plification, transmit/receive switching and frequency conversion. Such phased arrays
are often referred to as active arrays. The complexity required for the implemen-
tation of active arrays frequently leads to high cost [7], and as a consequence their
application has been restricted to only the most demanding of military systems. It
is clear that if phased arrays, and in particular active arrays, are to be employed at
millimetre-wavelengths, substantial cost-effectiveness must be achieved in relation to

the millimetre-wave performance specifications.

High levels of integration in the form of monolithic microwave integrated circuits
(MMICs) capable of operation at millimetre-wavelengths provides the strategy by
which system realization will become feasible and cost-effective. The current status
of MMIC technology is such that millimetre wave functional units are becoming avail-
able [8,9]. Developments in MMIC technology to the extent where the electronics of a
phased array module may be fabricated on a single substrate will undoubtably provide
further impetus to the implementation of millimetre-wave phased array systems. The
benefits associated with MMIC fabrication at millimetre wavelengths are, however, not
restricted to the necessity for cost-effective realization of the electronics. Because of
the small physical dimensions at millimetre-wavelengths, monolithic fabrication of the
antenna element on the same substrate as the electronics becomes feasible. This has
the effect of simplifying the construction of the array and increasing the reliability of
the module to antenna element interface, as well as further reducing the cost. These

advantages are significant for large arrays where many thousands of elements may be



required.

Given the desirability of integrating the antenna element and the electronics, accu-
rate design methods are needed for appropriate antenna elements and array architec-
tures which are compatible with the approach. MMIC fabrication imposes constraints
on the types of elements which may be employed, mainly due to the processes and
materials used. Furthermore the choice of an appropriate architecture is governed by
technological factors such as the available substrate area, yield, signal routing, electro-
magnetic shielding and heat removal, and is therefore also a factor in determining an
appropriate antenna element. Finally, the degree of integration is a major considera-

tion.

Wafer scale integration, in which many antenna elements and their associated elec-
tronics are fabricated on the surface of a MMIC substrate which is orientated to lie in
the aperture plane of the array, is typically embodied as a planar array of microstrip
dipoles, patches, or printed slot antennas [5,10]. Grid systems for achieving spatial
power combining [11] and integrated horn antennas [12] are two other examples where
wafer scale integration may be employed. Because of the constraint on element spac-
ing, imposed by grating lobe conditions, the total area of each module and antenna
element is restricted to approximately Ag®/4 in the aperture plane. For active arrays,
therefore, it has been suggested that there are significant difficulties in realizing all the
required functions as well as the antenna element within this area on a single wafer (5],

and multi-layer approaches are typically proposed as a solution [13,14].

A chip scale approach offers an alternative method. Using appropriate architectures,
the substrate area occupied by the antenna element does not in principle restrict the
size of the MMIC module which drives it if the chip is orientated normal to the array
aperture. In chip scale integration, individual modules are fabricated, each comprising
a single antenna or subarray and its associated electronics. The chips are then arranged
according to design in the aperture plane. This technigue has been suggested by several
authors [5,15,16,17), however, little progress has been reported regarding the detailed

considerations for its implementation. Although it is necessary to fabricate many chips



and then to build up the array by assembling the chips and ensuring that each MMIC
is appropriately housed, the significant gains and flexibility which are obtained in
relation to the major constraints identified above are believed to warrant the additional
construction effort. Some techuiques for simplifying the construction problem have
been suggested [15], and further consideration is given here to the practicalities which

are involved.

Out of the considerations described above, this thesis first presents a detailed review
of the nature and advantages of array architectures employing chip scale integration
of the phased array module and antenna element. Arising from these considerations, a
class of antenna elements, which may be described as substrate supported metal strip
antennas, is proposed for careful study in order to assess the potential for millimetre-
wave phased arrays fabricated in this manner. In the remainder of the thesis, a design
method that can solve the significant electromagnetic design problems is developed for

arrays of such antenna elements.

1.2 Substrate Supported Metal Strip Antennas

Substrate supported metal strip antennas form a general class of antennas suitable for
MMIC fabrication using the chip scale approach described above. Possibly the most
basic monolithically integrated radiating structure falls within this class, and consists of
a half-wave resonant metal strip, contiguous with the end of an ungrounded extension of
the MMIC substrate. Such antennas are economical in terms of the substrate area they
occupy, and are found to satisfy the constraints imposed by the MMIC processes and
array architecture considerations. To assemble the array, each ungrounded substrate
extension, on which an antenna element or subarray is fabricated, is made to protrude
through a slot in a metal ground plane. The substrates are therefore orientated normal

to the array aperture as required.

At millimetre wavelengths, the substrates used in typical Gallium Arsenide MMIC



processes are electrically thick, and therefore the ungrounded substrates supporting
the metal strip antennas described above are anticipated to have a significant effect on
‘the design and performance of the elements and the array. A large body of literature
deals with the problem of radiation by dipole antennas on electrically thick substrates
of infinite lateral extent [18,19,20]. Much of this work deals with microstrip dipoles
which are constructed on grounded substrates, however dipoles printed on substrates
which form dielectric lenses have also been considered. Arrays of microstrip antennas,
including microstrip patches, have been studied in considerable detail [21], and many
of the effects which are due to the substrate geometry have been observed, and expla-
nations put forward. A recent review of progress in the area of printed antennas and
arrays is given in [22]. Some work has also been reported for substrates which have
been truncated in one of the lateral directions [23], and for infinite arrays of anten-
nas on substrates that are continuous in one lateral direction and periodically spaced
in the other [24]. Finite size substrates in the form of separate chips, however, have
not received attention beyond the case where the substrate is electrically thin [25).
Consequently the unsolved problems in this area present a considerable obstacle to
the development of arrays that make use of substrate supported metal strip antenna
elements. Due to the potential significance of metal strip antennas on finite size, elec-
trically thick substrates to monolithically integrated phased arrays, the aim of this

thesis 1s to redress this lack of information.

Because antennas which are fabricated monolithically cannot be economically tuned
or adjusted after manufacture, and because the antenna elements are physically con-
nected to the electronics associated with the module and may not be tested inde-
pendently, accurate analytical models and numerical methods are required for design
purposes. The antenna geometry as described above, comprising as it does a metal
strip on a finite size three-dimensional dielectric region, precludes analysis by classical
methods. Moreover, the antenna geometry is also such that the sizeable contributions
to the analysis of planar geometries, which have been made in recent years in response
to the proliferation of microstrip antennas and arrays, are not directly applicable to the

problem. For these reasons, numerical methods which make no assumptions regarding



the nature of the fields in dielectric regions, for example that of [26], are attractive. In
the work reported in this thesis, a method for analysing composite conducting and di-
electric structures has been applied to the antennas under consideration. The method
has been applied firstly to the element geometry, in order to reveal and identify the
phenomena, associated with the dielectric substrate, and then to entire structures which
include both radiating and feeding parts. In this way gross idealizations for analytical

purposes are minimized, and accurate design models can be obtained.

Practical measurements which support the theoretical studies are essential to test
the numerical techniques. This is especially the case for the antenna structures consid-
ered here, since there is little or no reported work with which to compare results. Care-
fully designed experiments which verify the accuracy of the results, and demonstrate
the application of the numerical techniques to engineering design, form an integral part

of the work reported in this thesis.

Important information regarding the performance of antenna elements in an array
environment may be obtained from the calculation or measurement of mutuval coupling
between elements. Because the cost of performing mutual coupling measurements
increases with the number of elements in an array the need for accurate analytical
techniques is acute. Considerations such as the complexity of the numerical algorithms
required to extend the computation to mutual coupling, and the size of the computing
resources necessary for an accurate solution to be obtained, are significant. An efficient
mutual coupling analysis for substrate supported metal strip antennas is possible and
1s presented in this thesis. In addition to the insight obtained {from mutual coupling
analyses, the analysis of arrays of infinite extent reveals useful information about the
scanning performance of a phased array [27]. For the large arrays that are under
consideration in this thesis, the infinite array approach offers the possibility of accurate
performance prediction for the majority of the elements that do not lie near the edge
of the array. Effects such as surface wave excitation and scan blindness which are
associated with the antenna element and array geometry often affect the performance
of a phased array; and the prediction of such phenomena forms an important task in

the design process. Furthermore, the flexibility to develop solutions to array problems



hinges on the availability of effective numerical techniques for modelling all of the
details of the antenna element. In this thesis, techniques are described ‘which achieve
this flexibility for the class of MMIC antennas studied, and the array performance that

is achievable is demonstrated.

The numerical analysis has revealed the effects which are associated with the elec-
trically thick, finite size substrate that is present in the class of MMIC antenna ele-
ments described in this thesis. Several of the properties which have been identified
are able to be exploited to optimize the radiation and impedance characteristics of the
antenna element and the array, and designs that make use of these properties have
been illustrated. For this reason, substrate supported metal strip antennas provide a
level of performance which makes them highly attractive candidates for the practical

implementation of millimetre-wave phased array systems.

1.3 OQOutline of the Thesis

This thesis is primarily concerned with the design of antenna elements for fabrication
using MMIC technology, the ultimate aim being the realization of millimetre wave-
length phased array antennas. The work reported here has particular relevance to
operation in the frequency range from 30GHz to 100GHz, where microwave rather
than optical techniques are predominant. The key issues involved in arriving at an
appropriate architecture for such arrays are reviewed in Chapter 2. Because the ad-
vancement of MMIC technology is not influenced to any great extent by the special
requirements of integrated antennas, attention is centred on the need to merge system,
fabrication and antenna requirements. With this in mind, the chip scale approach to
array construction has been identified as showing promise for practical implementa-
tion, and the various features associated with it are outlined and evaluated. Antenna
elements which are compatible with chip scale integration are also reviewed in the light
of the particular constraints of MMIC fabrication. A wide variety of antennas having

an appropriate geometry have been described in the literature, however the constraints
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associated with MMIC fabrication at millimetre wavelengths are found to restrict the
applicability of many candidates. After examining some of the available options, the
substrate supported metal strip dipole antenna is proposed as a simple solution, and
the practical and analytical requirements for its exploitation are outlined. Such anten-
nas have not received significant attention previously, especially for the case where the

substrate is electrically thick.

In Chapter 3, a numerical analysis of the substrate supported metal strip antenna
is developed. The problem is formulated in terms of surface currents on the metal
strips and volume polarization currents in the dielectric substrate. The electric field
integral equations for the structure are then solved using the method of moments.
Care is taken to ensure that the electrically thick substrate is accurately modelled,
and a computationally efficient algorithm which achieves this is developed. Results are
obtained for an idealized antenna having a voltage excitation at an infinitesimal gap
at the centre of the metal strip. In this way, the influence of the dielectric substrate on
the impedance and radiation characteristics can be investigated. The numerical results
are compared with measurements made on structures scaled to operate at microwave
frequencies, and excellent agreement is obtained. Among the effects discovered which
are attributable to the presence of the dielectric substrate, and which are predicted
accurately by the analysis, are a reduction in resonant resistance, a physical shortening
of the length of the metal strip for resonance, and the presence of cross-polarized

radiation.

After developing a fundamental understanding of the interaction between the sur-
face currents on the metal strip dipole and the volume polarization currents in the
dielectric substrate, and how this interaction affects the antenna performance, the is-
sue of feeding the antenna can bhe addressed. Feed structures and impedance matching
are considered in Chapter 4, where the numerical analysis is extended to aid the devel-
opment of practical antenna elements. The correct design of substrate supported metal
strip folded dipoles fed by coplanar strip feed lines is described, and the design predic-
tions are compared with measured results for antennas fabricated on RT Duroid and

Gallium Arsenide substrates. The measurements were again conducted at microwave



frequencies on antennas with their dimensions scaled to simulate millimetre wavelength

operation.

The volume polarization currents induced in the dielectric substrate have been
shown to have an effect on the radiation characteristics of the antenna by introduc-
ing cross-polarized radiation. Because polarization performance may be an important
system parameter [28], where excessive levels of cross-polarized radiation exist, steps
must be taken to control the radiation characteristics in order to ensure that the widest
range of applications exist for these antennas. In Chapter 4 it is shown how appropriate
geometries for both the feed and the radiating structure can be chosen to reduce the
level of cross-polarized radiation arising from the presence of the dielectric substrate.
One particularly useful result obtained from the analysis of the complete antenna ge-
ometry is the partial cancellation caused by interference between the feed line radiation
and radiation from the volume polarization currents induced in the substrate, thereby

solving the dual problems of unwanted substrate and feed line radiation.

Two alternative antennas are also considered in Chapter 4. Firstly, an antipodal
metal strip antenna and feed line is considered, where parts of the element and feed
are constructed on opposite sides of the ungrounded substrate, and it is shown how the
electrically thick substrate acts to create a high level of cross-polarization. Secondly, a
novel single strip fed, substrate supported metal strip antenna, which occupies a rela-
tively small substrate area, is introduced. The analysis of these alternative geometries

illustrates the versatility of the numerical technique for design purposes.

Chapter 5 offers a solution to the problem of computing mutual coupling between
substrate supported metal strip antennas. The numerical computations are performed
on a Fujitsu VP2200 vector-supercomputer, and the mutual impedances obtained are
found to agree well with the results of measurements on idealized structures. Applica-
tion of the computed results to the design of practical two-element and three-element
arrays, which are then constructed and tested at microwave frequencies, demonstrates
further the accuracy of the mutual coupling calculations and their usefulness in prac-

tice. From the results it s noted that the use of electrically thick dielectric substrates



produces antenna elements which exhibit low mutual coupling. This fact is useful for
MMIC based array design, and also suggests that electrically thick, finite size dielec-
tric substrates may be employed at lower frequencies to reduce mutual coupling effects.

Such techniques do not appear to have been previously explored.

The mutual coupling analysis described in Chapter 5 can only be applied directly
to relatively small arrays due to the large computing resources required. For this rea-
son, phased array analysis has frequently been undertaken by studying the theoretical
scanning performance of an infinite array of antenna elements. Although practical
arrays have finite dimenstons, an array which is infinite in extent is known to exhibit
properties which make it suitable for analysis, and the results are a good indication of
the performance available from a large phased array. In Chapter 6 an infinite array of
substrate supported metal strip antennas is analysed. The method developed is shown
to be capable of modelling all the significant features of the radiating element and its
feed, and is therefore able to accurately predict the performance of large practical ar-
rays. The impedance and radiation characteristics of a substrate supported metal strip
antenna element in an infinite array are computed as a function of the beam direction,
and the scan blindness caused by the presence of the substrate as well as the feed line
18 investigated. It is shown how the common mode current, which is induced on the
feed line as the beam is steered in space, can be controlled to obtain good scanning

performance for a wide range of beam directions.

Using the numerical techniques that have been developed for phased array analysis,
a fixed-beam array of single strip fed substrate supported metal strip antennas is inves-
tigated as an additional example. This example further demonstrates how the design
method can be applied to solve array problems. In this case, particular symmetries are
exploited to achieve an acceptable array radiation pattern, and the analysis is used to

ensure that all of the design requirements are met.

From the extensive study described in this thesis, conclusions regarding the perfor-
mance of substrate supported metal strip antennas employed in MMIC based arrays

are drawn in Chapter 7. The relevance of this research to the the future development
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of cost-effective millimetre wavelength phased arrays is highlighted and some areas for

further research are identified.

In summary the major contributions to research made in this thesis are as follows:

A logical framework for assessing the feasibility of MMIC based phased array

antenna elements is given.

The benefits associated with a chip scale approach to the integration of the

antenna elements and the electronics of a phased array module are reviewed.

A class of antenna element which has not previously received attention, compris-
ing a metal strip antenna on a finite size, electrically thick substrate, is identified

as being useful for the application described.

An analysis of substrate supported metal strip antennas is developed which is
able to take account of both the radiating and feeding parts of the structure, and

which accurately models the finite size, electrically thick dielectric substrate.

The effect of the dielectric substrate on the antenna performance is described, and

gome of the characteristics are exploited to optimize the antenna performance.

Practical examples are used to illustrate solutions to design problems which ocecur

for both isolated elements and arrays.

Experimental measurements are used to test and verify the analytical models

that are developed.
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Chapter 2

Monolithic Integrated Array

Architectures

2.1 Introduction and overview

The benefits associated with the use of printed circuit antennas in conjunction with
integrated electronics have been recognized for many years, particularly with regard
to systems designed to operate at millimetre wavelengths [19]. Antennas which are
fabricated on hybrid or monolithic integrated circuits have been termed integrated cir-
cust antennas, and offer the possibility of overcoming fabrication difficulties associated
with the small electrical dimensions at millimetre wavelengths, increasing the reliabil-
ity of the overall system, and reducing the complexity and losses incurred by the use
of transmission line interconnections and feed networks. Many examples of integrated
circuit antennas can be found in the literature, including antenna elements integrated
with detector diodes for imaging arrays [19,29,30], antenna elements integrated with
mixers for receivers [31,32], and antenna elements integrated with oscillators for spatial

power combining arrays [33]. A wide variety of integrated circuit antennas have been
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conceived and fabricated, ranging in complexity from adaptations of printed circuit
antennas through to specially designed structures such as integrated horn antennas
[12] and semiconductor antennas [34,35). The diversity of these structures attests to
the interest in the development of integrated antennas, and the extent to which they

may be usefully employed has been widely explored.

As the level of sophistication of MMIC technology increases, active phased array
systems for operation at millimetre wavelengths, employing MMICs which perform
many or all of the functions associated with the front-end amplification, switching,
frequency conversion and beam forming operations of a phased array, are becoming
feasible {36,37,38,39]. The concept of an array architecture refers to the way in which
the array is constructed, and includes the electromagnetic, thermal and mechanical
aspects of the design. For reasons similar to those which motivated the development
of integrated circuit antennas, array architectures which include antenna elements fab-
ricated on a part of the MMIC substrate have practical potential [38,40,41]. Antennas
which are formed as a component part of the MMIC during the sequence of wafer pro-
cessing steps associated with MMIC fabrication are subject to the limitations of that
technology, and are defined in this work as MMIC antennas in order to distinguish them
from the more general class of integrated circuit antennas which are not necessarily

required to satisfy the constraints imposed by a particular MMIC technology.

The potential of MMIC antennas is realized in the key area of relatively low produc-
tion cost where large numbers of reliable sub-units are needed for an array. Although
monolithic active array architectures present a complex and many faceted design prob-
lem, the advantages in terms of practical realization, and the predicted gains in per-
formance over passive arrays, promise substantial rewards for successful solutions [42].
From the point of view of the antenna designer, there are many factors which will have
an impact on the choice of antenna element to be fabricated, and which are closely
related to system specifications and the decision to adopt a particular array architec-
ture. In addition, the capabilities and limitations of MMIC technology itself may, to
a significant extent, restrict the available solutions, presenting constraints which need

to be addressed in the antenna and array design. The problems are formidable enough
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that one commentator has recently observed that no truly monolithic array has yet

been produced [6].

It 1s the intention of this chapter to put the antennas and arrays considered later in
this thesis in the particular context of MMIC based active arrays. To this end, the im-
portant design issues relating to MMIC antennas and arrays are reviewed, and the basic
array architectures are identified. After outlining the constraints and options associ-
ated with the different architectures, the application of the substrate supported metal
strip antennas introduced in Section 1.2 to MMIC based active arrays is described. The
considerations presented in this chapter suggest that these and other antennas and ar-
rays having a similar geometry may provide a basis for the development of practical

systems.

2.2 Design considerations for MMIC antennas and

arrays

The key component in the realization of an active array is the phased array module,
which may contain power amplifiers, low-noise amplifiers, switches and phase shifters,
together with control circuits to implement beamforming and monitoring functions. A
phased array module may be associated with a single antenna element or a group of el-
ements, the latter referred to as a subarray. The use of MMIC technology to fabricate
the phased array module offers significant advantages in terms of reliability, perfor-
mance and system modularity. MMIC technology, soundly established at microwave
frequencies [43,44], is being developed further to provide useful circuits and systems in
the millimetre-wave range [45]. Economically viable commercial application of MMICs
at these higher frequencies is likely, for the foreseeable future, to be based on existing
state-of-the-art methodologies for production. Approaches employing more esoteric
methodologies are less attractive where specialized processes are needed. Since the

microelectronics industry is driven by influences wider than those interested in phased
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array development, it is useful to observe that cost-effective solutions to array design
which are able to make use of the most advanced existing technology have the greatest

potential to become a reality.

The above considerations apply equally to the development of MMIC antennas for
active arrays. The constraints placed on the antenna elements by the adoption of
MMIC fabrication processes are summarized in Section 2.2.1. General requirements
placed on the antenna element by system specifications are reviewed in Section 2.2.2,

together with the important issues relating to the array architecture.

2.2.1 MMIC constraints

Substrate parameters The parameters associated with the substrate are an impor-
tant consideration in the choice of a suitable antenna element. MMIC technology
employs Gallium Arsenide (GaAs) substrates having a relatively high permittiv-
ity (e, = 12.9). Semi-insulating GaAs, which would form the substrate material
for a MMIC antenna, is a low-loss dielectric at millimetre wavelengths. The
substrate thickness is determined by a number of considerations, including the
need for mechanical strength and the characteristics of the active devices to be
fabricated, and also dictates the width of the microstrip line interconnections for
a given characteristic impedance. Typical 100 to 200um substrates, although
physically thin, are electrically thick at millimetre wavelengths; a factor which
must be addressed in the choice and design of MMIC antenna elements. The
majority of MMIC components are fabricated on grounded substrates, and a
grounded substrate for active elements will therefore need to be present in any
design. Ungrounded areas of substrate may be made available by removing the

ground plane under a part of the MMIC if so desired.

Substrate area usage The substrate area occupied by the MMIC electronics is re-
lated to the complexity of the circuit. For a phased array module, many functions

may need to be incofporated, and the substrate area will be correspondingly large.
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Moreover, signal routing, contro! circuits, digital data bus lines and bias lines will
also occupy substrate area. The need to accommodate on the MMIC substrate
an antenna element and its feed network, both of which may be relatively large
when compared with the area occupied by the MMIC electronics, will have a fur-
ther impact on the availability and usage of substrate area. Because the module
is constrained to a limited area in the array aperture plane, architectures which
are able to fit all of thc components, including the antenna element, into this
limited area must be developed. The cost of building an array of MMIC antenna
elements is also directly related to the area of substrate occupied by the antenna
element, and physically small antenna and feed designs may be preferred for this

reason.

Degree of integration The degree of integration relates to the way in which the
phased array modules and antenna elements are implemented in an array using
MMIC technology. Wafer scale integration is often proposed at millimetre wave-
lengths, and involves the replication of functional units many times on a single
wafer in such a way that the entire wafer may be used to form part of the ar-
ray [46]. Functional units may be a complete phased array module or part of a
phased array module, depending on the array architecture chosen. In contrast,
chip scale integration involves the fabrication of individual functional units which
are diced from the wafer after manufacture and then assembled into the array

[47].

Yield Questions regarding the number of functional units to be fabricated on a single
wafer or chip need to be addressed to facilitate reliable fabrication. Problems
associated with low yields from MMIC processes or interconnection failures may
result in unacceptable thinning of the array and consequent degradation in per-

formance.

Fabrication techniques A MMIC antenna elcment must be fabricated using the
techniques and materials available in the MMIC process. Completely integrated
structures are therefore limited to planar geometry antennas comprising dielectric

and metal parts. Several layers of metallization and dielectric films are usually
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available in MMIC processes, and may be exploited in the design of the antenna

element.

Shielding and isolation Performance modelling of MMIC circuits under accurately
defined conditions is an essential part of a MMIC design process. For circuits
which operate in the presence of integrated antenna elements, space-wave and
surface-wave radiation from the antenna must either be included in the modelling,
or else appropriate shielding and isolation techniques used in the design of the
MMIC housing. Additionally, spurious radiation from the MMIC electrounics
may also influence the performance of the antenna element. Array architectures
which provide adequate housing for the MMIC electronics as well as mechanisms

for efficient radiation from the integrated antenna are therefore desirable.

Interconnections Typically, the output terminal of the MMIC electronics, which is
to be connected to the antenna element, takes the form of a microstrip transmis-
sion line. Methods for low-loss, high-reliability connection to a MMIC antenna
element on the same wafer or chip may be achieved either i) by direct connection
if the antenna has a suitable feed port, i1) via a balun transformer or microstrip
transition it the antenna cannot be fed directly from a microstrip feed line or
iii) by electromagnetic coupling (EMC) to the microstrip feed line without any

actual connection required [5,48].

Testing and modelling Computer aided design of MMICs is becoming highly de-
veloped in order to accurately predict the performance of circuits and devices
fabricated using increasingly sophisticated techniques {49]. Since the antenna el-
ement forms an integral part of the MMIC, independent testing of the antenna
element or module electronics is not possible. For this reason, both the module
and the antenna elements should be amenable to analysis that makes realistic as-
sumptions regarding the environment in which each will operate. Any interaction
between the module and the antenna element must therefore be well defined. The
need for highly accurate MMIC antenna design models arises from these consid-
erations and the fact that post-fabrication tuning is not feasible. Due to the high

cost of the systems proposed, experimental measurements on complete arrays arc
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impractical, and therefore there is a critical need to avoid problems appearing
at a late stage of development that may cause the array to be redesigned and

refabricated.

2.2.2 System requirements and architectural considerations

Many of the constraints identified in Section 2.2.1 that are imposed on MMIC anten-
nas have a direct impact on the achievable system performance. Engineering design
involves the requirement to meet certain specifications, and the adoption of a par-
ticular technology is dependent on the potential for it to satisfy these specifications.
Although the use of MMIC technology provides a widely accepted means of achieving
cost-effective solutions to design problems at millimetre wavelengths, monolithic inte-
gration of antennas is still very much in the development stage {46]. It is therefore
necessary for the array performance to be demonstrated in the context of proven archi-
tectures before fully integrated millimetre-wave arrays can progress to complete active
array systems of many thousands of elements. Array architectures are sought which
are able to meet the broad design objectives of proposed millimetre-wave phased ar-
ray applications, and which conform to the constraints imposed by MMIC technology

outlined above.

Some electrical considerations associated with the antenna element which underly

design specifications are summarized below [5].

Bandwidth The choice of antenna e¢lement is influenced by the bandwidth over which
the system is expected to operate. Substrate parameters, over which the designer
of a MMIC antenna may have little control, can affect the bandwidth of the an-
tenna element. In general, the millimetre-wave active arrays which have been
proposed are intended to operate over bandwidths of only a few percent, how-
ever, factors such as the sensitivity of the antenna performance to manufacturing

tolerances and environmental effects that are unable to be modelled in an analysis
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may necessitate the design of antennas with wider bandwidths. Modern phased
array system requirements also indicate a trend towards the use of wider band-
widths [50,51], and these may need to be addressed for future millimetre-wave

arrays.

Scanning performance The maximum angular range over which the main beam of
the antenna may be scanned is limited by several factors. The beamwidth of the
antenna element must cover a sufficiently large angle to permit the required scan
range to be achieved. The need to avoid grating lobes entering the field of view
of the antenna element as the array is scanned then determines the maximum
spacing between the elements in canonical array geometries with regularly spaced
elements, and therefore defines the packing density required in the aperture plane.
Scan blindness effects, which may be introduced by the excitation of surface waves
propagating across the array aperture [5,52] or by scattering from feed lines [53],

also limit the scan range.

Spurious radiation Radiation from feed networks can degrade the performance of
the array by introducing cross-polarized radiation, increasing sidelobe levels or
modifying the mutual coupling between elements. The use of a feed network that
can be accurately modelled at the design stage of development is therefore an

important factor in the choice and development of an array element.

Radiation pattern characteristics The quality of the radiation pattern of the an-
tenna element may be measured by a number of parameters, including gain and
radiation efficiency, cross-polarization performance and beamwidth. The issue
of maintaining the quality of the radiation pattern-as the beam of the array is

scanned in space is also of concern.

Impedance characteristics An antenna element that presents close to a matched
impedance to its feed network is necessary for efficient radiation. The impedance
of an antenna element is, however, dependent on the array environment in which
it operates, and is also a function of the beam steer angle of the array. This
necessitates accurate design methods that take account of the array environment

and in particular the mutual coupling hetween elements.
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While the above design considerations are dependent on the application for which
the array is intended, and are not unique to integrated antenna arrays, they serve
to 1llustrate the wide range of factors which need to be taken into account in the

development of MMIC antenna elements.

As well as the element design considerations set out above, some additional factors

which are basic to the choice of the array architecture are listed below.

Power and signal distribution The requirement to distribute a synchronous source
signal and control signals to a large number of phased array modules poses a
considerable design challenge. Topologies which accommodate paths by which
the electromagnetic power, digital control signals and bias voltages can be routed

to each module or subarray are needed for a practical array implementation.

Construction The architecture of the array is largely governed by the manner in
which the aperture plane is filled with the antenna elements. In the case of
arrays incorporating MMIC antennas, the choice of architecture is also related
to the physical and electrical characteristics of the antenna elements that are
used. The choice of a particular architecture also has an impact on the degree
of integration that may be achieved. Various configurations are described and

evaluated in Section 2.3.

Heat removal Many of the active devices employed in MMIC technology, particularly
FET devices, have a low efficiency. This results in the need to consider heat
removal from the phased array module, and the provision of suitable paths for
heat transfer form a part of the architectural considerations. Issues which need
to be addressed include the thermal properties of the media surrounding the
active devices, the availability of surfaces for heat transfer away from critical
areas, and the desirability of ambient air cooling rather than forced air cooling or
liquid cooling. The use of HEMT devices at millimetre wavelengths, with their

increased efficiency, may also assist by reducing the heat generation [42).

All of the considerations outlined above are within the domain of the antenna de-
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signer, since they have a significant impact on the choice of the technology, architecture
and antenna element that is to be used. Ultimately the suitability of an antenna ele-
ment and an array architecture for {fabrication with MMIC technology is judged by how
well the above constraints are satisfied in the light of the performance requirements of

the array.

2.3 Basic architectures employing MMIC antenna

elements

The array architecture that is chosen to implement a phased array that incorporates
MMIC antennas depends on the antenna element geometry. In general, MMIC anten-

nas may be classified into one of two types:

1. Antenna elements fabricated on the top surface of the grounded MMIC substrate.
Such antenna elements must have the maximum of their radiation pattern on or
close to the direction normal to the MMIC substrate. For the majority of array
applications, the substrate itself extends continuously across the aperture plane

of the array and encompasses a number of elements.

2. Antenna elements fabricated on a part of the MMIC substrate that has the MMIC
ground plane removed. Such antenna elements must have the maximum of their
radiation pattern on or close to the longitudinal axis of the MMIC, and may be
termed endfire elements. The substrates are therefore orientated normal to, and
form a periodic structure in, the aperture plane of the array. Each ungrounded
part of the MMIC substrate may contain a single element or a linear array of

elements.

MMIC array architectures for each of the above types of element are illustrated in Fig-

ure 2.1. Where the first type of element is employed, MMIC wafers orientated paralle!
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Figure 2.1: Integrated array architcctures: (a) Transverse Integration and Longitudinal

Assembly, and (b) Longitudinal Integration and Transverse Assembly. The boresight
radiation direction of both arrays is vertical in the page.
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to the transverse array aperture are stacked in the longitudinal direction to build the
array. This architecture is therefore referred to as Transverse Integration and Longitu-
dinal Assembly (TILA). Where the second type of element is employed, MMIC wafers
orientated longitudinally to the array aperture are arranged in the transverse direction
to build the array. Correspondingly, this architecture is referred to as Longitudinal In-
tegration and Transverse Assembly (LITA). In this section, the merits and limitations
of TILA and LITA architectures for MMIC arrays are summarized, and typical antenna
elements compatible with each approach are identified. The issue of electromagnetic

power distribution affects both architectures and is dealt with separately.

2.3.1 TILA arrays

Microstrip antenna technology, involving metal strips or patches separated by a di-
electric layer from a metal ground plane, has been suggested as the basis for MMIC
active arrays, and is suitable for use in TILA architectures. In the past, the desire for
inexpensive, low-profile and easily fabricated planar arrays has motivated the develop-
ment of microstrip antennas, and many examples of microstrip antennas can be found
in the literature. Analytical methods for accurate design of both microstrip antenna
elements and arrays of elements are well established, and considerable experimental
testing of designs has been undertaken. For these reasons, antenna elements such as
microstrip dipoles and patches, as well as printed slots, have been the first choice of

the proponents of integrated active arrays.

For millimetre wavelength applications, various configurations of microstrip patches
or dipoles having bandwidths of up to about 10% have been employed as array ele-
ments. In general low permittivity, thick substrates are preferred for larger bandwidths,
however, monolithic fabrication on semiconductor substrates imposes a relatively high
permittivity. Furthermore, if the antenna elements are to be fabricated on MMIC sub-
strates, the actual substrate parameters may be prescribed by the fabrication process

and materials employed, and consequently the substrate is likely to be electrically thick
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at millimetre wavelengths. Where electrically thick substrates are employed, the issues
relating to the excitation of surface waves and their effect on the radiation efficiency

and mutual coupling between array elements need to be addressed [5].

The constraints associated with the antenna and array geometry of a TILA architec-
ture need to be addressed directly. For a MMIC based active array, adequate substrate
area must be available for the MMIC electronics as well as the antenna element, and
various constructions for achieving this have been adopted or proposed. Subarrays
incorporating several antenna elements together with the module electronics on the
surface of a single MMIC have been designed and fabricated [37], however, all of the
functions that are required for an operational phased array cannot be accommodated
on the one substrate. Moreover, it has been found that interaction between the elec-
tronics and the antenna elements by way of spurious radiation and surface wave effects

degrades the array performance.

In order to shield the antenna elements from the MMIC electronics a two sided ge-
ometry may be used [5], where each side of the structure is separated by the microstrip
ground plane. Electromagnetic coupling through apertures in the ground plane is used
to transfer millimetre-wave energy from the modules to the antenna elements. Such a
structure also offers the possibility of using an alternative substrate material for the
antenna array so that some degree of control over the antenna characteristics can be
obtained. Arrays of this type are no longer fully monolithic arrays, and may be termed
hybrid arrays. In the case of a hybrid array, an additional set of considerations related
to the use of dissimilar materials in the array construction must be addressed. These
include the effect of different material properties, and in particular different thermal
characteristics which may cause material stresses to fracture the fragile MMIC wafers.
Issues such as the ability to meet manufacturing tolerances and subsequent alignment

are also important for hybrid arrays.

Additional substrate area may be obtained by using a multilayer TILA architec-
ture such as that shown in Figure 2.1a [13). Antenna elements on the top layer are

excited from the MMIC electronics on the lower layers either by direct interconnection
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between the layers or by electromagnetic coupling. At each layer, a given function or
set of functions is implemented and duplicated many times such that when the lay-
ers are connected together, a complete subarray is obtained. Such architectures offer,
in principle, the potential for completely monolithic arrays with each layer fabricated
by wafer scale integration. It is noted, however, that a hybrid approach may still be
adopted for the antenna elements if required. Multilayer structures offer the widest

degree of flexibility in TILA architectures.

Assessment of the multilayer TILA architecture shown in Figure 2.1a has been
undertaken, and has highlighted the areas which need special consideration [13,16,41,
42). Among these are the following.

e The need to provide reliable interconnections. Many thousands of interconnec-
tions are required in a practical array, and these must extend between the layers
making up the array as well as between modules on a given layer. Connections
between layers may be physical connections, or in the case of millimetre-wave
transmission lines electromagnetic coupling may be used to transfer electromag-
netic energy between layers. Where physical connections are required, new tech-
niques, such as the use of via holes filled with conducting ink {54], are necessary to
ensure the reliability of the large number of interconnections. The routing of the
millimetre-wave transmission lines, digital control signal lines and bias voltage
lines on each layer in such a way as to minimize interference and cross-coupling of
the signals also presents a considerable topological challenge. Optical techniques
for phased arrays have recently received attention, and may prove useful in the

area of signal distribution [55].

e The need to provide appropriate mechanisms for heat transfer. The provision of
paths along which the heat generated by the active electronics can be removed
from the array is essential to maintain the proper operation and long life of
the array. In a TILA architecture, the active components of the MMICs are
sandwiched within dielectric layers, and the ground planes of the MMICs are

enclosed by these layers. If the thermal conductivity of the dielectric layers
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is poor, the transfer of heat to the outer face at the back of the array may
be inhibited, and a complex and expensive cooling system may be required to
overcome this difficulty. Furthermore, steps must be taken to ensure that heat
is not transferred to the array aperture, since heating could cause displacement
of the elements leading to phase errors in the feeding of the elements, or stress

damage to the antenna elements.

e Module failure and repair problems. Because the multilayer TILA architecture
favours the fabrication of large subarrays constructed on several wafers, failures
due to yield problems or damage may render large portions of the array unusable.
The cost associated with the development of subarrays having a sufficient number
of usable elements when the array is finally assembled, or else the cost of re-
fabrication and repair of subarrays that do not have a high proportion of usable

. elements, may prove prohibitive.

Recent reports suggest that to a significant degree, these problems are still unsolved

[42).

TILA architectures made up of several wafers, with each wafer providing a single
function which is duplicated many times, have the potential for greatly simplifying
the overall array construction, particularly where large subarrays are feasible. For this
reason, many researchers are focussing work in this area. Technological limitations such
as those described above are, however, likely to inhibit the fully monolithic realization

of such arrays in the near future.

2.3.2 LITA arrays

An alternative to the TILA architecture is the LITA architecture shown in Figure 2.1b.
In the LITA architecture, the MMIC antenna is integrated on the same substrate as
the MMIC electronics forming the phased array module. The substrates are then

otientated so that the elements protrude through a ground plane that shields the
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MMIC electronics, and the modules extend back perpendicular to the ground plane.
In Figure 2.1b, individual chips comprising a single module and its antenna element are
illustrated, however, collinear arrays of several elements and their associated modules
could also be constructed on a single chip. In either case, because all of the components
of a phased array module are located on a single substrate, the LITA architecture is

an example of chip scale integration.

The LITA architecture is derived from conventional approaches to active phased
array design at microwave frequencies, which has in the past employed waveguide or
resonant dipole antenna elements connected to individually housed phased array mod-
ules [7]. Tapered slotline arrays for millimetre-wave imaging applications also employ a
LITA architecture [56], and have recently been analysed for phased array applications
(57]. Hybrid approaches to LITA arrays have also been developed. In one example of
a hybrid array, MMIC based components of a phased array module are mounted on a
mother-board, which contains the feed and radiating elements [7]. Another hybrid ar-
ray comprises a microstrip antenna array fed from behind the microstrip ground plane

by MMIC phased array modules orientated perpendicular to it [58].

For a fully monolithic approach to LITA arrays, a variety of MMIC antennas are
compatible [41]. For example, travelling wave antennas such as the tapered slotline
antennas described above could be fabricated on an ungrounded part of the MMIC
substrate, or dielectric rod anteunnas [59] could be formed by trimming an ungrounded
extension of the MMIC substrate to the appropriate geometry (60]. Resonant antennas
such as half-wave resonant dipoles [24,61], or dielectric resonators [62] are also candi-
dates for MMIC antennas in LITA arrays. The suitability of a structure is, however,
dependent on the constraints identified with regard to array performance and fabrica-
tion. Limitations on the physical size of elements for reasons of cost, the need to avoid
introducing grating lobes into the array pattern or the need for a wide field of view, and
also the requirement to avoid inappropriate fabrication techniques, may eliminate some
of the potential structures. Furthermore, studies of antenna elements for millimetre
wavelengths have suggested that the potential for low-loss fully dielectric structures is

not necessarily realized in practice, and in fact such antennas may suffer from poor
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quabity radiation patterns that are difficult to control [63]. These considerations must
be reviewed as part of the design process leading to the choice of an antenna element
for a LITA array, however, assessment of the types of MMIC antenna element that
may be suitable has not been as widely undertaken as for the TILA arrays described

above.

There are some apparent advantages of LITA arrays which suggest that research

into appropriate antenna elements may be fruitful. Among these are the following.

e Single wafer modules. The potential for fabricating fully functional, self-contained
MMIC modules on a single chip has advantages in terms of the modularity of
the overall system. Post-fabrication construction of the array allows pre-testing
of entire modules or subarrays before the complete array is assembled. Addition-
ally, the size of the subarray can be chosen according to the limitations on yield

imposed by a particular MMIC process technology.

o Substrate area availability. The restrictions on substrate area are largely removed
using the LITA architecture, since the MMIC substrates can extend back from the
array aperture as far as is necessary to provide sufficient area for all of the module
electronics. The limiting factor on substrate area is therefore set primarily by
the size of the active area of the MMIC that can be fabricated reliably, and by

the cost considerations associated with economical and efficient chip area usage.

e Signal routing flexibility. The use of single wafer modules alleviates the problem
of critical alignment between several layers, needed in TILA architectures to
couple electromagnetic energy between layers. Because the array assumes a three-
dimensional rather than a two-dimensional geometry, an additional degree of
freedom is available to route the digital control signals and bias voltages between
the modules, leaving only the millimetre-wave transmission lines in the plane of
the MMIC substrate. The use of the packaging and housing structure associated
with the array assembly to distribute the digital control signals and bias voltages

in such a way that they do not interfere with any of the electromagnetic circuits

28



is a possibility that is not readily available with the wafer sandwich of the TILA

architecture.

e Heat removal mechanisms. The three-dimensional LITA architecture provides
additional surface area through which the heat generated by the active devices
on the MMICs may be removed. Because the ground planes of the MMICs are
not sandwiched in layers, freedom exists to choose an appropriate intermodule
medium which is conducive to efficient heat transfer to the outer surfaces of the

array.

LITA architectures therefore offer some advantages for active arrays incorporating
MMIC antenna elements. Appropriate methods for supporting and housing the MMIC
modules are required to implement LITA architecture active arrays, taking into ac-
count the small dimensions of the array elements at millimetre wavelengths. Where
collinear subarrays comprising several antenna elements and their associated modules
are feasible, the magnitude of the assembly problem may be similar to, but much less
concentrated than that of the TILA architecture array, and the full advantages of LITA

architectures may be realized.

2.3.3 Array feeds

Common to both TILA and LITA architectures is the problem of designing a feed
network to distribute millimetre-wave power to each of the modules of the array. The
issue of power distribution is overviewed in [42], and the discussion here will be limited
to MMIC array applications. Printed circuit antenna arrays have been constructed
using corporate feed networks which aim to provide a feed port connection at each
element from a single source by the use of constrained transmission lines and power
dividers. Planar and volume corporate feeds are illustrated in Figure 2.2a and 2.2b
respectively. A planar corporate feed could be used to distribute power to individual

modules or subarrays in a TILA architecture, and the distribution network would
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Figure 2.2: Examples of array feeds: (a) planar corporate feed, (b) volume corporate
feed, (c) space fed active lens with TILA architecture and (d) space fed active lens
with LITA architecture.
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form one of the layers of the overall structure. Direct connection or electromagnetic
coupling may be employed to transfer power to the modules from the feed network.
Similarly, a volume corporate feed could be used to distribute power to individual
modules in a LITA architecture that comprises collinear subarrays. In the case of the
LITA architecture, however, two separate planar corporate feed networks are needed
to make up the volume corporate feed; the first to distribute the power on each MMIC
subarray, and a second to distribute power to each of the subarrays. Corporate feeds
offer highly accurate power distribution to the array elements, provided that close
tolerances can be held in fabrication and assembly on the variations between what
should be identical paths to each element. Additionally, where a conformal array is
required, the adoption of a corporate feeds network can result in a compact structure.
For large arrays, however, the power dividers and transmission lines associated with
corporate feed networks can introduce significant loss that must be compensated by

increasing the gain of the active array amplifiers.

Space feeds offer an alternative method of power distribution. In Figure 2.2¢c, a
TILA architecture active lens is illustrated. Millimetre-wave power is distributed spa-
tially from a source antenna, and is received at each module by an antenna element
on the reverse face to the array aperture. The feed is lossless except for spillover and
reflection losses, and has the additional advantages of being inexpensive and simple to
implement. A similar active lens implemented using a LITA architecture is illustrated
in Figure 2.2d. Space feeds have been proposed as being especially useful for MMIC
based active arrays operating at millimetre wavelengths, and various system imple-
mentations have been suggested [15]. Moreover, a space feed removes the need for
precise alignment of the antenna subarrays to the feed network and the corresponding

constraints on fabrication tolerances.

Although both TILA and LITA architectures may be designed with space feeds,
the TILA architecture has the significant disadvantage that if a space fed active lens is
required, both faces of the planar assembly are occupied by antenna arrays leaving no
provision for a means of heat removal from active components. In contrast, the LITA

architecture retains the facility for heat transfer because paths are available through
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the side faces of the assembly. For this reason, research into LITA architectures is

further stimulated.

2.4 A chip scale approach to antenna integration

In this thesis, antenna elements and arrays which are amenable to LITA architecture
MMIC based arrays are the subject of research. Figure 2.3 illustrates schematically
a chip scale approach to the construction of a LITA array of the substrate supported
metal strip antennas introduced in Section 1.2. As illustrated, individual chips com-
prising a single module and antenna element are assembled to produce the array, a
section of which is illustrated in Figure 2.3a. The antenna element, shown in Fig-
ure 2.3b, consists of a metal strip contiguous with the end of an ungrounded extension
of the MMIC substrate. The metal strip antenna is designed to operate at its half-wave
resonance, and is shown here with a coplanar strip feed line. The MMIC electronics of
each module is housed behind the array ground plane, and the ungrounded extension
of the substrate on which the metal strip antenna is fabricated is made to extend up
to a quarter wavelength out of a slot in the module housing. It is clear that the gen-
eral considerations outlined in Section 2.3.2 for LITA array architectures are satisfied.
Because the architecture is such that the MMIC electronics is appropriately housed
and shielded, for the purpose of design and analysis the antenna structure itself may

be considered independently of the actual array construction used.

There are several reasons to suggest that the investigation of substrate supported

metal strip antenna elements is warranted for application to millimetre wave arrays.

s The geometry is simple and readily fabricated using MMIC techniques.

e A composite conducting and dielectric structure is employed, and is therefore less
likely to suffer from the problem of poor array radiation pattern control than a

purely dielectric structure.
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Figure 2.3: Chip scale antenna integration with substrate supported metal strip anten-
nas: (a) a 3x3 segment of a large array and (b) a single antenna element of the type
used in (a).
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o Being a resonant structure, the element occupies a relatively small substrate area
compared with travelling wave structures. Substrate area usage, and therefore

cost, are kept to a minimum.

o The antenna dimensions are amenable to half-wavelength spacing between the

elements 1n an array.

Such arrays, consisting of metal strip antennas on finite size, electrically thick sub-
strates, have not been investigated in the past. Where similar geometries have been
proposed, the substrates are usually assumed to be electrically thin, and air gaps be-
tween individual elements have not been considered. At millimetre wavelengths, the
electrically thick, finite size, substrates employed in the antenna structures to be con-
sidered in this thesis are anticipated to have a large effect on the performance of the
antenna elements and the array. No previous analysis of such structures appears to
have been undertaken for the substrate thicknesses and geometries identified here, and
the remainder of this thesis is aimed at providing a design procedure and using it to

explore the features of the antenna elements and arrays.

Several aspects of the array assembly are now considered in order to illustrate the
diverse means available to realize the structures in practice. Firstly, for the array de-
scribed above, individual chips are fabricated and then mounted within rectangular
metal housings. For a space fed active array, substrate supported metal strip antenna
elements would protrude from both the front and rear sides of the assembly. Such a
scheme is feasible at the lower end of the millimetre-wave band where the dimensions
make the chips still reasonably manageable. Incorporated within the housing assembly
would be appropriate control signal and bias paths. An alternative assembly, involv-
ing chips mounted on metalized ribbons which are bonded together in a honeycomb
structure has also been proposed to simplify the construction and provide a means of

obtaining dual polarization [15].

Where multi-module and multi-element MMIC chips are achievable, either due to

improved reliability of the MMIC processes, or due to a reduced functionality require-
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Figure 2.4: A subarray approach to monolithic integrated circuit arrays employing
substrate supported metal strip antennas.

ment on tHe module, a subarray approach such as that illustrated in Figure 2.4 may be
employed. In the construction shown, the ungrounded extensions of the substrates on
which the antenna elements are fabricated are made to protrude from between ceramic
separators which have metalized surfaces to produce the array ground plane. This lay-
ered approach to fabrication is similar to that proposed for TILA architectures. The
modules of each subarray, however, are still self contained on a single chip, and no
millimetre-wave connections are required between the layers, thereby avoiding the as-
sociated alignment problems. Because the chip scale approach is used, fewer inter-chip
connections are required than for the layered TILA approach. The protruding part
of the substrate between the elements of each collinear subarray is removed so that
the array aperture is filled in the same way as the previous assembly. The analysis
developed in this thesis is therefore common to both approaches. Additional layers of
dielectric material extending underneath the substrate supported metal strip antenna
may also be employed to increase the mechanical strength of the cantilever protrusions.
Again, a space fed active lens system could be fabricated by incorporating antennas
along both the front and the rear edges of the substrates shown in Figure 2.4, Assem-
blies similar to the one suggested here may be useful at frequencies up to and above

100GHz. The fabrication of subarrays of this type represents the ultimate realization
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of the design research presented here, and offers promise for the realization of fully

monolithic active arrays.

2.5 Summary

From the considerations outlined in this chapter, it is apparent that the array architec-
ture has a considerable impact on the type of antenna element which may by used in
an active array employing MMIC antenna elements. Various architectures have been
described briefly in order to illustrate how substrate supported metal strip antennas
may be used to achieve realizable active arrays satisfying the constraints imposed by
MMIC fabrication. A LITA architecture which makes use of chip scale integration of
the phased array modules and antenna elements 1s proposed as a viable alternative
to the more commonly considered TILA geometries. A new subarray method is also
proposed as a means of increasing the degree of integration attained from the use of
the chip scale approach, and illustrates the range of possibilities available through the

LITA approach.

This chapter has therefore provided the context in which the substrate supported
metal strip antennas considered in this thesis may be employed, and has illustrated
some of the beunefits aflorded the array designer by their use. Of course, many of
the details of the fabrication of a practical array still require thorough investigation,
in particular with regard to what a given MMIC process and technology is able to
achieve. It is the purpose of this thesis, however, to provide a validated design proce-
dure and methods for the engineering of significant improvements in the performance of
MMIC antenna arrays that use substrate supported metal strip antennas. In this way,
the options available in the design of active array antennas for millimetre wavelength

applications that make full use of current advances in MMIC technology are widened.

36



Chapter 3

Substrate Supported Metal Strip
Antennas - Analysis and

Experiment

3.1 Introduction and overview

Classical antenna analysis can be classified according to the basic assumptions that
may be made in idealizing practical design problems. Thus, much of the analysis of
metal structures proceeds on the assumption that currents exist on infinitely conducting
surfaces in an infinite homogeneous non-conducting medium which is often free space.
In most analyses, the current distribution may not be assumed, and must be determined
by use of techniques such as the method of moments [64]. The assumptions with regard
to the material media, however, still hold for many practical structures. Where the
antenna is to be operated close to the boundary between two semi-infinite media, one
medium is often free space and the other medium assumes properties of earth or some

other material. The special case of a perfectly conducting ground plane at the interface
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is usually treated by means of images of the antenna structure which are assumed to be
created by the presence of currents flowing on the sheet. Modifications to this image
theory may be used where the interface is actually the surface of the earth. Another
classification arises when stratification of the material medium as an idealization is a
closer representation of the practical antenna assembly. The strata are usually assumed
to be infinite in extent. Because waveguide propagation may occur in the strata as well
as radiation in the free space and material media above and below the strata, analysis
is more complicated. Microstrip antennas of the type described in Section 2.3.1 for
use tn TILA arrays, where the strata arise from one or more layers of dielectric on a
metal ground plane, are one example in this category. An even more complex class of
analytical design arises when it is not possible to assume strata that are infinite in eny
direction. Antenna structures comprising finite size dielectric and conducting regions,
such as the substrate supported metal strip antennas described in Section 1.2 fall into

this last category.

Both integral-equation methods and differential-equation methods may be used for
the analysis of antenna structures. Diflerential-equation methods, comprising finite-
element and finite-difference techniques, have been applied to radiation and scatter-
ing by two-dimensional and three-dimensional structures through the use of hybrid
methodologies such as the finite-element-boundary-integral method described in [65].
More commonly, integral-equation methods have been employed for composite finite-
size three-dimensional structures. Surface and volume formulations have been imple-
mented for a variety of structures, and solved using iterative techniques [66,67,68,69].
The problem of appropriately modelling homogeneous dielectric regions has been ad-
dressed by the use of rooftop functions [70,71] resulting, however, in a more complex
formulation of the problem and a larger computational overhead. Nyquist methods for
the solution of integral equations have also been proposed for application to composite
problems [72]. Because the rectangular geometry of the substrate supported metal
strip antennas considered in this thesis may be relatively simply described using an
integral-equation approach for calculation of both the near-field and far-field, a volume

formulation employing rectangular pulse basis function expansions, similar in principle
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to that described in [66], is employed for the analysis. A numerical implementation is
developed here which is able to avoid the need for the more complex rooftop function
formulation of the problem for the antennas considered. Furthermore, the relatively
simple solution adopted here will be expanded later to deal with more detailed struc-

tures that include feed lines with remarkably little increase in computational overhead.

The basic geometry of the substrate supported metal strip antenna is analysed in
this chapter. Feed lines, which are omitted from the analysis at this stage, are in-
troduced in Chapter 4. The aim of the work presented in this chapter is to develop
the modelling of substrate supported metal strip antennas for substrates which are
electrically thick, and to verify the results by comparison with experimental measure-
ments. Various assumptions made in the modelling are addressed, and the problem is
formulated for efficient numerical solution. Finally, the analysis of the basic geometry
allows the fundamental effects associated with the dielectric substrate to be identified
and studied. The results which are obtained form the basis for the design of practical

antenna elements.

3.2 Formulation and numerical implementation

3.2.1 Antenna geometry

The antenna element illustrated in Figure 2.3b consists of a metal strip contiguous
with the end of a dielectric substrate which forms a rectangular cross-section dielectric
waveguide of the type described in Appendix A. The hybrid TE}, mode, the char-
acteristics of which are outlined in Appendix A, is the lowest order mode which may
propagate in the substrate, and has its principal electric field component aligned with
the axis of the mectal strip antenna. Above the low-frequency cut-off of this mode,
propagation in the substrate is therefore anticipated. The TEY, mode will not propa-

gate in the grounded substrate of the MMIC since the anti-symmetry required about
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Figure 3.1: Idealized geometry used in the analysis.

the MMIC ground plane does not exist, and the principal electric field component is
shorted by the MMIC ground plane. Below the cut-off frequency of the next higher
order mode, the fields are therefore confined to the ungrounded part of the substrate.
For frequencies of interest here, this condition is met. The MMIC substrate and the
module housing together may also be regarded as forming a partially filled rectangular
waveguide with the ungrounded substrate of the substrate supported metal strip an-
tenna protruding from an aperture at the end of that waveguide. An investigation of
the dominant mode of the partially filled waveguide for typical substrate thicknesses
and aperture sizes shows that this too is cut-off at frequencies of interest [73]. For these
reasons, and because the slot in the module housing through which the ungrounded
substrate protrudes is physically and electrically small, as a simplified starting point
for developing an analytical model the antenna is idealized to that shown in Figure 3.1,
where a continuous ground plane is shown. The ground plane is considered to be infi-
nite in extent, the metal strip is assumed to be excited by an ideal voltage source at,

the centre, and no feed structure is included.

The geometry shown in Figure 3.1 may be described as a metal strip antenna on a

finite size dielectric slab. . For a typical MMIC antenna, the electrical thickness of the
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dielectric slab at millimetre wavelengths is large, and the correct modelling of the fields
which are excited in the dielectric slab is important for accurate numerical results to

be obtained.

3.2.2 Integral equation formulation

The electric-field integral-equations which relate to the geometry shown in Figure 3.1
are obtained from the boundary conditions associated with the tangential electric fields
at the surface of the metal strip, and the conditions which determine the total electric
field within the dielectric substrate. Denoting the incident electric field at location 7 as
Ei(7), and the scattered electric field at location 7 as E*(7), the electric-field integral

equations are

(B, + [E(P)],, =0 forFeS. (3.1a)
E¥(7) + E*(F) = E*(7) for7eV, (3.1b)

where S, is the surface of the metal strip, V4 is the volume of the dielectric substrate,
subscripts tan refer to electric field components tangential to S., and Ett(7) is the
total electric field in V; at location 7. Using the equivalence principle, the metal
strip is replaced by its equivalent surface current J, and the dielectric substrate by
equivalent volume polarization currents J;, where all equivalent currents exist in free
space [66]. The metal strip has a width which is narrow with respect to its length,
and is also assumed in the analysis to be infinitesimally thin, such that the equivalent
surface current J, represents the total surface current on the metal strip. With these

substitutions, the scattered electric field at location 7 may be written as
Bo(7) = L {J.} + La {Ja} (3.2)

Expressions for the operators £, and £y are derived from vector and scalar potentials

and are given below. From the relationship between the total electric field in the
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dielectric and the volume polarization current,
. J(7)
Etotal — , 3
(F) jwfo(ér_l) ( 3)

where w is the angular frequency, ¢ the permittivity of free space and ¢, the relative
permittivity of the dielectric slab. The dielectric is considered to be homogeneous, and

for the moment lossless. Equation 3.1 therefore yields the coupled equations

B [[" {j;}]tan - [Ld {j;}] tan [E‘.(F)] tan’ for 7 € 5, (3.42)
ja#% — L {2} - La{Ja} = E¥(7), for 7€ Vy (3.4b)

In the following analysis, primed co-ordinates refer to the position of sources and
unprimed co-ordinates to the position of field components. The surface charge density

on the metal strip, p., may be expressed in terms of the surface current as

pol) = — =" J(7) (3.5)

Jw
and the operator £, may be written as

—

V =2 sy - !
= //Cv L(7)G(F,7)ds'  (3.6)

Jwe

gy = =R [ Toe s +

where (g is the permeability of free space. The free space Green’s function G(7,7”) is

DY SN P-4
G(7 i) = EP(T kol = )

; (3.7)

P

where kg = w/c is the free space wave-number and c is the speed of light in free space.
Considering now the dielectric slab; for a homogeneous dielectric region, 6'-J-;(F’) =0
within the dielectric, and charges only exist on the surface. The surface charge density

on the dielectric, py, is given by

—~7 l = r T o 1, = -~ -
pa(7') = _j_wv - Jy(7) = ;;n - Ja(F") for 7' € Sy (3.8)
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where Sy denotes the surface of the dielectric slab and i is the outward pointing unit
vector normal to the surface of the dielectric. The operator £4 may therefore be written

as

—y

Latisy = 220 [[ [ )6y - 2 [ 6 Ju 6 s (39)

jw6041r

It is necessary to solve equations 3.4 with the operator expressions given in equation 3.6
and equation 3.9 to determine the surface current distribution on the metal strip and
the volume polarization current distribution in the dielectric. A method of moments

golution is outlined in the next section.

3.2.3 Numerical implementation

Because of the symmetry of the antenna about the zz-plane in Figure 3.1 and the nature
of the fields excited by a balanced feed, it is sufficient to analyse half the structure in
one of the half spaces on either side of the zz-plane, regarded as an image plane. The
centre-fed metal strip thus becomes a strip monopole fed at its base against an infinite,
perfectly conducting image plave, and the current distribution on the monopole and in
the remaining half of the dielectric are unaffected. The image plane and the existing
ground plane are taken into account by introducing the appropriate image currents into
the analysis. A source region and three image regions are identified in Figure 3.2. After
determining the equivalent currents in the source region, the parameters of interest may
be cormputed for the equivalent balanced geometry of the complete antenna. It is noted
that the TE{, mode in rectangular cross-section dielectric waveguide, used to justify
the idealization of the antenna geometry to that of Figure 3.1, also exhibits the required
symmetry, however, no further assumptions are made regarding the field distribution

in the dielectric slab.

The currents J, and J; are expanded using pulse basis functions and a point match-

ing technique is used to obtain the solution. Although a pulse function approximation

43



I

.-_-,._.--r---.\.---_--.--rE.

Source
Region

o\
Infinite y Substrate Metal Strip
Ground Plane (n g segments) (0 segments)
X /
¢ - 4 IR B
. ‘ d | i v ¢ 8 §

Principal Substrate Principal Strip
Segment Segment
§77770 Image Substrate Image Strip
i 1 Segment Segment

® TIntersection point of rectangular grid

Figure 3.2: Image regions and segmentation of the metal strip and substrate.
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is not strictly differentiable, where derivatives are required they may be obtained by
using an offset pulse function expansion such as that used for the charge density on
a wire antenna in [64] and outlined in Appendix C in the context of the modelling of
wire juoctions. In the source region of Figure 3.2 the strip is divided into n. segments
of equal surface area, and the dielectric slab into n, segments of equal volume. The
metal strip segments are made to align with the top surface of the dielectric segment
on which they lie. Full segments about the image plane are derived from half-segments
in the source region imaged about the xz-plane, and are considered to be part of the
source region. It should be noted that for simplicity the boundary condition requiring
that the y-directed current be zero at the end of the strip is neither negated nor strictly
enforced. Comparing the results obtained from the segmentation shown in Figure 3.2
with results obtained by offsetting the metal strip segments one half-segment, and in-
cluding a zero half-pulse at the end to enforce the boundary condition, has indicated
that this effect is negligible. The z-directed currents on the metal strip, although

included in the analysis, are expected to be small.

In the following expressions subscripts n refer to source points associated with equiv-
alent currents and their images, and subscripts m to field points within the source re-
gion. The convention for primed and unprimed co-ordinates introduced in Section 3.2.2

is retained for consistency. A rectangular co-ordinate geometry is used such that
T=3%z+ gy + 22 (3.10)
where Z, § and 2 are unit vectors.

Using the pulse basis function expansion of the current distributions, the surface

current J, may be written as

T(7Y = Y [fan + 2ba] Pu(y/, 2') (3.11)

n=1
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where the pulse functions are

1, if ¢, 2" € nth segment
Py, ) = Y & (3.12)
0, otherwise

Here a,, and b, are the unknown constants to be determined for the surface current on

the metal strip. The volume polarization current Ji may be written as

n4

J7) = 3 [Ben + §dn + 2ea] Qu(z, ¥, 2') (3.13)

n=1

where the pulse functions are

On('sy' o) = 1, if z',y’, 2’ € nth segment (3.14)
0, otherwise

Here ¢,,, d,, and e, are the unknown constants to be determined for the volume polar-

ization currents in the dielectric slab.

Since delta-functions are used as testing functions in the point matching scheme,
equation 3.4a is required to be satisfied at the centre of each metal strip segment in the
source region, and equation 3.4b at the centre of each dielectric segment in the source
region. The electric field at each point 7,, due to sources a, and b,, omitting at this

stage their images, may be found from

Lc{‘j::} = —]wuo Z yan +Zb )// y , 2 )G Fons T I) dy' dZ'
1 . 0 i s, 43 3\
jwegdn Iaxm yaym z@zm
{z./ S, 8 " (') 2))G (T, )] dy" d2’
+§1 //s éz[b"P"(y"Z')G(Fm»ﬁ’)ldy’ dz'}, (3.15)
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and due to sources ¢,, d, and e, again omitting at this stage their images, from

—_— 1 nd
La{Js} = 220N (den+ fdn + 2en) f / /V Qu(z'yy', 2 VG (Fm, 7)) dz’ dy' do’
d

47 o=l

B 1 3 3] . 5} +z 7] ‘
JwegdT c%:m yaym 82m

(X e [[ Qe 2)Cm, 7y by d

neES:
d, 2y VG (F, 7)) d2' d2'
* 3 bdn [ Q"¢ )66 )
+ 7en/ QY )G ) dy'}, (3.16)
n€Szy

where the sources are located at . The surfaces of the dielectric segments are S,,,

Sz and Sy, and a, B and v are found from their respective orientations as
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where 7 is again the outward pointing unit vector normal to the surfaces. For each
equivalent current Jocated in the source region there exist three associated image cur-
rents in the image regions. Equations 3.4a and 3.4b must therefore be evaluated four
times at each field point and the results added. In equations 3.15 and 3.16 the field

point derivatives are computed by finite differences.

A consequence of an interpretation of the rectangular pulse basis functions adopted
in [66] is that surface charge is permitted, and generally occurs, on all surfaces of every
dielectric segment. This has led in the past to criticism of the use of rectangular pulse
basis functions to model homogeneous dielectric regions [74]. Any errors, however, are
not necessarily introduced by the inherent use of pulse basis functions, as is demon-
strated later by their successful adoption in the analysis described here. In reality, for
a homogeneous dielectric, charges on surfaces internal to the dielectric slab are ficti-
tious. In order to form a more appropriate representation, the polarization currents in
adjacent dielectric segments are interpolated at their junction, effectively smoothing

the pulse representation of the polarization current for the purpose of calculating the
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surface charge. An averaged surface charge density function which is zero within the
dielectric in accordance with physical reality is therefore produced. Consequently, the
surface integrals in equation 3.16 need only be performed where Sy,, S., and S, are
the outer surfaces of the dielectric slab. Interpolation is not appropriate at the outer
surfaces where a discontinuity in polarization current occurs, and the relevant values of
€n, dy, and e, at the segments adjacent to the outer surfaces are used in the calculation.
By implementing equations 3.15 and 3.16 in the manner described above with equa-
tions 3.4a and 3.4b, a set of linear equations may be obtained from which the unknown
constants may be found. The incident y-directed electric field is due to the voltage
at the infinitesimal gap at the centre of the metal strip, which is modelled using a
delta-gap generator (75] at the feed point. A sufficiently small number of segments are
required for a converged solution to be obtained, so that the equations can be solved

by standard matrix techniques!.

Where a Green’s function integral is required in equations 3.15 and 3.16, four cases
exist: a volume integral throughout a dielectric segment and three possible surface
integrals over the outer yz, 2z and zy surfaces of a dielectric segment or the surface of
a metal strip segment. In all cases the Green's function singularity arising when the
source and field points coincide i3 integrable [77], and therefore numerical problems
associated with the evaluation of the integrals are avoided?. The segmentation of the
dielectric slab and metal strip is undertaken in such a way that after the segmentation
is performed, a uniform three-dimensional grid extending over the entire structure can
be introduced. In Figure 3.2 the points marked e indicate the intersection points
of a section of this grid. The spacing between the intersection points of the grid is
half the segment length in each co-ordinate direction, and the grid is aligned to the
corners of the structure as shown. If the appropriate Green’s function integral for
each of the four cases defined above is evaluated at every intersection point of the
grid for the relevant source segment closest to one corner of the structure, and the

results stored in a look-up table, sufficient information is available to compute all the

' Double precision IMSL™ math library routines incorporating LU factorization of general complex
matrices, together with iterative refinement, are employed [76].

2Double precision IMSLT™ math library routines for multi-dimensional integration using iterated
application of product Gauss formulas are used to compute all Green’s function integrals [76].
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Number of Integrals |

Volume Integrals (3ng + 2n.)n, 471,200
Dielectric Surface Integrals 2(3nq + 2n,)n, 1,135,840
Strip Surface Integrals 10(nqg + 2n.) - 2(2n, — 1) 83,600
TOTAL 1,379,040
Total Integrals in Grid Method 4n, 24,320
Segmentation and definitions
Source region strip segments ne | 10
Source region dielectric segments Nd = NpNyn, 200
Total dielectric segments ny = ng(2n, — 1)2n, 760
Total dielectric surface segments | n, = 2[(n;+2n,)(2n,—1)+n,2n,] 916
Grid intersection points ny, = 8ny 6080

Table 3.1: Total number of integrations in algorithm compared with actual integrations
performed using the grid method.

integrals and their derivatives required by equations 3.15 and 3.16. Redundancy in
computation is thereby avoided. The significant reduction in the number of integrals
to be evaluated is demonstrated in Table 3.1 for a segmentation where n, = 10 and
ng = 200, corresponding to n, = 2, n, = 10 and n, = 10 in the co-ordinate directions.

This technique therefore allows a computationally efficient solution to be obtained.

The evaluation of the input impedance and radiation field of the antenna proceeds

after the equivalent currents have been determined.

3.2.4 Modelling of antenna losses

In the foregoing development, the dielectric was assumed to be lossless. Implicit in
the formulation is also the assumption that the metal strip is a perfect conductor. For
practical design purposes it is useful to know the effect of any losses on the antenna
performance and also the extent to which the ideal lossless model provides accurate

results.
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Dielectric losses can be readily included in the formulation by replacing the real

permittivity, ¢,, with the complex permittivity, ¢,, where

& = 6(1 —jtané), (3.18)
and
tan b = % (3.19)
we,

is the loss tangent dependent on the conductivily, o, of the imperfect dielectric ma-
terial. Typical values of loss tangent for dielectric materials encountered in this thesis
are small®. The dielectric losses may be represented as a feed point resistance, Rigys,a,
which is obtained by subtracting the feed point resistance computed for the ideal case
from that obtained for the lossy case. The extent to which the dielectric losses will
affect the antenna performance depends on the magnitude of the fields excited in the

dielectric substrate.

It is not a straightforward exercise to include conduction losses in the formulation
described above, and a conventional perturbation method is applied using the surface
currents computed for a metal strip having infinite conductivity. The power dissipated

due to conduction losses, P;, may be expressed as

P, = %1 /] N ds, (3.20)

where S! comprises both the top and bottom surfaces of the metal strip and j:, is the

axially directed surface current density. The surface resistance, R,, is defined as

R, = |=£@ (3.21)

20,

where o, 1s the finite conductivity of the metal strip. Because the current density
computed from the numerical analysis is the total current density, the distribution on

the top and bottom surfaces needs to be ascertained. Denoting that part of the current

3Available data are tan §=0.0023 for RT-Duroid 6010, and tan §=0.002 for semi-insulating GaAs,
both at 10GHz. .
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density that exist on the top surface as j;‘ and that part of the current density that

exists on the bottom surface as j}, FP; may be written as
P, = &// (142 + 172 7) ds (3.22)
2 Se Y y

where S, is the top or bottom surface of the metal strip as defined previously in the
numerical analysis. Because the metal strip is narrow, the normal electric field is
assumed to be continuous at the position of the metal strip, and the relevant current
densities are approximately proportioned according to the resulting electric flux density

normal to the metal strip surface such that

. 1 .
Wyl =yl (3.232)
- 6;2_ -
|12 mWyP- (3.23b)

From the results of the numerical implementation in Section 3.2.3, the total power
dissipated due to conduction losses on the metal strip may therefore be calculated
from

R, €+1

~ 8 2 & 2
Pims = P {w AS +n§2|a"( Asn}, (3.24)

where AS,, i1s the nth strip segment surface area. The losses may be represented by a

feed point resistance, Risss,c, Which is computed from the feed point current, I, as

Py

Rloaa‘c = W

(3.25)

The total input resistance of the lossy antenna may usefully be expressed as
R—in = Ra + Rloan,d + Rloss,c (326)

where R, is the lossless antenna radiation resistance. Provided that the losses are not
large, the loss resistances Riyeq and Rigss,c may be determined by separately applying

the analyses for the two loss phenomena described above.



The loss computations described in this section are useful for determining the gain
of a practical antenna. Given an on-axis antenna directivity, D, the on-axis gain, G,

may be calculated from

G =D (3.27)
where the radiation efficiency,
Ra
= (3.28)

A method for measuring the antenna gain is described in Section 3.3.3.

3.3 Experimental verification

3.3.1 Impedance measurement

An attractive means of making impedance measurements 18 made possible by the sym-
metry of the structure described in Section 3.2.3. The image plane identified in the
zz-plane of Figure 3.1 is physically replaced by a conducting metal ground plane or-
thogonal to the ground plane already forming a part of the structure. A monopole
antenna of length L/2, which is contiguous with the end of the dielectric substrate,
and which may be fed by a coaxial transmission line from behind the image plane, is
thereby obtained. This configuration is illustrated in Figure 3.3. A Hewlett-Packard
8510B network analyser is used to perform the impedance measurements, which for the
antennas constructed were taken in the frequency range approximately 2GHz to 8GHz.
The ground planes are made large and the edges covered with microwave absorbing

material so that the current reflection effects due to their truncation are minimal.

The reference plane for the measurement 1s established at the base of the monopole

by introducing an electrical delay

Ve (3.29)



Ground Plane

Substrate
Metal Sird
© P Image Plane
/
. / . Absorbing Material
Coaxial Feed Point (around perimeter)

Figure 3.3: Experimental configuration for input impedance measurement. Ground
plane length to tips of absorbing material = 400mm.

where ¢,. is the relative permittivity of the dielectric in the SMA coaxial connector
used to feed the monopole, ¢ is the speed of light in free space and d is the measured
offset length of the calibration reference plane at the face of the SMA connector from
the base of the monopole!. Apart from the correction for the electrical length to the
reference plane at the coaxial feed port, no empirical adjustments are applied to the
measured results. The measured impedance at the base of the monopole is doubled
to obtain the required antenna impedance for the equivalent balanced geometry of
the complete structure. All impedance results presented in this thesis relate to the

complete structure without the image plane.

3.3.2 Radiation pattern measurement

Although a transmission line is required to excite a practical antenna, the analysis
described above has been performed initially with no feed structure included in order

to identify the influence of the substrate geometry alone on the radiation characteris-

4For the measurement assembly employed, d = 9.18mm, which for a teflon filled coaxial connec-
tor (¢, = 2.1) gives {4 = 88ps.
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Metal Strip

Substrate
Ground Plane

High Resistance

Feed Through Holes
Leads

Absorbing Material
(around circumference)

Figure 3.4: Experimental configuration for radiation pattern measurement. Ground
plane diameter to tips of absorbing material = Im.

tics. In some cases, radiation from the feed structure can have a considerable effect on
the overall radiation pattern [78], and a measurement method which is not suscepti-
ble to the influence of feed radiation is needed to accurately represent the excitation
conditions assumed in the analysis. [t is noted that the image plane described in Sec-
tion 3.3.1 for the impedance measurements cannot be used in the measurement of the
radiation pattern since the truncation necessary in practice produces severe diffraction

effects in the direction of the radiation maximum.

Figure 3.4 illustrates schematically the assembly used to measure the radiation
patterns, where a method of designing antennas with integrated detectors [79] has been
adapted to permit operation eflectively without a conventional feed line and without
an image plane, but of course retaining the existing ground plane of the structure.
A zero-bias Schottky diode detector is connected across a small gap at the centre of
the metal strip, and high resistance leads (10K§2/cm) are used to extract the rectified
voltage. The high resistance leads pass through small holes in a thick metal ground

plane. The perturbation of these leads on the microwave field around the antenna will
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be small [80,81]. Details of the measurement technique are given in Appendix B, where
the efficacy of the method is verified for a metal strip dipole above a ground plane but
without a dielectric substrate. Although it is found that the dynamic range of the
measurement is limited to less than 30dB duc to the mismatch between the diode and
the antenna impedance, the radiation pattern is not affected. However, because of the
limited dynamic range, it is not possible to measure low cross-polarization levels using
this technique. Direct verification of the cross-polarization performance is reserved
until Chapter 4, where the incorporation of a practical transmission line permits the
use of conventional radiation pattern measurement techniques with a corresponding

improvement in measurement dynamic range.

The antenna under test acts a receiving antenna and is mounted on a large circular
ground plane in a microwave anechoic chamber. Measurements are conducted on an-
tennas having dimensions scaled such that they operate at frequencies between 3GHz
and 5GHz. Absorbing material is placed around the perimeter of the ground plane to
reduce diffraction from the edge. This inhibits measurements at angles greater than
about 80° off the z-axis, but extends the angular range over which measurements can
be usefully made with a finite size ground plane such that the accuracy of the mea-
surement is improved for angles closer to the axis of the antenna which are of greater

interest.

3.3.3 Gain measurement

A measurement of antenna gain may be made by extending the image plane employed
in the impedance measurement outlined in Section 3.3.1. As illustrated in [Figure 3.5,
a receiving monopole is positioned at a distance of 2m from the (imaged) substrate
supported metal strip antenna. The feed ports of the (imaged) substrate supported
metal strip antenna and the receiving monopole form a two-port network, and are

denoted port 1 and port 2 respectively in Figure 3.5.
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Substrate supported Receiving

/ metal strip antenna monopole
Ry
A /l

7 / Absorbing material
port 1 / port 2 (around perimeter)

Image plane

Figure 3.5: Experimental configuration for on-axis gain measurement. The separation
between the substrate supported metal strip antenna and the receiving monopole is
2m.

A substitution method is used to measure the gain, for which two configurations of
the antenna at port 1 are required. In the first configuration, the substrate is removed,
and the antenna at port 1 becomes a monopole in front of a ground plane. This
configuration is used as a reference antenna. In the second configuration, no alteration
is made to the metal strip length, the substrate is restored, and the antenna at port 1
becomes the (imaged) substrate supported metal strip antenna for which the gain is
to be determined. The gain of the (imaged) substrate supported metal strip antenna
at a given frequency, relative to that of the reference antenna operating at the same

frequency, may be determined from the two-port scattering parameters associated with

1Sa1? /1 —|Sul%
AG = ]
O S T 80l ) (3.30)

where the subscript ref refers to the reference antenna. This substitution method in-

port 1 and port 2 as

herently removes the effect of any losses due to radiation from, or imperfections in, the
coaxial feed port, provided that these losses can be assumed to be the same for both
configurations. In addition, losses due to conduction currents on the metal plate form-
ing the image plane are calculated to be negligible, and the characteristics of the imaged

antenna closely replicate those of the complete structure. It should be noted, however,
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that for gain measurements at the resonant frequency of the substrate supported metal
strip antenna, where the half-wave resonance may be substantially different from that
of the reference antenna, the measurement is rather sensitive. Accurate scattering

parameter measurements are therefore critical.

The relative gain, AG, determined from equation 3.30, is the same for the case of
antennas where the image plane is not present. From the well known on-axis gain of
a dipole in front of a ground plane, denoted G, the on-axis gain of the substrate

supported metal strip antenna may be calculated from
G = Gret + AG, (3.31)

where both the measurement of AG and the calculation of Gt are for the same fre-
quency as the half-wave resonance of the substrate supported metal strip antenna under
test. From the numerical analysis, the theoretical directivity of the substrate supported
metal strip antenna may be computed, and the radiation efficiency can be calculated

using equation 3.27.

3.4 Numerical and experimental results

In order to compare experimental and theoretical results and thereby test the analyt-
ical model, the substrate material of the antennas considered in this section is chosen
to be RT Duroid™ 6010, having a relative permittivity ¢, = 10.2. For the measure-
ments, antennas with a metal strip length L=25.4mm were used, resulting in half-wave
resonant frequencies in the range 3GHz to 4GHz. The other substrate dimensions were
chosen to simulate typical MMIC antennas operating at millimetre wavelengths. The
first part of Table 3.2 gives the electrical thickness, at millimetre wavelengths, of var-
ious GaAs substrates ranging in thickness from ¢ = 100um to 200pm. In the second
part of Table 3.2 the substrate electrical thickness of some of the antennas considered

in this section are shown for comparison. [t is clear that a good range of the substrate
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GaAs MMIC antenna

Frequency electrical thickness % (in electrical degrees)
100pm | 150pm 200pm
40GHz 17° 26° 34°
60GHz 26° 39° 52°
90GHz 38° 58° 77e

RT Duroid 6010 antenna (at resonance)

Physical thickness | electrical thickness 5@ (in electrica) degrees)
/L = 0.075 959
t/L = 0.150 50°

Table 3.2: Substrate electrical thicknesses for millimetre-wave GaAs MMIC antennas
compared with substrate electrical thicknesses of antennas apalysed and measured in
this thesis.

electrical thicknesses likely to be encountered at millimetre wavelengths is covered by
the antennas considered here. Because the actual substrate permittivity used for the
antennas considered here is not significantly different from that of GaAs, the conclu-
sions drawn with regard to the performance of the antennas studied in this section are

readily applicable to MMIC antennas.

Two antenna geometries are considered in this section, and are denoted Antenna
A and Antenna B io the discussion that follows. With reference to Figure 3.1 and

the second part of Table 3.2, the normalized dimensions of each antenna are

Antenna A H =0.5L,t =0.075L and w = 0.05L.

Antenna B H =0.5L,t=0.150L and w = 0.05L.

Both antennas are segmented for the purpose of analysis with n, = 10 and ny =
200 unless otherwise stated. A total of 620 variables are therefore employed, and

the solution takes approximately 30 seconds of CPU time per frequency on a Fujitsu
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jl a Theoretical
s Measured
ZO=SOQ

Figure 3.6: Normalized input impedance for Antenna A, having ¢ = 0.075L and
& = 10.2. L/Xg = 0.2 to 0.7 in steps of 0.02.

VP2200 vector-supercomputer®.

3.4.1 Input impedance

Theoretical and measured values of input impedance for Antenna A are given in
Figure 3.6 and show excellent agreement. The half-wave resonance of the metal strip
on the substrate occurs at L/ = 0.285 as compared with L/A; = 0.44 for the case

where the substrate is removed, where ); in each case is the free-space wavelength. As

5The Fujitsu VP2200 vector-supercomputer has a scalar clock speed of 6.4ns and a vector clock
speed of 3.2ns. A peak speed of 1.25GFlops is available. In the configuration used, 130MBytes of
memory was available with an additional 266MBytes of swap space.
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L/ Input impedance (ohms)

ng =72,w = 0.0833L | ng = 128, w = 0.0625L | ny = 200, w = 0.0500L
0.280 13.90 —79.88 14.43 — 77.80 14.72 —38.35
0.285 15.50 — 72.14 16.13 — j0.48 16.47 — 70.37
0.290 17.29 + §5.74 18.03 + 78.93 18.43 + 79.26
0.295 19.29 + 713.78 20.18 + 517.58 20.65 + 718.36

Table 3.3: Computed input impedance of Antenna A around half-wave resonance for
different segment sizes (substrate t = 0.075L,¢, = 10.2).

expected, the physical length at which resonance occurs is significantly shortened due
to the presence of the dielectric. The computed radiation resistance at resonance is
found to be 16.8 ohms. A second resonant loop in the impedance characteristics clearly
illustrates the effect of a dielectric resonance. Resonance of fields in the dielectric is
discussed in Section 3.4.5. The effect on the analysis of increasing the segmentation size
in the y- and z-directions by reducing the number of segments in the dielectric is shown
in Table 3.3. The number of segments in the z-direction is maintained at n, =2, since
at least two segments in this direction must be present to allow for anti-symmetrical
field components in the ungrounded dielectric substrate. As the size of segments is
increased in the z-direction, so too the width of the metal strip increases. From the
computed input impedance shown in Table 3.3 1t is found first that the results are well
converged, and second that the result is relatively insensitive to the strip width. This

insensitivity to strip width has also been confirmed experimentally.

Theoretical and measured values of input impedance for Antenna B are shown
in Figure 3.7, where the agreement is again seen to be excellent. For this thicker
substrate, with the same metal strip length, the half-wave resonance is computed to be
at a slightly lower frequency, where L/Ag = 0.270. The computed resonant resistance
was found to be 16.5 ohms, similar to the previous case. Clearly apparent, however, is
the increasingly prominent second resonance attributed to a dielectric resonance. This

effect will be discussed in Section 3.4.5.
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Figure 3.7: Normalized input impedance for Antenna B, having { = 0.150L and
& = 10.2. L/Xo = 0.2 to 0.7 in steps of 0.02.

3.4.2 Radiation pattern

The principal plane radiation patterns at the half-wave resonance of Antenna A are
shown in Figure 3.8. The measured results for the co-polarized radiation in the yz-
and zz-planes agree well with the analytical results, although the effect of diffraction
due to the imperfect ground plane used in the measurement is noticeable for 6§ > 60°
in the yz-plane. The angular spacing of the nulls in the diffraction pattern is related
to the size of a 640mm square metal panel used to mount the antenna at the centre of

the circular ground plane.

The influence of the dielectric substrate on the radiation pattern is most obvious in

the yz-plane, which is the plane of the substrate as illustrated in Figure 3.1. At large
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xz-plane yz-plane

Figure 3.8: Principal plane radiation patterns at L/)g = 0.285 for Antenna A, having
t = 0.075L and ¢, = 10.2. Solid line: co-polarized, Dotted line: cross-polarized, Points:
measured.

angles from the z-axis (i.e., for § > 75°) a substantial level of co-polarized radiation
exists due to the presence of z-directed polarization currents in the substrate. The
consequent broadening of the radiation pattern in the yz-plane is useful where arrays
having a wide scan-range are to be designed, however, the effect of the radiation from
the polarization currents in the dielectric on the mutual coupling between the elements
needs also to be considered. The increased radiation at large angles from the z-axis
is also the reason why the measured diffraction effects are prominent in the yz-plane.
In addition to the increased radiation at large angles off the z-axis, significant cross-
polarized radiation exists in the yz-plane, and is due to z-directed polarization currents
in the substrate. No cross-polarization is predicted in the zz-plane normal to the plane
of the substrate due to the balanced geometry and excitation. The effect of z-directed

and z-directed polarization currents in the dielectric on the radiation characteristics in
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xz-plane

Figure 3.9: Principal plane radiation patterns at L/Xo = 0.270 for Antenna B, having
t = 0.150L and ¢, = 10.2. Solid line: co-polarized, Dotted line: cross-polarized, Points:
measured.

a diagonal plane at 45° to the principal planes is addressed later in Chapter 4. The
marked effect of the polarization currents which are induced in the substrate on the far-
field radiation pattern can be attributed to the fact that the substrate has significant
electrical length, width and thickness, and is closely coupled to the near-field of the

metal strip.

For Antenna B, the effect of the substrate on the radiation pattern is more pro-
nounced. In Figure 3.9, both the increased cross-polarization and the increased radi-
ation at large angles off the 2-axis in the yz-plane are apparent. A slight asymmetry
is becoming evident in the zz-plane radiation pattern for this thicker substrate, and is

due to the fact that the substrate is present only on one side of the metal strip.
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Clearly, for electrically thick substrates, the control of radiation from field compo-
nents induced in the dielectric substrate is an important design issue, and methods of

controlling substrate induced radiation will be addressed in Chapter 4.

3.4.3 Gain and efficiency

At the half-wave resonant frequency corresponding to L/Aq = 0.285, the ou-axis direc-
tivity of Antenna A is computed to be 7.5dBi, as compared with 7.9dBi for a resonant
half-wave metal strip dipole antenna having the same geometry, but with the substrate
removed. The reduction of the directivity when compared to the metal strip without
any substrate present is attributed to the broader co-polarized radiation pattern and
increased cross-polarized radiation. In order to compute the gain of the antenna, the
radiation efficiency is calculated from equation 3.28. The total input resistance at res-
onance is determined by adding the loss resistances Rj,ss,. and Rjses,q4 to the radiation
resistance computed in Section 3.4.1. For an antenna resonant at 3.5GHz, Riys . =~ .15
ohms and Rjoesq & .35 ohms, resulting in a radiation efficiency 7, =~ 0.97. Applica-
tion of the gain measurement described in Section 3.3.3 yields a measured radiation
efficiency of 95%, in reasonably close agreement with the computed value. It is noted,
however, the total measured input resistance is approximately 1.5 ohms greater than
that predicted by including the calculated losses in the theoretical prediction, even
though the measured and computed radiation efficiencies agree well. The difference in
input impedance is attributed to feed port losses due to imperfections in the construc-
tion and materials used in the coaxial connection, and radiation from the discontinuity
in the coaxial line at the base of the imaged metal strip. At millimetre wavelengths,
radiation efficiencies in excess of 85% are predicted to be achievable, making these
antennas attractive for application at high frequencies, and probably superior in this

respect to microstrip patch type antenna elements.

For Antenna B, an on-axis directivity of 6.8dBi is computed. The further re-

duction in directivity is due to the increasing off-axis radiation and increasing cross-
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polarized radiation, both due to polarization currents in the substrate. A slightly lower
radiation efficiency is computed, primarily because the increased polarization currents

in the substrate result in increased dielectric losses.

3.4.4 Substrate height variation

Although the substrate of a MMIC antenna is constrained to have a relatively high
permittivity, variations in antenna dimensions may be useful to control antenna char-
acteristics. Different thickness substrates have been considered in the examples above.
Variations in substrate height and length for a fixed metal strip length and position
above the ground plane are possible, but are found to achieve little in the way of per-
formance enhancement. The consequent increase in substrate area usage is therefore
not warranted. The effect of small overhangs in substrate height and length, such as
would occur when the chip on which the MMIC antenna is fabricated is diced from the
wafer after production, are described in Appendix D. For typical overhangs, a small

shift in the resonant frequency of the antenna is obtained.

The remaining parameter that can be varied in the antenna geometry is the height of
the metal strip above the ground plane, and the corresponding height of the substrate
supporting it. Because the resonant frequency of a substrate supported metal strip
antenna is found to be lower than in the case where the substrate is not present,
the dimensions of Antenna A and Antenna B studied previously are such that the
height of the metal strip above the ground plane is somewhat smaller that a quarter
wavelength. In Table 3.4, the effect of increasing the metal strip and substrate height
i3 illustrated for the case of a substrate thickness { = 0.075L. While it is clear that
the radiation resistance at the half-wave resonant frequency increases with height, the
decreasing on-axis gain points to the fact that the magnitudes of the polarization
currents in the substrate also increase. Moreover, because the antenna impedance is
required to be matched to typical transmission line characteristic impedances which

may be relatively large, the small increase in radiation resistance that is obtained at
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Height H | R, (ochms) Gq (dBi) |
0.5000L . 16.8 7.52
0.5625L 19.8 7.48
0.6250L 23.1 7.39
0.6875L 26.3 7.27
0.7500L 20.1 7.12

Table 3.4: Variation of radiation resistance, R,, and on-axis gain, Gy, at resonance with
metal strip (and substrate) height H above ground plane. (¢ = 0.075L, ¢, = 10.2).

the expense of a larger substrate area is not considered to be useful in practice. For

this reason, the original height A = 0.5L is retained in the remainder of this thesis.

3.4.5 Field distributions in the substrate

The effect of the fields which are induced in the dielectric substrate on the radiation
and impedance characteristics of the antenna are clearly evident in the above results.
An examination of the nature of the fields in the substrate is therefore important if
they are to be exploited in engineering improvements to antenna characteristics. An-
tenna A has been found to have a half-wave resonance at L/A¢ = 0.285. Considering
the TEY, mode for rectangular dielectric waveguide, as set out in Appendix A, it is
found that at L/Xg = 0.285 the TEY, mode is below cut-off. The field distribution
in the dielectric at L/ = 0.285 is shown in Figure 3.10 by way of the computed
magnitude of the components of the polarization current. An examination of the po-
larization current components shows that the mode structure associated with the TEY,
mode is present, together with a strong excitation close to where the metal strip lies.
The shape of the field distribution is, however, governed principally by the excitation
since the TEY;, mode is cut-off and is attenuated along the guide. The second reso-
nance in the impedance characteristics of Antenna A occurs at L/A; = 0.620. The

magnitude of the fleld distribution at L/As = 0.620 is shown in Figure 3.11. In this
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Figure 3.10: Volume polarization currents in substrate at L/\o = 0.285 for Antenna
A, hwaving t = 0.075L and ¢ = 10.2, and segmented with n, = 2, n, = 10 and
n, = 10. Note that only the quadrant corresponding to the source region is illustrated.
The currents designated as “top” refer to the layer of dielectric segments closest in the

z-direction to the metal strip, and “bottom” refers to the layer of dielectric segments
furthest in the z-direction from the metal strip.
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Figure 3.11: Volume polarization currents in substrate at L/\o = 0.620 for Antenna
A having t = 0.075L and ¢, = 10.2, and segmented with n, = 2, n,, = 10 and n, = 10.
Note that only the quadrant corresponding to the source region is illustrated. The
currents designated as “top” refer to the layer of dielectric segments closest in the

z-direction to the metal strip, and “bottom” refers to the layer of dielectric segments
furthest, in the z-direction from the metal strip.
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Figure 3.12: On-axis electric field strength with a feed point excitation voltage = lv.

case, the frequency of operation is such that the TEY, mode may propagate, and the
mode structure is clearly observed, especially for the dominant y-directed electric field
component. Because a 1 volt excitation is used at both frequencies, the magnitudes of
the components shown in Figure 3.11 are lower than their counterparts in Figure 3.10
due to the fact that the input power, which for a fixed excitation voltage is dependent,
on the antenna impedance, is 9.9dB lower at L/A; = 0.62 than at L/)\g = 0.285. How-
ever, the radiation from the polarization currents in the substrate relative to radiation
from the surface currents on the metal strip is more prominent at L/A; = 0.62. This
is 1llustrated by the fact that the maximum computed cross-polarized radiation in the

yz-plane is only 22dB lower than the on-axis co-polarized radiation at this frequency.

In order to examine the effect of the fields induced in the dielectric substrate in more
detail, the on-axis electric field magnitude with a 1 volt feed point excitation, for four
values of substrate thickness, is shown in Figure 3.12 as a function of L/)s. The left-

hand peak in the responses shown in Figure 3.12 corresponds to the half-wave resonance
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Figure 3.13: Propagation characteristics of TEY, mode in dielectric substrate (¢, =
10.2) showing, in each case, the location of the field strength peak attributed to a
dielectric resonance.

of the metal strip, and the right-hand peak is attributed to the influence of a TEY, mode
resonance in the dielectric substrate. This is verified by considering the propagation
constant of the TEY; mode in the substrate, calculated from the expressions given in
Appendix A. This propagation constant is shown in Figure 3.13 as a function of L/Ag
for the four values of substrate thickness considered in Figure 3.12. The frequency at
which the right-hand peaks occur in the responses shown in Figure 3.12 is indicated by
a X on the propagation characteristics in Figure 3.13 corresponding to the appropriate
thickness rectangular cross-section dielectric waveguide. Each peak can be seen to
occur for a fixed value of propagation constant which corresponds approximately to

that predicted by the resonator condition identified in Appendix A.

The analysis presented here has verified that the resonance effect identified in the

tmpedance characteristics is due to fields in the dielectric substrate. Although it is not
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proposed to operate the antennas at frequencies other than the half-wave resonance
of the metal strip, knowledge of the occurrence of dielectric resonances is important
for design purposes where the substrate is very thick. A dielectric resonance close to
the half-wave resonance of the metal strip, such as may occur for thick substrates,
could be undesirable from the point of view of increasing the noise bandwidth of the
antenna around its operating frequency. Furthermore, if the resonance occurs within
the design bandwidth of the antenna, the enhanced fields in the dielectric may sig-
nificantly degrade the polarization performance. Prediction of dielectric resonances in
advance from the TE}; mode characteristics and resonator model can help the antenna
designer to identify undesirable substrate thicknesses and also avoids the use of exten-
sive numerical computations that may be required to determine at what frequencies

such resonances occur.

3.5 Summary

In this chapter, an analysis of substrate supported metal strip antennas has been pre-
gented. The geometry of the antenna has been idealized for the purpose of analysis
so that the important effects associated with the dielectric substrate can be exam-
ined. Because the substrates considered arc electrically thick in order to simulate a
MMIC antenna for operation at millimetre wavelengths, the antenna characteristics
are considerably altered from the case of a metal strip dipole antenna in free space
above a ground plane. Through the use of carefully designed experimental measure-
ments, the major effects identified by the analysis are confirmed, and the accuracy of
the numerical solutions verified. Of particular significance is the demonstrated capa-
bility of the numerical method to efficiently produce accurate design information for
the input impedance, radiation pattern and gain of the type of antennas of interest for

application in millimetre wavelength MMIC based arrays.

Among the important contributions of the work described in this chapter are:
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o The development of an accurate and computationally efficient algorithm for the

analysis of a composite, finite size antenna geometry.

o The subsequent application of the analysis, over a wide frequency range, to an-

tenna elements of practical significance to MMIC based active arrays.

e The discovery of the principal effects of the finite size, electrically thick, dielectric
substrate on the radiation and impedance characteristics of substrate supported

metal strip antennas.

The insight obtained and techniques developed in this chapter are expanded in the
next chapter to examine problems relevant to the design of practical combinations of

radiating structures and feed lines.
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Chapter 4

Aspects of Practical Element

Design and Analysis

4.1 Introduction and overview

Antenna design has evolved from the application of simple theoretical concepts to
highly idealized structures, to the use of sophisticated design models which are capable
of analysing structures having complex geometries and regions of different constitutive
parameters. Many of the developments in analysis and numerical modelling have arisen
directly from the need to undertake accurate eugineering design of antenna elements
for applications having increasingly stringent specifications. Moreover, because experi-
mental studies are often expensive to perform, and because the performance of modern
computers is continually improving, computational methods are being employed in-
creasingly in the development of antenna design techniques and in the exploration
of antenna performance through computationally conducted parametric studies. The
inherent requirement for accurate design of MMIC antennas with predictable perfor-

mance characteristics is addressed in this chapter with regard to metal strip antennas
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on electrically thick substrates. Based on the development and testing of the analy-
sis presented in Chapter 3, the numerical modelling of some practical MMIC antenna

elements is undertaken.

In this chapter, three aspects of practical element design and analysis are considered:

o The incorporation of a feed line, and the study of its effect on the antenna

performance.
o The need for impedance matching of the metal strip antenna to its feed structure.

e The control of radiation from the complete antenna structure to reduce cross-

polarization.

Numerical methods which are capable of addressing these aspects of analysis are out-
lined, and solutions to some typical design problems are presented. Counsideration is
given first to a coplanar strip fed metal strip antenna, which is shown to have attractive
characteristics, and second to some alternative structures having a similar geometry
in order to demonstrate the application of the method outlined to a variety of prob-
lems. The validity and accuracy of the numerical analysis are again tested by means

of experimental measurements.

4.2 Coplanar-strip fed substrate supported metal

strip antennas

A typical MMIC antenna element, consisting of a substrate supported metal strip
folded dipole together with a coplanar strip feed line, is illustrated in Figure 4.1. A
microstrip line provides a feed port for connection to the MMIC electronics, and a

hybrid ring power divider 1s employed as a balun to provide a balanced excitation for



Microstrip Line Hybrid Ring Coplanar Strip

Feed Port \ / Balun ] Feed Line

Metal Strip
Folded Dipole

Substrate Common Mode Ungrounded
Ground Plane  Termination Substrate

Figure 4.1: A typical MMIC antenna element with coplanar strip feed structure and
balun.
the coplanar strip feed line. In this section, coplanar strip fed substrate supported metal

strip antennas are considered, and an analysis of their performance is presented.

4.2.1 Feed line modelling

The coplanar strip fed substrate supported metal strip antenna shown in Figure 4.1
is idealized for the purpose of analysis to that shown in Figure 4.2. For the moment,
the metal strip folded dipole is replaced with a single metal strip. It is assumed, as
in Chapter 3, that the slot through which the antenna in Figure 4.1 would protrude
is small enough so that the discontinuity that it makes in the ground plane, as well
as the effect of the structure behind the ground plane, are negligible. A continuous
infinite ground plane is therefore used in the analysis. Perfectly balanced, ideal feed
voltages are assumed at the base of the coplanar strip feed line. Because the excitation
1s perfectly balanced, and the structure is symmetrical about the zz-plane, once again
only half of the structure needs to be cousidered for the analysis, and the remaining

half included as current images.
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Figure 4.2: Geometry of coplanar strip fed substrate supported metal strip antenna
for analysis.
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Figure 4.3: Geometries for coplanar strip line showing the strip and substrate segmen-
tation for (a) the exact geometry, and (b) the equivalent-radius thin-wire geometry.

In Figure 4.3a, a segmentation of the two metal strips comprising the coplanar
strip feed line is shown, together with the segmentation of the substrate in the region
around the feed line. Because practical feed lines may require that the two metal
strips forming the coplanar strip feed line be closely spaced, the uniform segmentation
over the whole structure required by the grid method described in Section 3.2.3 may

be very fine, and a large number of segments may be needed. Consequently, large
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amounts of computer memory may be required unless the grid method is discarded
in favour of an evaluation of all the necessary Green’s function integrals, in which
case the computational efficiency is likely to be poor. To overcome this difficulty, an
equivalent-radius thin-wire approximation, as shown in Figure 4.3b, is adopted. The
thin-wire approximation reduces the number of segments required in the substrate for
a given separation of the metal strips forring the coplanar strip feed line. In the thin-
wire approximation, only the dominant axially directed currents on the metal strips
are considered. This approximation 1s valid since the metal strips are narrow. Each
wire has an equivalent-radius, a., defining the surface of a cylinder on which the axially
directed surface currents flow, and the field points are located on the axis of the wire, as
with thin-wire antenna analysis [82]. The segmentation along the direction of the wire
axis is chosen to be the same as for the two-dimensional strip representation, except
that the segments are offset by half a segment, as shown in Figure 4.3b. The offset
allows a single segment to traverse the ground plane at the feed point of each wire of
the feed line, and a voltage at an infinitesimal gap at the centre of each o‘f these two

segments correctly positions the excitation at the base of the feed line. The pulse basis

function expansion of the surface current on the wire becomes

IR = 3 PA() fu (41)

n=1

where ny is the number of segments along one wire of the feed line, f,, are the constants
to be determined for the current distribution, and the one-dimensional pulse basis

functions are

1 for 2/ € nth segment
Pl = ' ; (4.2)
0 otherwise.

To be consistent, the thin-wire approximation is also applied to the metal strip antenna
itself, and the two dimensional pulse basis functions, P,, used in the analysis described
in Section 3.2.3, are replaced by P} with the z-coordinate replaced by y. Only an axial
current 1s computed for the metal strip in this case, and the constants, a,, represent the
y-directed linear current density. The constants b, related to the z-directed metal strip
current are not used since only axial currents are considered. The junctions between

the feed line wires and the metal strip antenna wires are modelled as described in
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Appendix C. The same equivalent-radius is used for all of the wires forming both the
feed line and metal strip antenna. It is noted here that because the wire segments are
offset along their axis by a half segment from the dielectric segment on which they
lie, the condition that the axial current should be zero at the ends of the metal strip

antenna is strictly enforced by the presence of half-pulses that are set to zero.

Conventionally, the equivalent-radius is determined by quasi-static energy consid-
erations [83]. In the analysis described here, however, the equivalent-radius concept
is a geometrical approximation which is introduced for the purpose of performing the
numerical analysis efficiently. Considering first the substrate supported metal strip
antenna without any feed line, the equivalent-radius may be determined by comparing
the computed input impedance of an ideally fed metal strip antenna of width, w, with
that computed for an antenna where the metal strip is replaced by a wire of radius, a,.
The dielectric substrate is identical in both cases, and the same substrate segmentation
is used. With reference to the analysis outlined in Section 3.2.3, the Green’s function
integral for a two-dimensional metal strip source segment, Zy, as required in the first

case, has the form

Un+l=/2 Zn+w/2
T, = / / G(Fom, 7' ) dy dz (4.3)
y z

n—lclz n—*‘-U/Z
where I, is the y-directed length of the metal strip segment, w is the width of the metal

strip, and in rectangular co-ordinates,

[Fm = 70 = \/(@m — )2 + (Y — 93)2 + (200 — 2L)7. (4.4)

The Green’s function integral for the equivalent-radius wire source segment, 7, as

required in the second case, has the form

1 27 funtle/2
=g [ [ Gl ) dbdy (4.5)

T o _—

where, in cylindrical co-ordinates for a wire orientated along the axial centreline of the

metal strip,

| — 7=/ + a2 = 2pa, cos(dm — $,) + (ym — ¥L)? (4.6)
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with p? = (2, —70)2+(2m—2,)? [82]. It should be noted that the integrals have different
dimensions, and therefore the current densities will correspond to two-dimensional or
one-dimensional quantities with the application of equation 4.3 or 4.5 respectively. The
Green’s function integrals defined in equations 4.3 and 4.5 are applied in turn to the
analysis, and the correct equivalent radius is found when the impedance characteristics

are matched at the resonant frequency and over the bandwidth of interest.

In the segmentation method described in Section 3.2.3, the width of a single di-
electric segment is chosen to be the same as the width, w, of the metal strip. It has
been shown that the characteristics of the antenna are not sensitive to the width of
the metal strip, and this allows flexibility in the choice of segment size used in the
numerical implementation. In contrast, the correct equivalent-radius of the thin-wire
approximation is found to be a function of the size of the dielectric segment on which
it lies. This is demonstrated with respect to Antenna A, analysed in Section 3.4. In
Figure 4.4, the variation of the impedance characteristics with the equivalent-radius
is shown for frequencies around the half-wave resonance of the metal strip. It can
be seen that for an equivalent-radius a, = 0.008L, the characteristics agree well with
the correct impedance computed in Section 3.4 by application of the two-dimensional
strip formulation. Since the equivalent-radius can be chosen independently of the size
of the dielectric segment, this variation does not produce difficulties. However, dif-
ferent segmentation schemes, such as would be used to test the convergence of the
solution, require a different value of a, to be determined. Similar considerations apply
for determining the equivalent-radius of a thin-wire approximation for different sub-
strate thicknesses. With the correct choice of a., all of the measurable parameters,
such as the input impedance, radiation patterns and gain, computed using the thin-
wire approximation, are found to be substautially the same across a wide frequency
bandwidth as the corresponding parameters computed using the two-dimengional strip

formulation.

Where the thin-wire approximation is used for the coplanar strip feed line, a check

on the validity of the approximation may be made by considering the characteristic
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Figure 4.4: Computed input impedance of Antenna A from the exact strip formulation
and the approximate thin-wire formulation. Substrate segmentation is n, = 2, n, = 10
and n, = 10, corresponding to a strip width w = 0.05L. Impedances for a thin-wire
equivalent-radius varying uniformly from a, = 0.0073L to a. = 0.0085L are shown.

impedance of the transmission line, which may be expressed as

ZL = ZLO/ Crefl (47)

where ¢, .5 is the effective dielectric constant for the transmission line and Zy is the
characteristic impedance of the free space line [84]. For coplanar strip line, the pa-

rameters €, . and Zrg may be deduced from the geometry of the transmission line

as
s = n% (4.8a)
Ereft = 4 L= 1) K(k) - K(E) (4.8b)

2 K(k) K(&)
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where K (k) is the complete elliptical integral of the first kind with modulus &, and
7o = 1207 1s the free space wave impedance. For infinitesimally thin metal strips
(tm = 0), the moduli of the elliptical integrals are related to the geometry shown in

Figure 4.3a by

K= J1I-k2

ki = tanh x3/(4¢
1= unh_«(‘aﬂﬂjw /(@)
K= Jl—k

and the elliptical integrals may be evaluated from series approximations as outlined in
[84]. Considering now the equivalent-radius parallel wire transmission line on the same
substrate, as shown in Figure 4.3b, ¢, g must be the same as that of the coplanar strip

line, and from simple transmission line theory [85]
Zro = % cosh™! {s/(2a.)}. (4.9)

Using the appropriate equivalent-radius parameter for the parallel wire transmission
line representation, computation of the characteristic impedance of the two transmis-
sion lines reveals that the characteristic impedances of the two structures are numeri-
cally the same. The equivalent-radius thin-wire representation of the complete antenna

geometry is therefore found to be valid.

After selection of the thin-wire equivalent-radius for a given segmentation, the for-
mulation of the problem, including the feed lines, proceeds in a similar manner to that
described in Chapter 3. The segmentation described for the thin-wire representation
of the structure permits the use of the grid method outlined in Section 3.2.3, however,
additional integrals of the form given in equation 4.5 must be computed for wire seg-
ments and half-segments orientated in the y-direction and z-direction. The approach
described is applied to the numerical analysis of coplanar strip fed substrate supported

metal strip antennas in Section 4.2.3.
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4.2.2 Impedance matching using metal strip folded dipoles

For the substrates which have been considered so far, typical coplanar strip feed line
dimensions result in feed line characteristic impedances around 100 ohms. This presents
the problem of matching the low impedance of the substrate supported metal strip
antenna to the feed line. A simple means of effecting this impedance match is to use a
metal strip folded dipole, in place of the single metal strip, to increase the impedance
of the antenna. An example of a substrate supported metal strip folded dipole was

illustrated in Figure 4.1, where a coplanar strip folded dipole is employed.

With reference to the coplanar strip folded dipole shown in Figure 4.1, the metal
strip closest to the end of the substrate is the folded metal strip and the strip parallel
to it, and connected to the coplanar strip feed line, is the driven metal strip. The two
strips forming the folded dipole are connected together at the ends. In general, the
overall width of the coplanar strip folded dipole is small compared with the length,
and the metal strips are narrow and closely spaced. Where the spacing between the
strips is large, the structure resembles more closely a loop antenna, but this case will
not be considered here. For reasons similar to those outlined for the parallel metal
strips of a coplanar strip feed line, a complete analysis which incorporates the grid
method is costly in terms of computer storage when the coplanar strip folded dipole is
narrow. Moreover, if the folded metal strip and the driven metal strip are of unequal
width, or if the spacing between the strips is not equal to the width of the strips, the
grid method cannot be used. Consequently, rather than analysing the complete folded
dipole structure, an alternative approach employing decomposition of the currents on
the coplanar strip folded dipole is adopted. The currents on the coplanar strip folded
dipole are separated for thc purpose of analysis into a balanced (or transmission line)
mode current and an unbalanced (or radiating) mode current. The radiating mode
current is related to the current on a single metal strip antenna, and the transmission
line current is related to the current on a coplanar strip transmission line having the

same geometry as the coplanar strip folded dipole structure.
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Decomposition methods for analysing folded dipoles have been found to provide
accurate results for wire dipoles in free space (86], and have also been applied to
asymmetrical coplanar strip folded dipoles in free space [87]. All of the analyses assume,
however, that the physical environment of the folded and driven metal strips is the
same. Clearly this is not the case for the antenna shown in Figure 4.1, where the
coplanar strip folded dipole is in close proximity to the edge of the substrate. Two

assumptions are required for the decomposition method to be applied:

1. The folded and driven metal strips must be sufficiently narrow and closely spaced
so that the influence of the truncation of the dielectric substrate on the radiating

mode current may be assumed to be the same for both strips.

2. The effect of the truncation of the substrate on the transmission line current
must be small in order to determine the transmission line parameters for the
coplanar strip folded dipole from the coplanar strip feed line equations given in

Section 4.2.1.

Both of these assumptions are shown later to yield results which are sufficiently accurate

for design purposes.

The input impedance of the substrate supported metal strip folded dipole is found

from (87} as
2(1. + a)QZdzi

Zin.= (1+a)2Zd+2Zt>

(4.10)

where Z; is the input impedance of a substrate supported metal strip antenna having
a width, w, which is equal to the total width of the coplanar strip folded dipole, and
a is the ratio of the radiating mode current on the folded metal strip to that on the
driven metal strip. The balanced mode transmission line impedance, Z;, is calculated
for a short circuited coplanar strip transmission line of length, L/2, from

L\/ ~r
Z¢=jZLta,ﬂ {%T} (411)
Q

where Z; and e, .r are the appropriate parameters for the coplanar strip line [84],
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assuming that the substrate is not truncated. At frequencies close to the half-wave

resonance of the antenna, |Zy| < |Z:|, and hence

Zin =~ (14 a)*Z4 (4.12)

where (1 + a)? = 42 1s the impedance step up ratio. Since Z; is sufficiently large, the
second assumption above is no longer required. For equal strip widths, the current is
equally divided between the folded and driven metal strips, and 42 = 4. Where other
impedance step up ratios are required, a different ratio of strip widths may be used,

and the resulting current ratio, ¢, may be determined from

4 In(4r + 2\/(27')2 + (wy /2)2 ) — ln(wl)
In(4r +2,/(2r)? + (2/2)? ) — In(ws)

(4.13)

where w, and w, are the widths of the driven and folded metal strips respectively, and
the spacing between the centres of the metal strips is 2r [87]. Since equation 4.13 is
derived for metal strips in free space, and is only directly applicable for an infinitely

extending substrate, the second assumption is again implicit in the calculation.

Because the radiation is dominated by the unbalanced mode on the closely spaced
strips forming the metal strip folded dipole, which is geometrically similar to the sub-
strate supported metal strip antenna of width w analysed to obtain Z;, the radiation

characteristics will not be significantly different from those of the single strip case.

A second folded dipole geometry is illustrated in Figure 4.5, where the folded metal
strip is constructed on the opposite side of the substrate to the driven metal strip.
In contrast to the coplanar strip folded dipole described previously, this geometry is
referred to as a back-folded dipole. The ends of the driven and folded metal strips
are shown in Pigure 4.5 to be connected by straps around the edge of the substrate,
however, for a MMIC antenna, via hole connections close to the edges may need to be

used.

For equal width strips, the back-folded dipole geometry shown in Figure 4.5, with-
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Figure 4.5: Back-folded metal strip antenna geometry for analysis.

out feed lines, lends itself to direct numerical analysis by means of the techniques
described in Chapter 3. In this case, a segmentation of the substrate and both metal
strips may be chosen that allows the grid method to be applied. For small straps at
the ends, the analysis may be performed by neglecting the current distribution on the
straps and enforcing the continuity of the current at the ends of the folded and driven
metal strips [88]). A method similar to that described for a two wire junction in Ap-
pendix C is employed to enforce this condition. The computer storage {or the analysis
is therefore only increased by the number of pulses needed to mode! the folded strip,
and no additional Green’s function integrals are required to be computed. Finally, an
image plane in the zz-plane is again identified from the symmetry of the structure
and excitation, and is used in the analysis to halve the size of the problem. Using
this approach, the input impedance of the substrate supported metal strip back-folded

dipole is obtained directly by the numerical analysis.

The decomposition method described above for the coplanar strip folded dipole
may also be applied to derive the input impedance of the back-folded dipole. The in-
put impedance of a substrate supported metal strip antenna with a single metal strip

having a width, w, which is equal to that of the driven metal strip of the back-folded
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dipole is computed as in Chapter 3. The transmission line impedance may be derived
from the parameters of a parallel strip transmission line [89], or an appropriately scaled
microstrip line, where the microstrip ground plane produces a correctly positioned im-
age to represent the folded metal strip. Similar considerations apply here with respect
to the substrate truncation, however, it is possible to correct the parameters to allow
for the edge of the substrate using data obtained for edge corrected microstrip lines
[90]. A comparison of the results obtained by applying both the complete numerical

analysis and the decomposition method provides a useful check on accuracy.

4.2.3 Theoretical and experimental results

A substrate supported metal strip antenna, identical to Antenna A in Section 3.4
except for the presence of a coplanar strip feed line, was analysed with three different,
coplanar strip feed line configurations arising from three different substrate segmen-
tation sizes. The three cases, and the resulting feed line and metal strip dimensions

normalized to the metal strip length, L, are

Case 1 Source region segmentation n, = 2, n, = 10 and n, = 10
Metal strip anteuna width w = 0.05L
Wire equivalent-radius a. = 0.008L

Equivalent parallel wire feed line separation s = 0.05L.

Case 2 Source region segmentation n, =2, n, =8 and n, = 8
Metal strip antenna width w = 0.0625L
Wire equivalent-radius a, = 0.0095L

Equivalent paralle! wire feed line separation s = 0.0625L.

Case 3 Source region segmentation n, = 2, n, =6 and n, =6
Metal strip antenna width w = 0.0833L
Wire equivalent-radius a, = 0.0115L

Equivalent parallel wire feed line separation s = 0.0833L.
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Case Zo Reflection Coefficient
1 92 ohms 0.73£55°
2 | 94 ohms 0.73£50°
3 99 ohms 0.78¢£65°

Table 4.1: Computed reflection coefficient at the feed point of a coplanar strip feed
line for substrate supported metal strip antenna with substrate parameters t = 0.075L
and ¢, = 10.2.

Table 4.1 shows the results of computations for these three cases. The characteristic
impedance of the coplanar strip feed line is shown for each case, together with the
computed reflection coefficient at the base of the coplanar strip feed line where the
balanced excitation is applied. The reflection coefficient is obtained from the impedance
at the base of the coplanar strip feed line using the appropriate value of characteristic
impedance shown in Table 4.1. From the input impedance calculated at the centre of
the metal strip of Antenna A in Section 3.4, reflection coefficients having a magnitude
close to 0.7 are predicted for the cases considered by assuming that the coplanar strip
feed line does not perturb the impedance at the centre of the metal strip antenna.
This approximate result is in close agreement with those actually obtained from the
computations. As the segment size increases from Case [ to Case 3, the effect of the
increasc on the convergence of the solution is seen to be small, in accordance with that

anticipated from the results obtained in Section 3.4 for Antenna A.

The computed principal plane radiation patterns for Case [ to Case § are shown
in Figure 4.6. The axially directed surface currents on the metal strips forming the
coplanar strip feed line will act as a source of radiation that is polarized in the 2-
direction. The effect of such currents on the radiation pattern of a parallel wire fed
free space dipole has been described in {78]. It is known from the results obtained in
Section 3.4, however, that 2-directed polarization currents are induced in the substrate
by the metal strip antenna, and that these polarization currents also affect the radiation
characteristics of the antenna. Moreover, additional z-directed polarization currents

are induced in the substrate by the coplanar strip feed line. The distribution of currents
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xz-plane

Figure 4.6: Theoretical principal plane radiation patterns for Antenna A with a
coplanar strip feed line: Case I (s = 0.0500L): solid line, Case 2 (s = 0.0625L):
dotted line, Case 8 (s = 0.0833L): dashed line.

about the zz-plane of the antenna is balanced, however, it is found that the polarization
currents induced in the substrate by the metal strip antenua have the opposite polarity
to the surface currents on the metal strips of the coplanar strip feed line and the
polarization currents that the feed line induce in the substrate. This complex source
interaction results in an interference effect, causing partial cancellation of the z-directed
radiation in the yz-plane. This effect is particularly noticeable for large angles from the
z-axis. For wider spacings of the coplanar strips forming the feed line, the cancellation
becomes greater, and consequently the yz-plane co-polarized radiation pattern becomes
narrower. Conversely, for narrower spacings of the coplanar strips forming the feed line,
the cancellation is not as large, and the y2-plane co-polarized radiation pattern is not
substantially influenced by the presence of the feed line. Cross-polarized radiation in

the yz-plane is due to z-directed polarization currents in the substrate which will be
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Figure 4.7: Test assembly for a substrate supported coplanar strip folded dipole with
coplanar strip feed line, showing the feed port, balun and housing. The assembly
mounts on a 640mm square ground plane to produce the required geometry.

induced by both the metal strip antenna and the feed line. As expected from the
previous result, an increase in cross-polarized radiation in the yz-plane is noted as the

separation between the metal strips forming the coplanar strip feed line is increased.

Because the antenna structure and excitation is balanced, the zz-radiation pattern
is not affected by the presence of the coplanar strip feed line. Radiation in a diagonal
plane at 45° to the principal planes is also of interest, since for some antennas the
polarization characteristics have been found to be poor in this plane [91]. The radiation
characteristics in the diagonal plane of a coplanar strip fed substrate supported metal

strip antenna will be investigated in Section 4.2.4.

Measurements on a practical coplanar strip fed substrate supported metal strip
antenna were performed using the test assembly shown in Figure 4.7. The antenna
itself comprises a coplanar strip folded dipole and a 100 ohm coplanar strip feed line
fed from the 180° phase shifted outputs of a hybrid ring power divider which is used as a

balun. The use of a coplanar strip folded dipole improves the impedance match between
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the antenna and the feed line. A 50 ohm microstrip line from the balanced mode input
port of the power divider is fed via a coaxial-line to microstrip-line transition. The
common mode port of the power divider is not terminated, and the output of the balun
is designed to be matched to a 100 ohm balanced load. The predicted performance of
the balun over a 10% bandwidth indicates that a return loss of better than 20dB can
be achieved at the balanced mode input port. At the feed point of the coplanar strip
line, an output balance of better than +0.2dB in magunitude and £2° in phase into 2

matched load is predicted over the bandwidth.

Two antennas of the type shown in Figure 4.1 are considered here, and are denoted

Antenna C and Antenna D.

Antenna C was constructed on an RT Durcid™ 6010 substrate, and was designed
for a half-wave resonance at 5GHz. The dimensions of the substrate and coplanar strip
feed line were those of Case I above. The coplanar strip folded dipole bad a length
L = 17mm, and was fabricated with equal folded and driven strip widths and a total
width corresponding to w = 0.05L. An impedance step up ratio of ¥? = 4 was thereby
obtained, and a decomposition method was used to calculate the impedance character-
istics of the antenna using the computed impedance characteristics of Antenna A for

Z4. Asfor Antenna A, the half-wave resonance is predicted to occur at L/Xg = 0.285.

The performance of the hybrid ring power divider balun was tested by measuring
the characteristics of two baluns in a back-to-back configuration. At S§GHz, a return
loss of 38dB was measured, together with an insertion loss of less than 0.2dB per balun,

thus verifying that an acceptable balun design had been achieved.

Assuming ideal balun performance, the predicted return loss of Antenna C at
the coaxial feed port may be computed, and is shown in Figure 4.8 together with the
measured return loss. The agreement around the design frequency is observed to be
very good, and the discrepancy away from resonance is attributed to a deterioration

in the performance of the balun at these frequencies.
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Figure 4.8: Calculated (solid line) and measured (x) return loss of a substrate sup-
ported coplanar strip folded dipole with coplanar strip feed line designed for half-wave
resonance at 5GHz (Antenna C).

Measured principal plane radiation patterns of Antenna C at 5GHz are shown in
Figure 4.9. Co-polarized radiation in the zz-plane and yz-plane, and cross-polarized
radiation in the yz-plane agree well with the radiation patterns predicted for the copla-
nar strip fed antenna in Case [ above, which are illustrated in Figure 4.6. A low level
of cross-polarized radiation, of the order of —~40dB but not shown in Figure 4.9, was
detected in the zz-plane measurement. This was attributed to a slight imbalance of
the currents on the structure due to geometrical imperfections in the measurement as-
sembly in the anechoic chamber. A current imbalance of only a few percent, simulated
by a numerical analysis with unbalanced excitation voltages, was found to produce
comparable levels of cross-polarization. The effect of diffraction from the ground plane
discontinuity caused by the square mounting insert used in the measurement assembly
is again apparent in the measured yz-plane co-polarized radiation pattern. Diffraction

from the edges of the circular ground plane was minimized by the use of microwave
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yz-plane

Figure 4.9: Measured principal plane radiation patterns at 5GHz for a substrate sup-
ported coplanar strip dipole with a coplanar strip feed line (Antenna C).

absorbing material around the circumference.

Antenna D was fabricated on a 450um thick GaAs substrate using aluminium
deposition by means of a wet etch process. The antenna was designed to be resonant
at 11.8GHz. This frequency is 5% below the top of X-band, and was chosen to allow
a reasonable bandwidth for measurements with X-band apparatus. A coplanar strip
folded dipole antenna is again employed, and the relative widths of the folded and
driven metal strips were chosen such that the impedance step up ratio y2 = 6.9, in
order to provide a good impedance match between the coplanar strip folded dipole and
a 100 ohm coplanar strip feed line, and also to maximize the bandwidth of the antenna.
Allowance for fabrication errors due to trimming the substrate was made as described
in Appendix D. With respect to the length, L, of the coplanar strip folded dipole, the

half-wave resonance was predicted to be at L/ g = 0.275. The measured return loss at
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Figure 4.10: Measured return loss for an X-band GaAs substrate supported coplanar
strip folded dipole with coplanar strip feed line (Antenna D).

the coaxial feed port of the fabricated antenna is shown in Figure 4.10. The measured
resonant frequency was close to the design resonant frequency, and the low return loss
confirms that good impedance matching has been achieved over a 10% bandwidth. The

accuracy of the design procedure which has been developed is therefore verified.

Measured and theoretical co-polarized principal plane radiation patterns of An-
tenna D are shown in Figurc 4.11. The measured radiation patterns agree well with
those predicted by theory. The effect of diffraction at large angles from the z-axis is
not as pronounced in the measured results at this higher frequency due to the finer
angular scale and smaller range of amplitude variation in the diffraction pattern that
is produced. Cross-polarized radiation was predicted to be greater than 30dB below
the on-axis co-polarized radiation, and no cross-polarized radiation could be detected

above this levell.

!The measurement dynamic range at X-band was limited to about 30dB due to increasing path
losses and cable losses in the measurement apparatus. For this reason, a detailed cross-polarized
radiation pattern could not be measured.
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Figure 4.11: Principal plane co-polarized radiation patterns at 11.8GHz for a GaAs
substrate supported coplanar strip folded dipole with coplanar strip feed line (Antenna

D).

Finally, back-folded dipole structures described in Section 4.2.2 were studied. Re-
sults were calculated from the direct application of the numerical analysis as well as
using the decomposition method. Two antennas were studied, and are denoted here as
Antenna E and Antenna F. Both antennas were designed with substrates having a
relative permittivity ¢, = 10.2. Antenna E had dimensions identical to Antenna A
described in Section 3.4, except that a folded metal strip, equal in width to the driven
metal strip, exists on the back of the substrate, and the ends of the two strips are
connected. Antenna F is related to Antenna B described in Section 3.4 in the same
way. The analysis was conducted without feed lines for the purpose of determining
the feed point impedance and the corresponding impedance step up ratio. For exper-
imental measurement of the input impedance, the technique of using an image plane

described in Section 3.3.1 was employed. A back-folded monopole, fed at the base of
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L/ )Xo Input impedance (ohms)

Numerical Analysis Decomposition Measured
Antenna E | 0.285 80.1 —35.4 775 —31.5 -
Antenna F | 0.270 71.8 — 2.2 67.5 — ;4.8 82 + 33

Table 4.2: Computed input impedance of substrate supported back-folded metal strip
dipoles using a direct numerical analysis and a decomposition method, compared with
measured impedance.

the driven strip monopole and shorted to the image plane at the base of the folded strip
monopole is produced, and the measured input impedance of the back-folded monopole
is doubled to obtain the impedance of the complete structure. Measurements to verify
the computed results were undertaken for Antenna F, fabricated on RT DuroidT™
6010 and scaled for a half-wave resonance at 3GHz, since the wider separation between
the metal strips comprising the back-folded monopole was sufficient to accommodate a
SMA coaxial feed port to excite the driven metal strip without perturbing the current
on the folded metal strip. The computed impedance results at the half-wave resonances
of Antenna E and Antenna F are given in Table 4.2, where it can be observed that
the results of two theoretical techniques agree well. The measured input resistance of
Antenna F, also shown in Table 4.2, is slightly higher than the computed resistance
since the analysis assumed a lossless antenna. Nevertheless, the agreement between

the predicted and measured values is sufficient for most design purposes.

4.2.4 Controlling radiation characteristics

It is apparent from the computed and measured characteristics of the antennas consid-
ered so far that the radiation pattern of a substrate supported metal strip antenna is
influenced by the volume polarization currents in the substrate as well as by currents
on the feed line. The prediction of these effects is an important part of the design

process, particularly where cross-polarization performance is a critical parameter and
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the presence of z-directed and z-directed far-field radiation is undesirable. It is there-
fore important to understand the mechanisms by which such radiation occurs. Based
on this understanding it is possible to choose an appropriate antenna geometry to re-
duce the cross-polarized radiation. Two examples are presented in this section. In
the first example, a back-folded metal strip dipole is shown to reduce the z-directed
polarization currents in the substrate, and therefore also the cross-polarization in the
yz-plane. In the second example, a reduction in cross-polarized radiation arising from

the appropriate choice of a coplanar strip feed line geometry is described.

Back-folded metal strip dipole: radiation effects

From the geometry of the back-folded metal strip dipole illustrated in Figure 4.6, it
is noted that apart from the presence of the feed point excitation on the driven metal
strip, the geometry exhibits an additional symmetry over the case where the metal strip
(or coplanar strip folded dipole) only exists on one surface of the substrate. Recalling
that the z-directed polarizatiou current in the substrate is maximum directly under the
strip, 1t is clear from the symmetry in the plane of the substrate that if the dominant
radiating, or common mode, currents on the folded and driven metal strips are nearly
equal, as is the case for equal strip widths, then the z-directed polarization current
excited in the substrate by each metal strip will cancel. For this reason, the cross-
polarized radiation caused by the z-directed polarization currents will be reduced by
the use of a back-folded metal strip dipole. Because only the driven metal strip is
excited, the symmetry is not perfect. As a result, the z-directed polarization currents

will not cancel exactly, however, the reduction is found to be significant.

For Antenna E above, the maximum level of cross-polarization in the yz-plane is
found to be reduced by 11dB over that computed for Antenna A. For Antenna F
above, the reduction with respect to Antenna B is 18.5dB. In both cases the resulting
cross-polarization is more that 40dB below the on-axis co-polarized radiation. Where
the substrate is electrically thick, therefore, the back-folded dipole not only offers the

advantage of increased input impedance for impedance matching to a coplanar strip
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feed line, but also the advantage of significantly reduced cross-polarization in the yz-

plane.

Coplanar strip feed line: radiation effects

The effect of a coplanar strip feed line on the yz-plane radiation pattern of a substrate
supported coplanar strip folded dipole has been discussed in Section 4.2.3. Because
the z-directed source currents are co-polarized in the yz-plane, the effect of the feed
line was observed mainly as a narrowing of the co-polarized radiation pattern. In a
diagonal plane at 45° to the principal planes, however, any z-directed current sources,
whether they be surface currents on the metal strips forming the feed line or polariza-

tion currents in the substrate, will contribute to the cross-polarized radiation field.

Considering first the substrate supported metal strip antenna with no feed line, the
computed diagonal plane co-polarized and cross-polarized radiation patterns are shown
ag solid lines in Figure 4.12. The z-directed polarization currents in the substrate are
the primary source of the cross-polarized radiation in the diagonal plane. When a copla-
nar strip feed line is included in the antenna structure, the interference between the
radiation from z-directed surface currents on the metal strips forming the feed line and
the radiation from z-directed polarization currents in the substrate is such as to reduce
the diagonal plane cross-polarized radiation. All of the current sources contributing to
radiation are located within a volume A3/8, so there can be no cancellation of radiation
due to the distribution of the sources. Rather, the partial cancellation that is obtained
is determined by the relative phase between the z-directed sources on the feed line and
those in the substrate. The resulting interference is extremely useful for controlling the
diagonal plane polarization characteristics. The spacing, s, between the metal strips
forming the feed line is again a factor determining the degree to which the cancella-
tion is effective. It is found that for narrow spacings, a low level of cross-polarized
radiation can be achieved. From the variation of cross-polarized radiation as the metal
strip spacing is changed it is apparent that when the feed line is present, it becomes

the dominant source of cross-polarized radiation in the diagonal plane. Consequently,
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Figure 4.12: Theoretical diagonal plane radiation patterns for idealized and coplanar
strip fed substrate supported metal strip antennas.

narrow spacings are preferred in order to provide the required degree of cancellation
of the polarization current sources in the substrate which are due to the metal strip
antenna itself. It is noted that for the range of spacings between the coplanar strips
of the feed line that are considered, the co-polarized radiation pattern in the diagonal

plane is essentially unaffected by the feed line.

The measured diagonal plane radiation pattern of Antenna C is shown in Fig-
ure 4.13. The measured results confirm the predicted results that low-level cross po-

larized radiation may be obtained in the diagonal plane with a well designed feed line.

This result concludes a full study of the radiation characteristics of substrate sup-
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Figure 4.13: Measured diagonal plane radiation patterns for coplanar strip fed, sub-
strate supported coplanar strip folded dipole antenna at 5GHz.

ported coplanar strip folded dipole antennas, and demonstrates that excellent per-
formance can be achieved. Furthermore, an analysis which is capable of accurately
modelling the entire antenna structure is shown to be essential if a complete theoreti-

cal investigation of the antenna performance is to be undertaken.

4.3 Alternative antenna and feed line geometries

Two alternative geometries are analysed in this section to further demonstrate the range
of applicability of the numerical analysis developed above, and to investigate other

possibilities for MMIC antenna elements. In Section 4.3.1, an alternative balanced
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Figure 4.14: Antipodal strip fed substrate supported metal strip antenna geometry for
analysis.
feed structure is studied, and in Section 4.3.2 a structure having an unbalanced feed

port is studied.

4.3.1 Antipodal strip fed metal strip antenna

A transmission line consisting of two parallel metal strips separated by the dielectric
substrate is referred to as an antipodal strip transmission line. In Figure 4.14, an
antipodal strip feed line 1s shown for a variant of the substrate supported metal strip
antenna where the two arms of the metal strip dipole are constructed on opposite
sides of the substrate. The antenna itself may be referred to as an antipodal strip
dipole, and similar antennas on electrically thin substrates have been employed in
operational phased arrays [92]. For this geometry, the excitation used in the analysis
consists of balanced voltages at the base of the feed line as shown in Figure 4.14. The
antipodal strip feed line can be considered as a balanced form of a microstrip line,

and in practice may be excited from a microstrip line by use of a tapered microstrip
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balun. More general antenna geometries, such as antennas employing integral baiﬁns
[69], may be designed to have a feed structures that incorporate a form of antipodal
strip feed line either directly or else as a consequence of the presence of a microstrip
line on a finite size ground plane which produces an image of the microstrip line. It is
therefore useful to examine the performance of antipodal strip fed substrate supported
metal strip antennas, particularly for the case where the substrate is electrically thick,

in order to determine their characteristics as MMIC antennas.

The antipodal strip fed substrate supported metal strip antenna shown in Fig-
ure 4.14 was analysed using an equivalent-radius thin wire approximation in a similar
manner to the coplanar strip fed antennas described in Section 4.2. The dimensions
of the substrate and the metal strip width were chosen to be the same as the coplanar
strip fed antenna denoted as Case A in Section 4.2.3. In addition, the same substrate
segmentation was employed, and the equivalent-radius of the thin-wire approximation
of the antipodal strip antenna and the antipodal strip feed line was set to a, = 0.008L in
accordance with the procedure outlined in Section 4.2.1. The characteristic impedance
of the antipodal strip transmission line may be calculated as described in Section 4.2.2
for the transmission line mode of the back-folded dipole. From the impedance com-
puted at the base of the feed line, a reflection coeflicient of 0.63/ — 25° was obtained at
L/Xy = 0.285, corresponding to the half-wave resonant frequency of the antenna. The
computed principal plane radiation patterns of the antenna for L/A, = 0.285 are shown
in Figure 4.15. In contrast to the case of parallel strips comprising a back-folded dipole,
where the unbalanced mode currents on the strips predominate, the antipodal strip feed
line current is balanced. For this reason, the z-directed polarization current in the sub-
strate which exists close to the position of the metal strips forming the antipodal strip
feed line are enhanced rather than suppressed. An increase in cross-polarized radiation
in the yz-plane is therefore generated. Moreover, because the z-directed polarization
currents excited by the antipodal strip feed line and the antipodal strip dipole do not
cancel in the z2-plane, the zz-plane radiation pattern is also affected by cross-polarized
radiation. If the increase in cross-polarization from antipodal antenna structures on

electrically thick substrates is undesirable, coplanar strip fed antenna structures offer
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yz-plane

Figure 4.15: Principal plane radiation patterns for antipodal strip fed substrate sup-
ported metal strip antenna. (Substrate t = 0.075L, ¢, = 10.2)

considerable advantages. The primary advantage of an antipodal strip fed structure,
however, is the possibility of using a short tapered balun, thereby potentially reducing

the substrate area occupied by a MMIC antenna element.

4.3.2 Single strip fed metal strip antenna

A substrate supported metal strip antenna with a single strip feed line is illustrated in
Figure 4.16. The geometry consists of a substrate supported metal strip antenna, as
studied in Chapter 3, together with a single z-directed metal strip which is fed against
the ground plane, and which connects to the metal strip anterna at a distance p from

the centre. The provision of an unbalanced feed to the antenna is attractive since it
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Figure 4.16: Single strip fed substrate supported metal strip antenna geometry for
analysis.

eliminates the need for a balun, and thereby reduces the substrate area occupied by a
MMIC antenna of this type to possibly the smallest area required for a resonant struc-
ture. A single wire fed dipole antenna, on which this structure is based, is described
and analysed in detail in Appendix E. In this section, an antenna which is identical
to Antenna A except for the presence of the single strip feed line is studied. The
single strip feed line is chosen to have the same width as the metal strip antenna, and
in terms of the physical length, L, of the metal strip antenna, the feed line offset is
p = 0.2L from the centre. This offset corresponds to the optimum case for the similarly
dimensioned single wire fed resonant dipole in free space above a ground plane analysed

in Appendix E, and was retained for the substrate supported antenna considered here.

For the analysis, the metal strips are modelled using the equivalent-radius thin-wire
approximation adopted for all of the other feed structures considered in this chapter.
The main advantage of the thin-wire approximation in this case is to expedite the
modelling of the junction between the feed line and the metal strip antenna. Because

ounly axially directed currents are considered, Kirchoff’s current law can be applied at
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Figure 4.17: Input impedance of single strip fed metal strip antenna {p = 0.2L).

the junction as outlined in Appendix C. A substrate segmentation n, = 2, n, = 10 and
n, = 10 was used in the analysis, together with the corresponding equivalent-radius

a. = 0.008L.

An antenna for testing the analysis was constructed on a 1.9mm thick RT Duroid™
6010 substrate with a metal strip dipole of length, L = 25.4mm. The remaining
dimensions were scaled as for Antenna A and as described above for the single strip
feed line. A coaxial feed port was used to excite the single strip feed from behind a

large metal ground plane.

Theoretical and measured results for the feed point impedance at the base of the
metal strip feed line are shown in Figure 4.17. The antenna is noted to be resonant at
L/Xo = 0.34 (approximately 4GHz), and has a bandwidth of approximately 10%. It
can be seen from the results that the input impedance at resonance is close to 50 ohms,

and it is therefore feasible in the case of a MMIC antenna to excite the single strip
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Figure 4.18: Principal plane radiation patterns for a single strip fed substrate supported
metal strip antenna (p = 0.2L).

feed line directly from a 50 ohm microstrip line without the need for any additional
impedance matching. The agreement between the numerical analysis and the measured
results is also seen to be very good, which not only serves to verify the analysis of the
single strip fed substrate supported metal strip antenna, but also provides confirmation
of the accuracy of the equivalent-radius thin-wire approximation for a structure where

it is possible to directly measure the impedance charactenstics.

Principal plane radiation patterns are given in Figure 4.18. Again the agreement
between the numerical analysis and the measured results is good, except for the notice-
able effects of diffraction at large angles from the z-axis due to the imperfect ground
plane used in the measurements. Absorbing material was again placed around the
circumference of the ground plane to minimize edge diffraction. As predicted from

the analysis of the single wire fed dipole in Appendix E, a significant level of cross-
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polarization exists in the zz-plane due to radiation from currents on the metal strip
feed line. Additional z-directed polarization currents induced in the substrate by the
current on the single strip feed line also contribute to the cross-polarized radiation. The
on-axis cross-polarized radiation is a consequence of the unbalanced geometry, and the
cross-polarization in the yz-plane is due to z-directed polarization currents in the sub-
strate. In addition to the cross-polarization effects noted above, a beam-squint in the
yz-plane co-polarized radiation pattern due to asymmetrical interference by radiation
from the currents on the single strip feed line is apparent. The null in the radiation
pattern which occurs for the single wire fed dipole described in Appendix E does not
appear here due to the additional radiation effects of the polarization currents in the

substrate that reinforce radiation in that direction.

When the results obtained above are compared with those for the single wire fed
dipole described in Appendix E, the presence of the substrate is found to have the useful
effect of improving the impedance characteristics as well as improving the yz-plane
co-polarized radiation pattern. Although the radiation characteristics of the single
strip fed substrate supported metal strip antenna are still poor with respect to cross-
polarized radiation when compared to the other antennas considered in this chapter,
the possibility of small substrate area usage, and an avoidance of the requirement for
balun and impedance matching structures, makes them potentially attractive for some
applications. In addition, with the careful choice of an array geometry, techniques can
be used to eliminate the overall beam-squint and reduce the overall cross-polarization

of the array. One such geometry is cutlined in Section 6.4.

4.4 Summary

In this chapter, some aspects of the design and analysis of practical MMIC antenna
geometries have been described. From the consideration of several design issues, the
importance of detailed and accurate numerical modelling of complex geometries has

been highlighted. Although basic design information is available from the analysis
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of idealized geometries, 1t has been shown that for a complete understanding of the
characteristics of practical antenna elements, the requirement exists for all of the major

features of the structure to be incorporated in the analysis.

The effect of feed lines on the radiation characteristics of substrate supported metal
strip antennas is such that the inclusion of the feed line in the analysis is essential for
the correct modelling of the cross-polarization performance of the antenna. A method
for efficiently performing the analysis is derived, and the use of the method is demon-
strated by its application to a variety of problems of practical significance. The issue
of achieving an impedance match between the feed line and substrate supported metal
strip antenna is resolved by the use of {olded metal strip dipole structures. Finally,
methods for controlling cross-polarized radiation by means of the antenna geometry
are discussed. Comparisons with measured results serve to confirm the accuracy of the
numerical results, and illustrate the design techniques which are developed. Sufficient
information on the performance of practical substrate supported metal strip antennas
can be obtained for design purposes by application of the techniques described in this

chapter.

The important contributions of this chapter are therefore:

e The development of a computationally efficient analysis of complete substrate

supported metal strip antennas incorporating feed lines and impedance matching.

e The development of an accurate numerical design approach for metal structures

on electrically thick substrates, which is essential for MMIC antennas.

e The application of computed design data to practical structures consisting of
feeding and radiating parts, and verification by experimental measurements that

an appropriate design has been achieved.

e The discovery of the relationship between the various sources of cross-polarized
radiation in substrate supported metal strip antennas with feed lines, and the ex-

ploitation of the feed line geometry to control the cross-polarization performance.
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s The use of back-folded dipole geometries to control the cross-polarization perfor-

mance of the antenna.

e The study of the characteristics of various basic feed structures on electrically

thick substrates.

It has therefore been demonstrated that the substrate supported metal strip anten-
nas proposed for application to monolithically fabricated millimetre wavelength active
arrays are capable of good performance with regard to important design parameters.
The research presented in this chapter has elucidated engineering design opportunities

for MMIC antennas not previously understood or available.

Although it is now possible to accurately model the characteristics of single antenna.
elements in isolation, further application of the analysis to the problems of mutual
coupling and the scanning performance of arrays is required. These problems are

considered in the following chapters.
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Chapter 5

Mutual Coupling Between
Substrate Supported Metal Strip

Antennas

5.1 Introduction and overview

Where a substrate supported metal strip antenna exists in isolation, the results ob-
tained in Chapters 3 and 4 completely characterize the antenna performance. In the
case of an array of several or many substrate supported metal strip antennas, however,
the radiation from nearby elements can affect the individual resultant excitation. For
proper operation of each element of the array, the influence of the nearby elements
must be computed in advance as part of the design process. An understanding of the
effect of mutual coupling with nearby antenna elements is therefore an important re-
quirement for array design. Mutual coupling data is also useful for synthesis problems
relating to small arrays, where the elements operate in different environments due to

their relative positions in the array [93,94].
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While an infinite array technique, such as that described later in Chapter 6, allows
the characteristics of elements of large arrays which are far from the array boundaries
to be determined under excitation conditions corresponding to a uniform magnitude
and predetermined phase gradient over the array aperture [27], more fundamental
information on the interaction between elements is obtained from the self and mutual
impedances associated with all of the elements of the array. The self and mutual
impedances make up an impedance matriz which relates the voltage excitation at the
feed port of each element to the current at each feed port. For the case of a general
excitation, or where the array is small, the complete impedance matrix is usually
required, and may be obtained theoretically or experimentally. Due to the wide variety
of antenna elernents and array geometries which may be considered in a realistic design
study, and the high cost of experimentally obtaining the required self and mutual
impedances for each specific case, a theoretical approach is preferred. For small arrays,
this usually means that all of the terms of the impedance matrix must be calculable
from accurate models of the antenna element and the array. Even in the case of larger
arrays, the study of mutual coupling between elements is useful for determining the
effect of non-uniformities in geometry or excitation for which infinite array techniques
are not correct, for example as is the case with antenna elements close to the edge of

an array.

The calculation of all of the self and mutual impedances for an array of substrate
supported metal strip antennas is limited in practice by the computational requirements
imposed by the numerical analysis, and as a consequence is restricted to arrays of only
a few elements. In spite of the fact that the complete environment of a large array
cannot be modelled, useful results can still be obtained, particularly for cases where it

can be shown that close neighbour interactions dominate the mutual coupling effects.

In this chapter, two-element and three-element arrays of substrate supported metal
strip antennas are analysed. The analytical method described in Chapter 3 is ap-
plied to determine the current distributions on the elements of the arrays for various
feed port terminations which allow the mutual impedances to be calculated. Because

the computational requirements for the solution of the electric-field integral equations
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representing the arrays are large, high-performance large-scale computer resources are
needed. Although more general cases may be considered, the use of symmetry con-
straints serves to reduce the computational burden required for the solution. Results
obtained from this analysis are compared with experimental measurements on collinear
and collateral three-element arrays as a test of the analytical model and numerical
method, and show good agreement. The test assemblies used in the measurements are
fabricated in such a way that the assumptions in the analytical model are accurately
satisfied, and consequently the agreement between the numerical results and the mea-
surements is a validation of the analysis as an accurate design method. Extending the
analysis to include feed structures, it is shown that it is possible to predict the mutual
coupling between the elements of three-element arrays of substrate supported coplanar
strip folded dipoles with coplanar strip feed lines. Comparisons are also made with
typical arrays of wire dipoles without substrates to further investigate the effect of the

substrate on the mutual coupling.

The aim of this chapter, therefore, is to show how accurate information with regard
to mutual coupling between the elements of practical MMIC antenna arrays can be
obtained by extending the analytical mode! and numerical method outlined for isolated

antennas in Chapter 3.

5.2 Formulation and numerical implementation

Collinear and collateral arrays of substrate supported metal strip antennas are illus-
trated in Figures 5.1 and 5.2 respectively. Two-element and three-element arrays
are considered in this study, where the two-element arrays are obtained for both the
collinear and the collateral cases by omitting element 3. The geometry of the substrate
supported metal strip antenna elements is that of the idealized antenna considered in
Chapter 3, where the ground plane is continuous and infinite in extent, and no feed lines
are included. The voltages applied at the infinitesimal gap feed ports of the elements

are denoted by V;, V; and V4, and the feed port currents I, I and /3 are obtained from
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Figure 5.2: Collateral array geometry, idealized for analysis.
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the resulting current distributions on the metal strips. These currents are computed
from the electric field integral equations using the method developed in Chapter 3. In
this way, no assumptions regarding the current distributions are made beyond those
which are justified by any symmetry which exists in the geometry and excitation. Be-
cause up to 1800 pulse basis functions are used in the calculation, a grid method is
again employed to improve the computational efficiency. An appropriate segmentation
is first chosen for the antenna elements using the convergence of the computed input
impedance of a single, isolated antenna as a guide. In the collinear array configura-
tion, the separation between the elements, not occupied by dielectric, is constrained
to an integral number of segment lengths in the y-direction, and the required Green’s
function integrals are computed for all intersection points of a grid extending over the
entire array for the widest spacing required. Only one look-up table is computed for
the entire range of element spacings considered. Because the space between the el-
ement which is not filled by dielectric is large for the collateral array configuration,
this method produces a look-up table with a large number of unrequired entries, and
for this reason separate look-up tables for each element spacing are computed. The
moment matrix that relates the electric field scattered by the current sources at each
segment to the incident electric field at the centre of each segment for the complete
array is filled from the appropriate look-up table. Where symmetry can be identified it
is exploited to reduce the number of basis functions, and hence the size of the moment

matrix, required for the solution.

The analysis that follows is presented in terms of the impedance matrices related
to the feed ports of the antenna elements considered. This approach is taken for two
reasons: First, from the point of view of the theoretical development, the consideration
of the impedance matrices associated with the feed ports provides a self-contained
description of the problem without the need to involve the details of the numerical
analysis. The details of the numerical analysis are readily ascertained by applying the
numerical technique described in Chapter 3 to the appropriate geometry. Second, the
approach provides a nexus between the theoretical formulation in this section and the

experimental verification in the next. Using this description, the feed port voltages
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and currents are related by the matrix equation
ZnIn = Vn (5.1)
where the impedance matrix Zyp is a n X n matrix for an n-element array.

Considering first the collinear arrays; for the two-element array

A L= || and ve=| " (5.2)
Zy Zy I, Vy

By reciprocity Z;; = Z;2 and with identical elements Z,; = Z;;. For a structure
that exhibits symmetry in its geometry and feed port conditions, two independent
equations must be obtained by applying two independent feed port conditions. For
the two-element array, the conditions are chosen to be firstly Vi =1 and V;, = 1, and
secondly V} =1 and V4, = —1, and a symmetry plane appropriate for these excitations
is identified as E2 in Figure 5.1. The presence of such a symmetry plane makes it
possible to determine the current distributions for the entire structure economically
by solving for currents on one of the elements and treating the currents on the other
element as dependent sources or images. For the first excitation the symmetry is even,
and the feed port current on element 1 is denoted I even. For the second excitation the
symmetry is odd, and the feed port current on element 1 is denoted Iy 4a. The self

impedance Z;; may therefore be obtained from the solution of equation 5.1 as

Vi 1 1
Zn = ?1 ( + ) 5 (5.3)

Il.cven [1,odd

and similarly the mutual impedance Z;, as

zw:%( ! : ) (5.4)

Il even Il ,odd
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For the three element collinear array,

Zn Zva Zys 5L Vi
Z3 = Z-n Zog Zaa | Iy = Ig " and V3= V, |- (55)
Zy1 Zyy Za3 I3 12

Again by reciprocity Zy2 = Zy = Zy3 = Za1 and Zys = Z3;, and with identical outer
elements Z;; = Z33. A symmetry plane is identified as E3 in Figure 5.1 for the analysis,
and the central element is excited with Vi = 1. The outer elements are terminated
in turn by a short-circuit resulting in V, = V3 = 0, and an open-circuit resulting in
I = I; = 0. From the symmetry of the geometry and excitation, it can be seen that
only the current on one half of the array as divided by the symmetry plane E3 need be
computed, with the remaining currents treated as dependent sources or images. It is
also apparent that only two independent feed ports exist under these conditions, and

the matrix equation 5.1 can be reduced to

Z,I, =V, (5.6)
where
Y/ 2Z I Wi
7, =| ol = '] and Vi=| (5.7)
Zoy Zap+ Zns I; Va

It should be noted that in 5.7, the full feed port voltage Vi has been retained, and as
a consequence Z5 is asymmetrical. Replacing V4 with V;/2 to allow for the presence
of the symmetry plane would result in a symmetrical form for Z5,. The self impedance
Zy1 of the central element of the three-element array is obtained directly from the case

where the outer elements are terminated by open-circuits, such that

i

l 1,0pen

le =

. (5.8)

and the rmutual impedance Z;, between adjacent elements of the three-element ar-

ray is obtained by using the first of equations 5.7 for each of the two outer element

115



terminations, such that

Zl2 — Kl_ll,opcn - Il.short (59)

2 Il.open]2,short
where open and short refer to the outer element feed port conditions for which the feed

port currents are computed.

The self impedance of the outer elements of the three-element collinear array, and
the mutual impedance between the outer elements of the three-element collinear array,
may be obtained in the manner described above for a two-element array, where the
excitation conditions are firstly Vo = 1 and V3 = 1, and secondly Vo, = 1 and V4 =
—1. Element 1 is terminated in an open circuit, as required by the definition of the
impedance matrix, such that I; = 0. The symmetry plane for this case is again E3 in
Figure 5.1, and the currents are therefore required to be computed for half the structure
comprising the whole of element 2 and half of element 1, with the currents on element 3
and the remaining half of element 1 treated as dependent sources or images. Denoting
the current at the feed port of element 2 as I3 ¢ven for the first excitation, and J5 444 for

the second excitation, the self impedance Z,, of the outer elements may be found from

| 1 1
Doy = — .
2 2 (]2.cvcn + I?,odd) ’ (5 10)

and the mutual impedance between the outer elements from

zn=3;£< ! L ) (5.11)

12‘cven IZ,odd

Considering now the collateral array as shown in Figure 5.2, a2 symmetry plane
shown as H1 is present for both the two-element and the three-element arrays, and
the current distributions need only be determined on half of each element with the
remaining currents treated as dependent sources or 1mages. The analysis of the two-
element and three-element collateral arrays then proceeds as described above for the
collinear arrays. It is noted, however, that the equalities Zy; = Z,; for a two-element
array and Zy3 = Zas for a three-element array, identified above in relation to collinear

arrays, are not strictly correct for collateral arrays because of the relative position of
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the substrates. Where the element spacing is much larger than the substrate thickness,
as is the case for the arrays which will be considered here, the actual conditions for
the collateral arrays are closely approximated by the assumed equalities. The validity
of this assumption has been verified by comparing the self impedances of each element

of the array, which are available from the computation.

For both the two-element and three-element arrays the excitation voltages and feed
port terminations are applied explicitly at the relevant feed ports, and the feed port
currents are obtained in each case with approximately the same computational bur-
den as for the collinear arrays. The self impedance of the elements of a two-element,
collateral array may be obtained from equation 5.3, and the mutual impedance be-
tween the elements of a two-element collateral array from equation 5.4. Similarly, the
self-impedances of the central element and outer elements of a three-element collat-
eral array may be obtained from equations 5.8 and 5.10 respectively, and the mutual
impedances between adjacent elements, and between the outer elements, of a three-

element collateral array from equations 5.9 and 5.11 respectively.

Using the approach outlined above, all of the terms of the impedance matrices
related to the feed ports of two-element and three-element arrays of substrate supported

metal strip antennas may be computed theoretically.

5.3 Experimental verification

Access to a well defined feed port that allows direct connection to microwave impedance
measuring equipment, such as a network analyser test set equipped with a 50 ohm
coaxial input port, is necessary for accurate experimental measurements. For both
the collinear and collateral three-element arrays, a coaxial feed port is obtained for
the central element by replacing the symmetry planes identified as E3 in Figure 5.1
and HI1 in Figure 5.2 with large metal ground planes, in a similar manner as for the

impedance measurement outlined in Section 3.3.1. In this way, the central element
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of both arrays is a monopolar element. A collinear two-element array does not have
the symmetry required for creating a coaxial feed point at either element, and for this
reason only three-element arrays are subjects for experimental testing of the numerical
analysis. For the collinear array, a single dipolar element and its image, open-circuited
or short-circuited at the feed port at the centre of the metal strip as required, provide
the outer elements. For the collateral array, two monopolar outer elements, open-
circuited or short-circuited to the metal image plane as required, are used. It would
be possible to measure the mutual coupling between the elements of the collateral
array directly by providing a coaxial feed port to all three elements, however, extensive
mechanical modifications would be required to the experimental assembly for different
spacings. For this reason, the method employing open-circuited and short-circuited

outer elements is adopted.

In the measurement assembly, the central element is excited from a SMA connec-
tor as In the impedance measurements described in Section 3.3.1, and illustrated in
Figure 3.3. The single outer element of the collinear array, or the two imaged outer
elements of the collateral array are positioned to give the required element spacings.
Arrays scaled to operate at microwave frequencies are tested, and impedance measure-
ments are made at the coaxial feed port of the central element using a Hewlett-Packard
8510B network analyser. The impedance at the base of the central metal strip monopole
is obtained by applying the computed reference plane offset delay, t4, to the measured
results, as described in Section 3.3.1. As in those measurements, no further empirical

adjustments are made to the measured impedance.

To determine the self impedance Z;; of the central element of the arrays, and the
mutual impedance Z;, between adjacent elements of the arrays, a measurement of
the monopolar input impedance of the central element is required for the two condi-
tions of open-circuited and short-circuited outer elements. The measured monopolar
impedances are denoted by Z,. and Z, for the open-circuit and short-circuit cases

respectively.

The self impedance Zy; of the central element of the arrays is simply obtained from
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the measured monopolar impedance with the outer elements open-circuited, and

le - 220,;. (512)

The measurement will be affected by antenna losses, as well as by the losses associated
with the coaxial feed port described in Section 3.3.3, and is anticipated to be somewhat

higher than that predicted by the analysis.

Since the outer elements are identical in each array, the interpretation of the mea-
sured results and the calculation of Z;; can proceed in a similar manner to that pre-
gented in [95] for a two-element array. All of the terms of the impedance matrices
in 5.5 and 5.7 are dipolar, and in addition to those assumptions already justified by
reciprocity or by the identical nature of the elements, the following assumptions are

made:
Z‘)g = Zn and Z23 = 0. (513)

The implications of these assumptions will be addressed later. Under these assump-
tions, the matrix equation 5.6 can be used to deduce Z;3 from Z,. and Z,., and for

both the collinear and collateral arrays

ZlQ = \/2Zoc(Zoc - Zac)- (514)

Since equation 5.14 will have two solutions, the correct sign may be determined by
considering the limiting case for close spacing and preserving continuity at each zero
crossing. It is noted that the measured mutual impedance may be sensitive to exper-
imental errors when the Z,. — Z,. factor of equation 5.14 is small, as is anticipated
for wide element spacings. Fortunately, the errors which are associated with the ele-
ment positioning and measurement procedure are small, and the resulting scatter of

measured data is found to be correspondingly small.

One of the assumptions 5.13 which was inherent in the derivation of equation 5.14
is that Zs2 = Z;;. There are two ways in which this assumption is not strictly correct

for the measurement. Firstly, the environment of the outer elements is different from
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that of the central element, particularly for close element spacings. This will affect the
first occurrence of the measured Z,. factor of equation 5.14, since this factor relates
to the outer elements. Since it is not possible to determine Z;; directly from the
experiment, no correction can be applied. Secondly, the losses due to radiation from,
and imperfections in, the coaxial feed port are not considered in the assumption that
Za3 = Zyy. In the experimental procedure, only the central element is excited, and
therefore any losses associated with the coaxial feed should be eliminated from the
first occurrence of the measured Z,. factor of equation 5.14 since this factor again
relates to the outer (unfed) elements. A correction for this effect can be applied where

the feed port resistance attributable to the feed losses is known.

From the above discussion it can be seen that a carefully designed experimental pro-
cedure can be developed to verify the mutual impedances computed by the numerical

analysis in Section 5.2.

5.4 Numerical and experimental results

Results are presented here for substrate supported metal strip antenna elements having
dimensions, normalized to the metal strip length L, of height H = 0.5L above the
ground plane, strip width w = 0.05L, and substrate thickness ¢ = 0.075L. The relative
permittivity of the substrate was ¢, = 10.2. These dimensions correspond to Antenna
A, analysed in Section 3.4, which in isolation has a half-wave resonance corresponding
to L /)Xo = 0.285. The substrate segmentation in the analysis was such that for each full
element, n, = 2,n, = 19and n, = 10. A total of 1178 variables are required to compute
the current distributions for a two-element collinear array, and 1240 variables for a two-
element collateral array. For three-element collinear and collateral arrays, 1798 and
1860 variables are required respectively. The convergence of the solution is confirmed by
re-evaluating the current distributions for a coarser segmentation. Because computer
storage and run-time considerations permit it, the finer segmentation was retained for

all of the computations. An average CPU time per element spacing was approximately
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100 seconds on a Fujitsu VP2200 vector-supercomputer.

For the measurements on the collinear and collateral three-element arrays, the im-
aged and complete antenna elements were constructed on RT-Duroid™ 6010 sub-
strates, and were scaled to obtain a half-wave resonance at approximately 3.4GHz.
The computed and measured results that follow are for the half-wave resonant fre-

quency of the substrate supported metal strip antennas.

The computed self impedance Z;, of the elements of a two-element collinear array,
and of the central element of a three-element collinear array, are shown in Figure 5.3 for
element spacings, s, between 0.350; and 0.8). Self impedances of the corresponding
elements of two-element and three-element collateral arrays are shown in Figure 5.4.
For close collinear array element spacings, the self impedances are influenced by the
presence of the other elements, however, for wide spacings the self impedances approach
those of the isolated antenna element. For the range of collateral array element spac-
ings, the self impedances are essentially constant. For both the three-element collinear
and collateral arrays, the measured self impedance of the central element for element
spacings, s, between 0.40X; and 0.75), in steps of 0.05), is also shown in Figures 5.3
and 5.4. The losses associated with the antenna elements and coaxial feed, as described
in Section 3.4, are found to account for the discrepancy between the measured and the-
oretical self resistance. The small discrepancy between the measured and theoretical
self reactance is attributed to the feed point modelling in the numerical analysis. The
coaxial feed structure used in the measurement will have parasitic effects associated
with the open end feeding the metal strip monopole, however, in the numerical analysis

an ideal delta-gap generator is used.

The computed mutual impedances Z;2 between the elements of collinear and col-
lateral two-element arrays, and between adjacent elements of collinear and collateral
three-element, arrays, are shown in Figures 5.5 and 5.6 for element spacings, s, between
0.35X¢ and 0.8)o. The results reveal that the mutual coupling between adjacent ele-
meuts of a three-element array is almost identical to that between the elements of a

two-element array. This is true for both the collinear and collateral cases, although for
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Figure 5.3: Self impedance Zy; of the central element of the three element collinear
array, and of the elements of a two element collinear array (L/Ao = 0.285).
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closer element spacings a small departure is observed for the collinear array where the
effect of the third element becomes more pronounced. Measured results for the mutual
impedance between adjacent elements of the three-element arrays for element spacings,
3, between 0.40)p and 0.75) in steps of 0.05Aq, obtained using the technique described
in Section 5.3, are also shown in Figures 5.5 and 5.6. In general good agreement is
obtained with the theoretical results, the scatter in experimental data being attributed
to the experimental errors introduced as described in Section 5.3. In addition, it has
been computed that the effect of the coaxial feed losses, which are not included in the
analysis, accounts for up to 0.25 ohms of the discrepancy between the measured and
theoretical mutual resistance, with the mutual reactance being unaffected by the ap-
plied correction. Furthermore, for close element spacings of the three-element collinear
array, the difference between the outer element and central element self-impedance be-
comes more pronounced, and the assumption of equal self-impedances therefore affects

the accuracy of the mutual impedance calculated from the measured results.

For the three-element collinear and collateral arrays, the computed self impedances
Zyz of the outer elements, as a function of the outer element spacing s’ = 2s, are given
in Figures 5.7 and 5.8 respectively. The central element in each case is terminated
in an open-circuit as required by the definition of the impedance matrix. Also shown
are the self impedances of two-element collinear and collateral arrays formed from
the corresponding three-element arrays with the central elements removed. For close
collinear array element spacings, the influence of the central element is apparent in the

results.

The computed mutual impedances Z,3 between the outer elements of collinear and
collateral three element arrays are shown in Figures 5.9 and 5.10 respectively, again
as a function of the outer element spacing s’. In both cases the central element is
terminated in an open-circuit as required by the definition of the impedance matrix.
For comparison, Figures 5.9 and 5.10 also present the results of analyses of two-element
collinear and collateral arrays formed from the corresponding three-element arrays with
the central element removed. It is clear from the results that for close spacings, the

mutual coupling between the outer elements of the three-element arrays is affected by
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the presence of the central element, particularly for the collinear array.

The self and mutual impedances derived and experimentally verified above allow the
complete impedance matrices related to the feed ports of two-element and three-element
collinear and collateral arrays to be obtained. The resulting impedance matrices may
be employed in the analysis of practical arrays. Examples of two-element and three-
element arrays of substrate supported coplanar strip folded dipoles, fed by coplanar

strip feed lines, are given in the next section.

5.5 Three-element substrate supported metal strip

folded dipole arrays

Collinear and collateral three-element arrays of substrate supported coplanar strip
folded dipole antennas with coplanar strip feed lines were designed and constructed
with element spacings s = 0.5)¢ in each case. The dimensions and substrate parameters
chosen for the design were the same as those of Antenna C in Section 4.2.3, and are
related also to the dimensions and parameters of the idealized antennas for which the
self and mutual impedances were computed in Section 5.4. For the array construction,
each of the elements was housed in the assembly shown in Figure 4.18. Coaxial feed
ports were therefore available at each element, and the elements and their housings were
assembled in the manner shown in Figure 5.11 for a collateral array. A collinear array
was similarly assembled, but is not illustrated. The antenna elements were resonant at
5GHz, and the ground plane was made 400mm square with absorbing material on the
edges to reduce the current reflection effects caused by its truncation. For Antenna
C, it is known that the impedance step up ratio 4% = 4, and the coplanar strip feed
line has a characteristic impedance Zy = 100 ohms. Given a three-element impedance
matrix Z3, with the self and mutual impedances computed above for element spacings

s = 0.5)¢, the scattering matrix, relative to reference planes at the terminals of the
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Figure 5.11: Three-element collateral array assembly.

coplanar strip folded dipoles, may be computed as
S3 = (v’23 — Zola)(v* 23 + ZoIs)™! (5.15)

where I3 is the 3 x 3 identity matrix. For two-element collinear and collateral arrays,
equation 5.15 may be re-written with 2 X 2 matrices, and a two-element impedance ma-
trix Z9, as computed in Section 5.4, is used to determine S2. For substrate supported
metal strip antennas fed from coplanar strip feed lines, the analysis in Section 4.2.1
indicates that where the metal strips forming the feed line are closely spaced, the
impedance characteristics and the dominant radiation characteristics of the antenna
are not significantly altered. Provided that this condition is met, the self and mutual
terms of the impedance matrices can be computed for antenna elements with no feed

lines. The analysis of the arrays considered in this section assumes that the presence
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of the feed lines does not affect the mutual coupling. Assuming that the impedances of
the balun and coplanar strip feed line are perfectly matched, and that the feed struc-
ture is lossless, the magnitude of the scattering parameters at the coaxial feed ports of

the elements can be predicted from the relevant terrs of Sg or Sg.

The return loss of Antenna C in isolation was found in Section 4.2.3 to be —13.4dB,
and the computed and measured return loss of each of the elements in the collinear and
collateral arrays was within £0.2dB of this value for the element spacing considered.
The computed and measured mutual coupling results for the collinear and collateral
arrays are given in Table 5.1 for the following three parameters in each of the two array

configurations:

1. the mutual coupling between adjacent elements of the collinear and collateral

three-element arrays,

2. the mutual coupling between the outer elements of similar three-element arrays,

and

3. the mutual coupling between the elements of two-element arrays formed by re-

moving the central element from each configuration.

The agreement between the theoretical and measured mutual coupling is very good,
suggesting that the analysis without feed lines outlined in Section 5.2 is adequate for

practical antenna structures of the type considered in this section.

Further significance of the results obtained here and in Section 5.4 will be discussed

in the next section.
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Collinear Array Collateral Array

theoretical measured | theoretical measured
Mutual coupling between ,
adjacent elements -19.1dB  -18.9dB | -16.0dB  -16.3dB
Mutual coupling between
outer elements (central -279dB  -27.6dB | -24.5dB  -24.6dB
element terminated)
Mutual coupling between
outer elements (central -33.0dB  -33.1dB | -33.6dB  -33.6dB
element removed)

Table 5.1: Theoretical and measured mutual coupling for arrays of substrate supported
coplanar strip folded dipoles with coplanar strip feed lines (at L/Ao = 0.285).

5.6 Substrate effects on mutual coupling

The effect of the electrically thick dielectric substrate on the performance of isolated
antenna elements has been examined in detail in Chapters 3 and 4. By comparing
the mutual coupling results obtained in this chapter with the mutual coupling between
simple half-wave resonant dipole antennas in similar arrays, it is possible to make sorne
observations about the effect of the dielectric substrate on the mutual coupling. Three-
element collinear and collateral thin-wire folded dipole arrays spaced at s = 0.5y were
analysed using an established moment method technique [64] for comparison. No feed
lines were included in the computation of the self and mutual impedances, and no
dielectric substrates were present in the geometry. The results for a folded dipole
array with the elements fed by parallel wire transmission lines were calculated in the
manner described in Section 5.5 for arrays of substrate supported coplanar strip folded
dipoles fed by coplanar strip feed lines. The appropriate parameters used to obtain the
scattering matrix in this way were Zp = 300 ohms and 42 = 4, and the self and mutual
impedances were computed for arrays of thin-wirc dipoles having length Z and radius

a = 0.01L positioned above an infinitely extending ground plane at a height H = 0.5L,
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Collinear Array Collateral Array
straight 45° bend | straight 45° bend

Mutual coupling between
adjacent elements -11.7dB -18.5dB | -14.7dB -15.5dB

Mutual coupling between
outer elements (central |-19.4dB -27.6dB | -22.8dB -23.8dB
element terminated)

Mutual coupling between
outer elements (central | -29.5dB -29.6dB | -29.2dB -26.1dB
element removed)

Table 5.2: Theoretical mutual coupling for arrays of folded wire dipole antennas with
no substrates (at L/ A = 0.44). Comparisous are shown for straight dipoles and dipoles
with 45° downward arm bends.

at their resonant frequency corresponding to L/Ao = 0.44.

Theoretical results for the mutual coupling between these thin-wire folded dipole
antennas without substrates are given in Table 5.2, set out to aid direct comparisons
with Table 5.1 for substrate supported elements. The mutual coupling is computed for
both straight wire folded dipoles described above, and also for folded dipoles with each
arm bent 45° downwards towards the ground plane. For the downward bent dipoles,
the driven and folded element radii are proportioned so that 42 = 8, since the self
impedance without such adjustment is found to be lower due to the bend. Downward
bent dipoles have been used previously to reduce the effect of mutual coupling and
feed line scattering in arrays [53]. It can be seen by comparing the results given in
Tables 5.1 and 5.2 that the mutual coupling between the straight folded dipoles without
substrates is higher than that between the substrate supported coplanar strip folded
dipoles. This is especially apparent for collinear arrays. The arrays of downward bent
folded dipoles without substrates can be seen to exhibit comparable mutual coupling

to the arrays of substrate supported coplanar strip folded dipoles.

These comparisons with arrays of thin-wire folded dipoles without substrates in-
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dicate that the substrates have a significant effect on the mutual coupling. This is
especially the case for the collinear arrays, where the mutual coupling is reduced sub-
stantially over that calculated for arrays of straight wire folded dipoles without sub-
strates. The reduction is due to the shorter physical length of the metal strip required
for resonance when the substrate is present, and the consequent increase in the physical
separation between the elements which, for the practical elements considered here, is
not occupied by dielectric substrate. It is noted in support of this that the physical
separation between the downward bent thin-wire folded dipoles is comparable to that
of the substrate supported coplanar strip folded dipoles for the same element spac-
ing. While the substrate supported coplanar strip folded dipole has been shown to
have good cross-polarization performance, the improvement in the mutual coupling
between thin-wire folded dipoles without dielectric substrates, obtained by means of
the downward arm bend, is achieved at the expense of an increase in the cross-polarized

radiation of the elements.

It 1s also interesting to note the effect of the central element on the mutual coupling
between the outer elements of the arrays. For both the collinear and collateral arrays,
the mutual coupling is higher with the central element present, due to surface currents
excited on the metal strip, and polarization currents in the substrate, of the central
element. This implies that in estimating the mutual coupling between elements of a
larger array from computations relating to pairs of elements, the effect of any inter-
posed elements should be considered. While this increases the computational burden
in obtaining the required design information it is observed that the mutual coupling
between the outer elements of the three-element arrays of substrate supported coplanar
strip folded dipole arrays is small, and in most applications can be considered to be
close to the lower limit for which mutual coupling information is useful. For larger
arrays, therefore, the further complexity associated with the computation of mutual
coupling between pairs of elements having more than one interposed element does not

arise because the result would be so small as to be of negligible consequence.

Finally, from the measured results on practical arrays having elements with well

designed feed and impedance matching structures, it is clear that for the cases consid-
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ered, the effect of any feed line radiation is small, as is the effect of any polarization
currents induced in the substrate by currents on the feed structures. In addition, since
the substrate supported metal strip antennas described in this thesis are intended to
be used in MMIC arrays where each element has its own associated driving electronics,
coupling effects between elements introduced by way of interactions in the feed paths
of some corporate feed networks [96] are eliminated. The computational method and
the results obtained, as outlined in this chapter, may therefore be applied directly to

practical synthesis and analysis problems.

5.7 Summary

In this chapter, the issue of mutual coupling between elements in arrays of substrate
supported metal strip antennas has been addressed. An efficient numerical analysis
was developed which enabled the self and mutual impedance terms of the impedance
matrices to be determined. The analysis was applied to two-element and three-element
collinear and collateral arrays with element spacings between 0.35)g and 1.6A¢. In
the case of the three-element arrays, the results obtained were verified experimentally.
Using the theoretical results, practical antenna array assemblies were analysed, and the
accuracy of the predicted mutual coupling was demonstrated by the close agreement

shown with measured values of mutual coupling for the cases considered.

The benefits associated with the presence of the electrically thick, finite size sub-
strate in the geometry of each antenna element have been shown to exteud to the
mutual coupling between elements in arrays of substrate supported metal strip an-
tennas. It has been computed that such arrays exhibit lower mutual coupling than
similar arrays of resonant dipole antennas where the substrates are not present. Fur-
thermore, measurements on small arrays of substrate supported metal strip antennas
with coplanar strip feed lines has indicated that an analysis which omits the feed lines
from the computation of the impedance matrices can still provide accurate results for

the mutual coupling, provided that the feed line dimensions are chosen appropriately.
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The level of mutual coupling between the elements of the arrays studied has shown
that while the mutual coupling between widely spaced elements is small, the effect of
a single element interposed between two other elements must be taken into account in

the analysis.

The contributions described in this chapter are therefore:

e The analysis of mutual coupling for the class of MMIC antenna elements under

consideration,

o The discovery of a reduction in mutual coupling brought about by the use of

electrically thick, finite size dielectric substrates,

¢ The successful application of the computed mutual impedance results to the
analysis of small arrays of practical MMIC antenna elements incorporating feed

lines and impedance matching.

Finally it is noted here that the results obtained for self and mutual impedances
relating to small arrays of substrate supported metal strip antennas may be more
widely applicable in phased array design, where larger arrays are to be employed.
Because the mutual coupling is shown to be very small for widely separated elements,
many mutual impedance terms may be assun_xed to be zero. In such situations, an
approximation of the impedance matrix for larger arrays may be made, and because
the mutual impedance terms are not of themselves a function of the array excitation

the results may be used in the study of finite size phased arrays [5].
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Chapter 6

Infinite Arrays of Substrate
Supported Metal Strip Antennas

6.1 Introduction and overview

An important parameter in the design of antenna elements for phased arrays is the
active impedance at the feed port of each element when operating in an array envi-
ronment. The active impedance is defined as the impedance at the feed port of an
antenna element under conditions where all of the elements of the array are excited
to produce a given radiation pattern, and is dependent on both the environment in
which the element operates and the particular excitation used throughout the array.
Fach element must be excited so that a known current distribution is produced with
the required amplitude and phase. Since in practice finite impedance sources will be
used to drive the elements, methods for determining the active impedance of each el-
ement of an array are essential for the accurate design and analysis of phased array
systems. Because of the high cost associated with experimental development, partic-

ularly where MMICs are involved, precise numerical techniques are required as design
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tools. Moreover, since the radiation pattern of a practical phased array is dependent
on the excitations applied to the feed ports of the elements, the final result of com-
bining all of the element contributions relies upon an accurate knowledge of the active
impedance. Detailed measurement and adjustment is not practical, and for this reason

accurate modelling of the active impedance characteristics 1s important.

The numerical analysis of substrate supported metal strip antennas as described in
the preceding chapters is limited by the computational requirements of the models used,
and a complete analysis of arrays of more than a few elements is impractical. However,
useful information can be obtained by assuming that uniform infinite array conditions
apply [27], where each element of the array operates in an identical environment. For
an infinite array analysis, the elements of the array are excited by known voltages with
a upiform magnitude and linear phase gradient across the array aperture. The phase
gradient is related to the beam-steer angle of the array, and the current distributions
on each element are identical except for the linear phase gradient imposed by the
excitation. In practice, uniform infinite array conditions are closely approximated for
the majority of elements in large arrays because these do not lie near the edge of such

an array.

Arrays of printed dipoles on dielectric sheets perpendicular to a ground plane,
which are similar to the antennas considered here, have been analysed recently using
infinite array techniques [24]. The geometry of these antennas differs from that of the
antennas considered in this thesis since the dielectric sheets which are described in [24]
are continuous, are of infinite extent in the aperture plane, and are sufficiently thin
that they cause only a small perturbation to the active impedance characteristics of
the array. Related work on antennas which include feed lines has also been reported
[97], however, the metal strips which comprise the feed line are widely spaced, and
because the dielectric sheet is electrically thin the effect of radiation from the feed
line dominates the characteristics. Nevertheless, the work reported demonstrates the
increasing interest in arrays having geometries similar to those cousidered here. For
the electrically thick substrates considered in this thesis, the polarization currents in

the individual substrates, as well as the fields scattered by currents on the feed lines,
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will have an important effect on the active impedance characteristics. Because the
individual substrates considered here are of finite size, and are separated from each
other in the aperture plane, the analysis described in [24] and [97) cannot be used. In
this chapter the numerical techniques derived in earlier chapters are expanded to treat
the case of infinite arrays of the more general substrate supported metal strip antennas

and their feed lines which have been identified in this thesis as useful MMIC antennas.

An infinite array analysis for the class of MMIC antennas which are of interest is for-
mulated in Section 6.2.1 in such a way as to be suitable for efficient numerical implemen-
tation. A complete formulation is obtained for an infinite array of substrate supported
metal strip antennas without feed lines extending from them. In the initial analysis
the antenna elements are fed by idealized voltage sources applied at an infinitesimal
gap at the centre of the metal strip. The use of idealized, zero-impedance voltage
sources imposes a known excitation, but in practice excitation has to be achieved by
considering the active impedance of the antenna element and the internal impedance of
the source. Because the radiation resistance of substrate supported simple metal strip
antennas at half-wave resonance are found to be small, substrate supported coplanar
strip folded dipole antennas are chosen for study as the array element, and a decom-
position method, similar to that described in Section 4.2.2, is used to obtain the active

impedance from the radiating mode currents.

In Section 6.2.2 the analytical model is extended to include a feed line to each
metal strip folded dipole. [t is well known that feed line induced scan blindness effects
can impair the performance of an array [53]. In order to study the effect of feed line
scattering, a coplanar strip feed line is introduced into the analysis. Section 6.2.2
describes how the analysis is expanded from the initial case where no feed line is
considered to the case where a coplanar strip feed line is present, and appropriate
feed models are developed. To reduce the computational burden and simplify the
application of Kirchoff’s current law at metal strip junctions, an equivalent-radius
thin-wire approximation has been outlined in Section 4.2.2 to analyse in isolation the
substrate supported coplanar strip folded dipole elements, fed by coplanar strip feed

lines. The equivalent-radius thin-wire approximation is retained for the analysis here,
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and the radiating mode currents on the coplanar strip folded dipole and coplanar strip

feed line are again determined by a decomposition method.

In Section 6.2.3, numerical results for the active impedance of the substrate sup-
ported coplanar strip folded dipole elements of an infinite array, both with and without
coplanar strip feed lines, are presented. The effect of the common mode current which
is induced on the feed line as the array is scanned is discussed, together with the effect
of radiation from polarization currents in the finite size substrates. Scan blindness
effects are identified, and a method of reducing the scan blindness caused by radiation

from the common mode current on the feed line is presented.

Experimental data is obtained by means of phased array simulator measurements
which are described in Section 6.3, and good agreemeunt is obtained with the results of

analysis.

To completely characterize the performance of substrate supported metal strip an-
tennas in an infinite array environment, the radiation characteristics of the antenna
elements can be computed from the numerically determined currents. From the ra-
diation characteristics the effect of scan blindness evident in the active impedance
characteristics can be observed, together with any additional effects on the antenna el-
ement directivity and cross-polarization performance that are caused by the beam-steer

angle of the radiation.

In the case of finite size arrays, the effect of locating elements near the edge of the
array cannot be predicted directly from the infinite array analysis, and the impedance
characteristics of such elements may differ from those of the elements in the central
area of the array. In addition, the radiation characteristics of the outer elements of
a finite array may also differ from those of the centrally located elements. For large
arrays, the effect of such discrepancies may be small. Finite size arrays also allow the
possibility of surface wave excitation, which for infinite arrays may only occur at beam
steer angles corresponding to scan blindness. It has been shown, however, that for

all but small arrays, the effect of surface wave excitation is not significant other than
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at beam-steer angles corresponding to the introduction of scan blindness. Although
finite size arrays are not considered in this thesis, techniques for approximating the
radiation patterns of a finite array, such as methods for convolving the infinite array
results with the actual current amplitude window on the array [98], may be adopted
for their analysis. Consequently, the results obtained in this chapter may be used as a

basis for the analysis of finite size arrays as well as very large arrays.

Finally, an array of single strip fed, substrate supported metal strip antennas, which
has applications to integrated spatial power combining arrays and integrated imaging
arrays, is described in order to illustrate how an infinite array analysis for a fixed-beam
array may be used in the analysis of its characteristics. From the results obtained in
Section 4.3.2 for such antennas operating in isolation, the radiation pattern is known
to have some deficiencies. With an appropriate choice of subarray geometry it is shown

that an array with good radiation characteristics can be designed.

6.2 Infinite array analysis

6.2.1 Formulation of infinite array analysis for simple strip

elements

A section of an infinite array of substrate supported simple metal strip antennas is
illustrated in Figure 6.1. The antenna elements have been idealized to simple metal
strips supported by dielectric slabs above a ground plane of infinite extent, as shown
io Figure 6.1. The elements are excited by ideal voltage sources at the centre of each

metal strip, and in this section, no feed lines are included in the analysis.

Considering first the analysis of a single antenna element, as described in Chapter 3,
the metal strip s modelled by equivalent surface currents J, and the dielectric substrate

by equivalent volume polarization currents J,. The coupled equations describing the
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Metal Strip Feed Point
Voltage Source

Infinite Ground
Plane

Figure 6.1: Array geometry.

relationship between the equivalent currents and the incident electric field Ei at a point
7, given previously as equations 3.4a and 3.4b and reproduced here for convenience,

are

— e {}),y - 1L {},,, = [F'(P)],,,» forTeESs., (6.12)
f“ L) 7 7 i o
3'55(9:‘1") —LAJ.} - La{Ji} = Ei(7), for 7€ V. (6.1b)

Image theory is used again to account for the infinite ground plane in the analysis.
Unlike the analysis described in Chapter 3, for the formulation described here an image
plane in the zz-plane cannot be used since the required symmetry does not exist where
a phase gradient occurs across the array aperture, except for the special case where the
phase gradient results in the excitation of a plane-wave corresponding to beam steer
angles in the zz-plane. Consequently, the entire metal strip is divided into a total
of N, segments and the entire substrate into a total of N; segments, with separately
chosen segment lengths in each of the coordinate directions. The surface currents on

the metal strip are then expanded in terms of two-dimensional pulse basis functions
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P, and the volume polarization currents in the substrate in terms of three-dimensional

pulse basis functions @, giving

N
T = 3 Paly, 2o + 502) 62
and N
Ja(7) = X_: Qn(z,y, 2)(ca + dof + €n) (6.3)

where a,, b,, ¢, d, and e,, are the unknown constants to be determined for the current

distributions, and having units corresponding appropriately to J_; or Jy.

Current subvectors Jo and Jg4, comprising the constants describing the current

distributions, are defined by

Je = [ag,...,an, b1, ..., 0n)7 (6.4)

Ja = |a,.. .,cNd,d,,...,de,el,...,eNd]T (6.5)

where T denotes the vector transpose, and the subscripts ¢ and d refer to surface cur-
rents on the metal strip and volume polarization currents in the substrate respectively.

A point matching method is used to obtain the matrix equation

2] =E (6.6)
where
V/ Z 0 0
7 = ce Bed | 1 (6.7a)
Zac Zgaa Jweole- —1) | o 1
J
J = |"° (6.7b)
Ja
E
E = ‘1. (6.7¢)
Eq

Here, Z is the moment matrix with elements determined by the action of each source

141



current and its image about the array ground plane at the points in space for which
the equations 6.1 are to be enforced to find the solution, J is the vector of constants
representing the currents to be determined, and E is the vector corresponding to the
electric field excitation. In the partitioning of the first term of the matrix Z, Z¢c and
Z 4. relate to the action of the surface currents J., and Zggq and Z.gq relate to the
action of the volume polarization currents J4. The partitions of the second term of
the matrix Z have the same sizes as the corresponding partitions of the first term,
and O denotes a zero submatrix and T denotes an identity matrix. A delta-gap voltage
generator is used at the feed point of the metal strip antenna, so the elements of the
subvector E¢, denoted by £, ,,, are

B = Eqy, for a feed point at m (6.8)

0, otherwise

where Ey is the impressed electric field caused by a feed point voltage of one volt.

There is no incident electric field in the substrate, so

Eq=0. (6.9)

The elements of Z.. and Z4. have the same form, and are denoted by Z.,,,, and the
elements of Z3q and Z.g have the'same form, and are denoted by Z;,.,, where Z.np
and Z4,n, may be obtained from equations 6.1a and 6.1b respectively, and represent
the interaction between the n'" source point, located at 7, and the m*® field point,
located at 7,,. In this chapter, the primed and unprimed co-ordinate notation adopted
in Chapter 3 is not used, since the position vectors are unambiguously defined by
their subscripts. An examination of the way in which the point matching procedure
is carried out shows that it is possible to determine the matrix elements by means of
operators F. and Fy, described below, on a dyadic Green’s function, G(7,,7,), and the
components of the basis function expausions, P, and @, of the current distributions.

The matrix elements may therefore be written as

Zewn = Fe {PnG(;m,Fn)} (61021.)
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den — fd {QnG(Fm:Fn)} . (610b)

Because the equivalent currents exist in free space, the Green’s functions in equa-
tion 6.10 are the free space dyadic Green’s function. The numerical implementation of

equation 6.10a has the form

FuAPuG(Fon, 7))} = '1“"“’ / / Pa(y, 2)G(Fims 7) dSn

/s,,,a {Pa(y,2)G(Tm, )} dSn (6.11)

]w6047r Ovm

where S, is the surface of the n*® metal strip segment. The source and field point
spatial variables are denoted u,, and vy, with u and v assuming the appropriate z, y
or z coordinate such that a unit vector & corresponds to the polarization of the source
current vector and a unit vector 9 corresponds to the polarization of the electric field
component at the field point. Derivatives of the pulse basis function expansions with
respect to the source point and field point spatial variables u,, and v,, are computed
by finite differences. Because the problem is solved by means of pulse basis functions
and point matching, the source point derivative in the first term of equation 6.11 may
be taken outside the integral with no effect on the computation. In practice, it is also
permissible to compute both derivatives at the field point, since the basis functions
are symmetrical. The implementation that results from this procedure is numerically
identical to the offset pulse function representation of the charge density described in
Section 3.2.3. For each source point, equation 6.11 is applied to both the source current
and its image and the results added. The numerical implementation of equation 6.10b

has the form

Fa{QnG(Fm, )} = _J;;,J.o // | @nl2,,2)G (T, ) Ve
/[9 TuQ"(x’y’z)G(Fm,Fn)dSn (612)

" jwegdT Bv,,

where Vj, is the volume of the n'' dielectric segment and Sy, is the entire surface of

the n' dielectric segment. The value of 7, is related to the unit vector 1, representing
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the polarization of the source current, in such a way that

1

1, where S, is an outer surface and @ - 71
Te = ¢ —1, where S, is an outer surface and & - 7 = —1 (6.13)

0, otherwise,

where # is the outward pointing unit vector normal to the outer surface. As a conse-
quence, 7, serves to ensure that surface charges internal to the homogeneous dielectric
substrate are not introduced into the problem. This procedure is numerically the same
as the averaging approach described in Section 3.2.3 for avoiding internal surface charge
in the homogeneous dielectric substrate. Again, at each source point equation 6.12 is

applied to both the source current and its image and the results added.

A segmentation scheme similar to that described in Section 3.2.3 is employed so
that a grid can be defined with intersection points at both the centres and junctions of
the segments. This relationship between the grid and the segmentation allows the com-
putation of the finite differences required for the partial derivatives in equations 6.11
and 6.12. The grid intersection points form the geometric basis for a lookup table
containing all the necessary Green’s function integrals required by the operators F,
and Fy, and an efficient numerical algorithm is again obtained for the determination

of the moment matrix Z.

A two-dimensional array of elements, infinite in both the z and y directions, is now
considered. A rectangular array geometry with uniform element spacings d, and d,
is illustrated in Figure 6.1. The position of each element in the array is denoted by
(M,N), where M and N are integers extending from —oo to +oo, and a reference
element is defined at M = 0, N = 0. Source and field points on element (M, N)
are denoted by 7, mn and 7, pmn respectively. For the purpose of determining the
active impedance under the desired excitation conditions, the elements of the array are
excited by voltage sources Viyrn, as shown in Figure 6.1, where each voltage source has
unity magnitude, but the phase is adjusted to produce a plane wave corresponding to

a beam-steer angle in the direction (4, ). The excitation subvectors, corresponding to
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the applied voltages for element (M, N), are therefore given by

EcuN = PBcooexp{—j(Mkod,sinfcosp + Nkodysinfsing)}  (6.14a)

Equn = O (6.14b)

As a consequence of the identical environment of each element in a uniform infinite
array, the current subvectors of the element (M, N) are related to the current subvectors

of the reference element by

Jemn = Jeooexp {—j(Mkod, sin cos ¢ + Nkqd,, sin 6 sin )} (6.15a)
Jamn = Jdoeoexp {—j(Mkod:sinb cosp + Nkqd, sin 0 sin ¢)} . (6.15b)

It is therefore only necessary to compute Je¢ 00 and Jq09. By taking the field points
only on the reference element, and summing the contributions of all the elements for
each source point, equations 6.102 and 6.10b may be written for the infinite array case

as

Zcmn = fc{ Z Z Pn,MNG(Fm,OO,Fn.MN)'

M=-00 N=—00

exp {—j(Mkod, sin 8 cos ¢ + Nkod, sin 6 cos )} } (6.162)

Zinw = Fo{ 3 Y QumnG(Fmoo, Famn)-

M=—0o N=—o00

exp {—j(Mkod. sin 8 cos p + Nkod, sin 8 cos @)} } (6.16b)

where P, yn and Q, mn ate the two-dimensional and three-dimensional pulse basis
functions on element (M, N). The double summation and the exponential factor of
equation 6.16a and 6.16b are included in the calculation of the Green’s function inte-
grals for the look up table. Although the double summation of the free space Green’s
functions associated with pulse basis functions on each element of the array is more
computationally intensive than the computation required for the evaluation of equa-

tions 6.10a and 6.10b for a single, isolated element, the lookup table has the same
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size in both cases, and the improvement in computational efficiency achieved by the
use of the grid is preserved. Where a source point lies on the reference element, an
accurate Gauss-Kronrod numerical integration is performed. For source points on the
remaining elements, an approximation is made where [y, — 7| is considered constant
in the integration, thereby increasing the computational speed of the integration, and
hence also the required double summation. In the numerical analysis, the limits of
the double summation must be finite but sufficiently large for the solution to be well
converged. In the next section, a method for applying the infinite array computation
to substrate supported coplanar strip folded dipole elements both with and without

coplanar strip feed lines is described.

6.2.2 Folded dipole and feed line modelling

An idealized feed model for a substrate supported metal strip antenna is shown in Fig-
ure 6.2a. The idealized feed structure shown was assumed for the elements considered
in Section 6.2.1. No feed line is present, and the source consists of a one volt delta-gap
voltage generator at the centre of the metal strip. The metal strip is segmented such
that there are N, pulses along the length of the strip, and each pulse supports both
y-directed and z-directed surface currents distributed uniformly over the entire width
of the segment. For the excitation shown in Figure 6.2a, the active admittance, Y,
at the feed point of the substrate supported metal strip antenna in the infinite array

environment can be calculated using the method described in Section 6.2.1 from
Y = iq, (6.17)

where 1, i1s the y-directed current at the feed point, obtained from the appropriate

element of the subvector J¢ g0.

If instead of a single metal strip, a substrate supported coplanar strip folded dipole

is formed as described in Section 4.2.2, the admittance is a function of the radiating
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Figure 6.2: Radiating mode equivalent models for active impedance computation: (a)
idealized feed, (b) coplanar strip feed line.

mode and transmission line mode currents on the two metal strips comprising the
folded dipole, and is given by
; :
y=242% (6.18)

where 7, is the transmission line mode current at the feed point and 42 is the impedance
step up ratio of the folded dipole. The derivation of equation 6.18 follows that of
[99] and is given in Appendix F. The substrate is modelled exactly as described in
Section 6.2.1, however, only the radiating mode currents on the coplanar strip folded
dipole are considered in the analysis, and the radiating mode current, ¢, is computed
from the current at the feed point of the single metal strip shown in Figure 6.2a.
Where the transmission line mode currents are required they would be calculated by
a transmission line analysis of the parallel strip structure comprising the metal strip
folded dipole. The impedance step up ratio ¥ is related to the ratio, a, between the
radiating mode currents ou the folded and driven arms of the folded dipole, as described
in Section 4.2.2, where 4% = (1 +a)%. The impedance step up ratio is useful in practice

for achieving an impedance match to typical coplanar strip feed line characteristic

147



[ ] Folded Metal

. Bl I Strip Dipole
Metal Strips on .
Ungrounded Substrate Coplanar Strip
Feed Line
————————————————— Crtc----~---=-GCroundPlane
Metal Strips on } 1L
Grounded Substrate .
(Microstrip Lines) Agla B Hybrid Ring
—2——| A
Ag= wavelength of propagation
along hybrid ring microstrip line. Feed
Port

Figure 6.3: Schematic view of metal strip parts of a substrate supported metal strip
antenna, showing the balun and feed line geometry.

impedances. At the half-wave resonance of the antenna, it is found that ,/2 < 14/7%,
and hence

Y % (6.19)

Although the metal strip folded dipole is contiguous with the edge of the substrate,
and is therefore not physically symmetrical, for equal width folded and driven metal
strips a current ratio @ = 1 is assumed in the analysis, resnlting in v = 4. The two-
dimensional pulse function representation of the surface current on a single metal strip
may be employed for the computation of the radiating mode currents with the width, w,
of the single strip set equal to the total width of the coplanar strip folded dipole. Both
of these assumptions have been validated by experiment for single, isolated antenna

elements in Section 4.2.3.

A practical antenna element may consist of a substrate supported coplanar strip
folded dipole fed by a coplanar strip feed line, as described in Section 4.2. In order to
develop an infinite array analysis for such elements, it is necessary to consider the feed
line and balun structure. A schematic view of a hybrid ring power divider used as a

balun to feed a coplanar strip feed line is shown in Figure 4.13. The currents on the
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coplanar strip feed line may be divided into a transmission line (or balanced) mode,
and a common (or radiating) mode. By using a hybrid ring power divider as a balun,
each mode has an independent feed port (or termination). The transmission line mode
will be excited from a feed port connected to port A of the hybrid ring as shown in
Figure 6.3. Although a common mode is not deliberately excited, any common mode
currents will be terminated at port B of the hybrid ring. The impedance presented
by the balun terminals at the base of the coplanar strip feed line, shown as C-C’ in
Figure 6.3, is matched to the characteristic impedance of the coplanar strip feed line
for the balanced mode. The voltage at C~C’ excited from port A will be transferred
to the antenna input terminals, shown as D-D’, by the transmission line. In contrast,
the common mode at the terminals C-C’ will be terminated in an impedance that
is determined by the actual value of the termination at port B of the hybrid ring. A
facility thereby exists to adjust the common mode termination at the terminals C-C’ to
some chosen value. This feature, associated with the use of a hybrid ring power divider
as a balun, has not been previously exploited. More conventional balun structures do
not have a separate port available to terminate the common mode, and are designed to
present an open circuit to the common mode in order to prevent such currents affecting
the electronics connected to the feed port {99]. The feed structure shown in Figure 6.3
has been used successfully with substrate supported metal strip antennas operating in
isolation and in small arrays. In this chapter, infinite arrays of substrate supported
metal strip antennas with coplanar strip feed lines are analysed, where the coplanar

strip line is assumed to be excited from the balun as described above.

The characteristics of substrate supported metal strip antennas with coplanar strip
feed lines have been investigated in Section 4.2.3 using an equivalent-radius thin-wire
approximation for the metal strips comprising a metal strip antenna and coplanar
strip feed line. The thin-wire approximation was introduced as a means of analysing
the structure without substantially increasing the complexity of the geometry, and
therefore the computer run time and storage requirements, as would be necessary for a
full representation of the metal strips of the feed line and metal strip dipole. Details of

the thin-wire approximation are given in Section 4.2, and the results obtained from an
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analysis of substrate supported coplanar strip folded dipoles with coplanar strip feed
lines are verified by experimental measurements. Because the thin-wire approximation
simplifies the application of Kirchoff’s current law to the junctions between the feed
line strips and the arms of the metal strip antenna, it has been retained for the analysis

presented here.

Using the thin-wire approximation for the substrate supported coplanar strip folded
dipoles with coplanar strip feed lines, the radiating mode currents can be modelled
as shown in Figure 6.2b, where two one-volt sources are employed. The derivation
of this model follows that given in [99], and is described in detail in Appendix I
The currents on the metal strips associated with both the feed line and the folded
dipole have been decomposed to obtain the radiating mode currents on single wires.
The wires have an equivalent-radius, a., determined as described in Section 4.2. In
the model shown, the equivalent-radius of the wires representing the feed line and
metal strip folded dipole are assumed to be the same throughout the analysis since
the overall widths of the coplanar strip feed line and metal strip folded dipole are
usually comparable in practice. Although the radiation from the transmission line
mode currents on the coplanar strip feed line has been shown to have an effect on the
cross-polarized radiation of the antenna, the radiating mode currents still dominate
the performance of the antenna, and the effect on the array performance caused by
neglecting the transmission line currents on the feed line is predicted to be minimal.
The active admittance is determined at the feed point of the metal strip antenna, since
the transmission line mode on the feed line, which transforms the excitation applied at
the base of the feed line via a balun to the feed point at the centre of the metal strip,
is not considered in the radiation problem. It is assumed that the active impedance
computed in this way can be transferred back to the balun input using the appropriate
known feed line parameters. The measurements on substrate supported coplanar strip
folded dipoles fed with coplanar strip feed lines outlined in Section 4.2.3, which show
that the reflection coefficient at the input port of the balun can be accurately predicted

in this way, have validated these assumptions. The active admittance at the feed point
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of the half-wave resonant antenna, as derived in Appendix F, is given by

1 2

Y~ 2_;‘_2 - Zﬁ (6.20)
where 7;/2 is the common mode current at the metal strip dipole end of each of the two
strips comprising the coplanar strip feed line, and again the transmission line mode
current on the folded dipole can be neglected at resonance. Since ounly axially directed
currents are considered in the thin-wire approximation of the structure, Kirchoff’s
current law is valid at the junction between the wires representing the metal strip
antenna and coplanar strip feed line in the radiating mode model, and is applied as

described in Appendix C.

In the radiating mode mode! shown in Figure 6.2b, the common mode on the feed
line is terminated at the base of the feed line by a resistance Ky. Although only
balanced mode currents are excited on the feed line by a well designed balun, common
mode currents are induced as the array is steered from boresight due to the resulting
asymmetry of the current distributions, and Ry, is used in the mode! to simulate the
impedance presented to the common mode at the base of the feed line, the terminals
of which are shown as C-C’ in Figure 6.3. The value of Ry will be determined by the
type of balun employed. As described above, for many balun structures the common
mode is prevented from entering the module and affecting the electronics by isolating
the common mode at the terminals C-C’. Where the common mode is completely
isolated, Ry corresponds to an open circuit. If the balun has the property that some
form of common mode termination is present, then R is finite. A further specific
case exists, where Ry = 0. Although there can be no physical connection of the feed
line to the array ground plane at the terminals C-C’ for the coplanar strip feed lines
cousidered, it is possible in practice to closely create this condition by means of the
hybrid ring power divider employed in the coplanar strip fed antennas considered in
this thesis, since the facility exists to discriminate between the balanced mode and
common mode currents, and thereby present appropriate terminations to each. In all
of the above cases, common mode currents may still be induced along the length of the

feed line regardless of the common mode termination chosen.

151



From equations 6.17, 6.19 or 6.20 the active impedance of each type of antenna
element described above, operating in a uniform infinite array array environment, can

be determined as a function of the beam-steer angle (6, ) of the array by

Z= (6.21)

L
=2

Some examples are described in the next section.

6.2.3 Design examples

The antenna element chosen for initial calculations was based on Antenna A described
in Section 3.4. This antenna has the dimensions, expressed in terms of the metal strip
length L, of height H = 0.5L, substrate thickness £ = 0.075L and metal strip width
w = 0.05L, with a substrate relative permittivity ¢, = 10.2. The antenna has been
shown to have a half-wave resonance at a frequency corresponding to L/X, = 0.285
when operated in isolation from other elements, and the numerical results in this section
are computed at this frequency. Since the radiation and impedance characteristics of
this antenna element in isolation have been described in detail, an assessment of the
effect of the substrate and the feed line on the impedance and radiation characteristics

of an array of such elements can be undertaken.

Element spacings d. = 0.5)¢ and d, = 0.5A; were chosen for the array in order to
preclude the existence of grating lobes over the entire range of beam-steer angles. Three
different examples are considered. In the first, an array of substrate supported coplanar
strip folded dipole antennas is analysed in the manner described in Section 6.2.1 for
the case where no feed line is present, using the idealized feed model for a folded dipole
structure outlined in Section 6.2.2. The arms of the folded dipole are assumed to be
proportioned so that the impedance step up ratio ¥2 = 4. In the second and third
examples, the elements are fed by coplanar strip feed lines, which are introduced into

the analysis as described in Section 6.2.2. The physical geometry of the antenna element
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in these two examples is that of Antenna C in Section 4.2.3. The two examples consist
of analyses for two different common mode terminations at the base of the feed line. In
all three cases results for the active impedance of the elements are presented for three
scan-planes, ¢ = 0°, 45° and 90°. Finally, the element factors of the principal plane

radiation patterns are obtained for the three cases.

The accuracy of the numerical solution is dependent on both the fidelity of the
pulse basis function representation of the current distributions, and the actual size of
the array considered in the double summations of equations 6.16a and 6.16b. Two
segmentations were tested for the array of substrate supported coplanar sirip folded
dipoles without feed lines over a range of beam-steer angles, the first having N, = 15
and Ny = 240, and the second N, = 19 and Ny = 380. The results obtained for
the second segmentation were sufficiently close to those of the first segmentation for
the current distributions to be regarded as accurate. Since computer storage and run
time considerations permitted it, the second segmentation scheme was retained in the
examples that follow. For the second segmentation, wires with an equivalent-radius
of a, = 0.008L are required in the radiating mode model for computations relating to

antennas with feed lines.

The size of the array which can be regarded as sufficient for an approximation to
an infinite array varies depending on the beam-steer angle, however, the results for the
planes ¢ = 0° and ¢ = 45° converged well for small arrays. Array sizes of 21x21 and
41x 41 were used to test for convergence of the solution, and examples of such tests
are shown in Table 6.1, for antennas without feed lines, and in Table 6.2, for antennas

with feed lines.

For the ¢ = 90° plane, convergence was reasonably good for beam-steer angles
6 < 60°, however, depending on the performance of the array, larger arrays were
required for beam steer angles where substrate induced scan blindness effects exist, and
also for beam steer angles where feed line induced scan blindness effects are present.
An example of convergence close to a feed line induced scan blindness is shown in

Table 6.2 for a feed line with the common mode isolated from the balun, where the
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Scan Plane | Active Impedance (ohms) |
21 x 21 elt. | 41 x 41 elt.
p=0° 1021+ 719.7 ] 102.6 + j20.9
p = 45° 80.8 — 7.8 | 81.0—59.5
¢ = 90° 62.6 — 723.2 | 65.0 —21.6

Table 6.1: Active impedance of substrate supported coplanar strip folded dipole an-
tenna with idealized feed for array sizes 21 x 21 elements and 41 x 41 elements (at
6 = 45°).

Scan Plane Active Impedance (ohms)
21 x 21 elt. | 41 x 41 elt.
common mode i1solated

@ =0° 86.2 + ;0.8 ) 87.0 + j2.1

¢ = 45° 56.3 — 526.8 | 57.0 — j28.1

@ = 90° 10.7 — 7344 | 34.8 — j28.7

common mode terminated

p=0° 86.2 + j0.8 | 87.0+ j2.1

@ = 45° 72.4 —319.2 | 73.3 — 5211

@ = 90° 67.6 — j31.1 | 67.5 — 528.9

Table 6.2: Active impedance of substrate supported coplanar strip folded dipole an-
tenna with coplanar strip feed for array sizes 21 x 21 elements and 41 x 41 elements
(at § = 45°).

active impedance varies rapidly with beam-steer angle. In such cases, the numerical

results were tested using larger size arrays to ensure that they were accurate.

A Fujitsu VP2200 vector-supercomputer was again used to perform the numeri-
cal computations. With N, = 19 and N; = 380, the computer storage required is
45MBytes, and a typical run-time per beam-steer angle for a 41x41 element array
amounts to approximately 230 seconds. Some 70% of this time is taken up in filling
the matrix Z, and techniques for accelerating the convergence of the double summation
of the Green’s function could be adopted if a reduction in run-time is desired [100]. Be-

cause the program is relatively inexpensive to run for the design examples considered,

such enhancement was not implemented.
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Active impedance, R of X (otms)

0 10 20 30 40 50 60 70 80 90
Beam-steer from boresight (degrees)

Figure 6.4: Active impedance R + jX for an infinite array of substrate supported
coplanar strip folded dipoles with idealized feeds. Dashed line: ¢ = 0° plane, Dotted
bne: ¢ = 45° plane, Solid line: ¢ = 90° plane. Points marked x are the results of an
equivalent-radius thin-wire analysis for the ¢ = 90° plane.

Active impedance results

A: Subsirate Supported Coplanar Strip Folded Dipole Without Feed Line

For the first example, a substrate supported coplanar strip folded dipole with no feed
line was analysed using the idealized feed model of Figure 6.2a. The active impedance
was computed from equation 6.19, and the results are shown in Figure 6.4. The active
impedance exhibits a gradual change with beam-steer angle, 6, until relatively large

angles from boresight in the ¢ = 90° plane are approached.

At about 70° from boresight in the ¢ = 90° plane a rapid variation in impedance
is noted, and the resistive part of the impedance approaches zero, suggesting a scan
blindness effect. Similar eflects have been observed for a number of microstrip antenna

arrays, including arrays of aperture coupled microstrip patch antennas where the power
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is trapped in the substrate as resonant surface-wave modes, and no real power is ra-
diated [101]. In addition, printed dipoles on relatively thin dielectric sheets have been
observed to exhibit similar scan blindness [24]. Because the substrates used in those
investigations are electrically thin, the scan blindness occurs at angles approaching 90°

from boresight.

For the substrate supported metal strip antennas considered here, the substrate
is again identified as the cause of the scan blindness. In Section 3.4 it was shown
for antennas operating in isolation with a balanced excitation, that a polarization
current distribution is induced in the substrate. The distribution was further shown
to exhibit the features of a balanced mode in dielectric waveguide. Because of their
distributed nature, the z-directed polarization currents contribute to the radiation from
the antenna, and in the yz-plane the z-directed polarization currents are co-polarized
with respect to the radiation due to the y-directed surface currents on the metal strip
and y-directed polarization currents in the substrate. For an infinite array with element
spacings d, = A\o/2 the condition of a balanced polarization current distribution is only
achieved in the ¢ = 90° plane for # = 0°, corresponding to the boresight direction, and
for 8 = 90°, resulting in radiation across the array aperture. In the latter case, although
the y-directed radiation must be zero due to the presence of the ground plane, it has
been shown that a z-directed co-polarized radiation field is present due to the z-directed
polarization currents in the substrate. As a consequence of this, the resistive part of
the active impedance of the substrate supported metal strip antenna does not vanish
for a beam-steer angle § = 90°, however, the value of the resistance is substantially
different to that at boresight because of the different radiation mechanism. At beam-
steer angles in the ¢ = 90° plane other that § = 0° or § = 90°, the distribution of
polarization currents in the substrate can be thought of as a combination of a balanced
mode and a common mode. The scan blindness at § = 70° where the resistive part of
the active impedance approaches zero is caused by interference between the radiation
from the y-directed sources and the z-directed sources which results in field cancellation
in this direction. When this scan blindness occurs, the energy that would otherwise

be radiated away from the array aperture is transferred between the elements of the
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infinite array as a so-called surface wave. Surface wave propagation has been shown
for periodic arrays of dielectric sheets [102], and the array of finite size dielectric slabs
present in the structures considered in this chapter is anticipated to support similar
modes of propagation. It is noted that the resistance, although small, is not zero at
the beam-steer angle corresponding to scan blindness, since there is no mechanism for

cancellation of the z-directed cross-polarized radiation that occurs in the yz-plane.

The prediction of scan blindness effects caused by the presence of polarization cur-
rents in the finite size, electrically thick substrates is an important part of the design
process for large millimetre wave arrays of this type. Numerical experiments conducted
with similar antennas having substrate thicknesses t/L = 0.15 have revealed similar ef-
fects. In spite of the introduction of substrate induced scan blindness, the results shown
in Figure 6.4 indicate that the variation in active impedance is manageable from a de-
sign point of view for beam-steer angles other than those greater than approximately

f = 60° in the ¢ = 90° plane.

The active impedance of the substrate supported coplanar strip folded dipole an-
tenna without feed line was also computed with the metal strip in the radiating
mode model shown in Figure 6.2a replaced by a thin-wire with an equivalent-radius
a. = 0.008L, located on the axis of the metal strip. The results obtained for a ¢ = 90°
scan-plane are presented in Figure 6.4 as points marked x, with a 10 degree angular
step used for the computation. The results clearly demonstrate that for the purpose
of computing the active impedance as a function of beam-steer angle, the equivalent-
radius thin-wire model for the metal strip is acceptable. In the cases that follow, this
equivalent-radius thin-wire representation of the metal strip parts of the antenna is

employed.

B: Substrate Supported Metal Strip Folded Dipole With Coplanar Strip Feed Line

For the second example, a coplanar strip feed line is included with the element, and
is introduced into the analysis using the feed model shown in Figure 6.2b. The common

mode termination is chosen to correspond to an open-circuit in this example, such that
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Active Enpedance, R or X (ohms)
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Figure 6.5: Active impedance R + jX for an infinite array of substrate supported
coplanar strip folded dipoles with coplanar strip feed lines, (common mode isolated).
Dashed line: ¢ = 0° plane, Dotted line: ¢ = 45° plane, Solid line: ¢ = 90° plane.

the common mode current is isolated by the balun. Equation 6.20 was used to calcu-
late the active impedance at the centre of the metal strip from the computed current
distributions, and the results are shown in Figure 6.5. While the active impedance in
the ¢ = 0° and ¢ = 45° planes again shows a gradual change with beam-steer angle,
the active impedance in the ¢ = 90° plane changes rapidly with beam-steer angle be-
yond about § = 45°. A scan blindness which is due to feed line scattering is identified
at 8 = 50° in the ¢ = 90° plane, and the substrate induced effects for larger beam-
steer angles are more pronounced than in the previous example due to the additional
polarization currents excited in the substrate by common mode currents on the feed
line. The mechanism for the scan blindness effects observed in this case is again due
to the presence of both y-directed and z-directed radiation sources, and is similar to
that described previously. It is clear from these results that feed line scattering is an
important consideration in the design of the antenna element, and consequently the

array.
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Figure 6.6: Active impedance R+ 7 X for an infinite array of substrate supported metal
strip antennas with coplanar strip feed lines, (common mode terminated). Dashed line:
= 0° plane, Dotted line: p = 45° plane, Solid line: ¢ = 90° plane.

Because of the large variations in the active impedance caused by feed line scat-
tering, a larger array is required if the computation is to exhibit convergence at all
beam-steer angles of interest in the ¢ = 90° plane. The number of elements in the y-
direction was increased to a maximum of 81 for critical beam-steer angles where rapid
variations in the active impedance are observed. The results presented are indicative of
the magnitude of the effects around regions of scan blindness and for the angular range
# > 60° in the ¢ = 90° plane. They illustrate the difficulties that may be encountered
in practical element design. Inclusion of the feed line in the analysis is clearly essential

for an accurate understanding of antenna performance.

For the third example, the common mode on the base of the feed line is terminated
by a resistance, as described in Section 6.2.2. The analysis proceeds as in the second
example, and the active impedance results are shown in Figure 6.6. Low values of

resistance were employed for the common mode termination, and the results have been
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found to bc insensitive to the choice Ry for values that were tested between zero and
100 ohms. The common mode current on the feed line is found to be significantly
reduced when these terminations are used, as compared with the case of an open-
circuit termination. In all scan planes, a gradual change of the active impedance over
a wide range of beam-steer angles is obtained. In particular, there is no evidence of feed
line induced scan blindness in the ¢ = 90° plane, and the variation in active impedance
due to substrate induced effects for large beam-steer angles in the ¢ = 90° plane are
less pronounced. The results have been shown for this case to be well converged over

the entire range of beam-steer angles considered for a 41 X 41 element array.

The active impedance results shown in Figure 6.6 demonstrate how the termination
at the base of the feed line may be used to obtain a wider range of useful beam-
steer angles in the yz-plane. An examination of the current distribution on the single
wire representing the feed line in the radiating mode model reveals that when a low
resistance termination is applied at the base of the feed line, the common mode current
on the feed line is reduced compared with the case of an open-circuit termination. With
reference to the schematic view of the metal strip parts of the antenna and feed line,
shown in Figure 6.3, it may be noted that the distance between one of the terminals
at the base of the feed line and the end of the metal strip antenna arm to which it
18 connected is approximately Ap/2. When the condition of an open-circuit common
mode termination is achieved at the base of the feed line, the length of metal strip
identified above is free to resonate. If the termination is altered to achieve a low
impedance or short-circuit common mode termination at the base of the feed line, the
resonance is suppressed. Since the common mode will radiate, the quality factor of any
resonance so induced is low. Consequently, common mode currents may be induced on
the feed line for a wide bandwidth about the resonant frequency, and therefore cannot
be suppressed by altering the antenna geometry to change the metal strip lengths unless
substantial changes are also accepted in the radiation characteristics. The common
mode termination has the effect of changing the condition at the balun end of the
feed line metal strip without altering the antenna geometry in such a way that, at the

frequency of operation of the antenna, common mode currents are suppressed.
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Recalling that the scan blindness effects are caused by interference between radi-
ation from y-directed and z-directed sources, the modification of the common mode
current on the feed line achieved by the use of a low impedance common mode termi-
nation is such that the radiation from the interfering sources reinforces, rather than
cancels, at beam-steer angles for which scan blindness would otherwise occur. This ef-
fect gives rise to the improved active impedance characteristics. An additional design
parameter has therefore been made available by the use of a hybrid ring power divider
as a balun, through which it is possible to control the feed line scattering in such a

way as to enhance the active impedance characteristics of the phased array.

Radiation characteristics

In classical array analysis, the overall radiation pattern of an array is a function of both
the distribution of the elements in the array aperture and the radiation characteristics
of the elements. In the case of the distribution of the elements in the aperture, an array
factor can be identified, which may be determined from the position and excitation of
each element. The array factor is then multiplied by an element pattern factor, which
is the radiation pattern of an individual antenna element for a particular excitation
across the array aperture. In the case of an infinite array, the element pattern factor
will be the same for each element. A useful illustration of the radiation characteristics
of an antenna element in a phased array is therefore obtained by considering the field
radiated by a single element at angles corresponding to the beam-steer angle of the
array. Although a complete radiation pattern is not obtained for each beam-steer
angle, it is assumed that the array factor is such that the most significant effect of the
element pattern factor on the overall radiation pattern of a practical array will be in

the direction of maximum radiation as defined by the array factor.

Principal plane element pattern factors at angles corresponding to the beam steer
angle of the array are shown in Figure 6.7 for the three substrate supported metal
strip antennas analysed above. The results are obtained directly from the current

distributions computed in the numerical analysis. Figure 6.7 shows the principal plane
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WITH FEED LINE WITHOUT FEED LINE

Figure 6.7: Element pattern factor in infinite array array environment. Right hand
side: without feed line. Left hand side: with feed line (solid line: common mode
terminated, dashed line: common mode isolated). The yz-plane patterns correspond
to ¢ = 90° beam steer angles and the zz-plane patterns to ¢ = 0° beam steer angles.

radiation characteristics for one quadrant from § = 0° to # = 90° in each plane,
since the yz-plane i1s symmetrical and the asymmetry in the zz-plane, due to the
location of the substrate only on one side of the metal strip, is small. On the right
hand side of Figure 6.7, the principal plane element pattern factors of the substrate
supported coplanar strip folded dipole without feed line are shown. The effect of the
scan blindness near § = 70° in the yz-plane (¢ = 90° scan-plane) is clearly apparent
from the radiation pattern minima in the co-polarized field. For an infinite array, scan
blindness is complete, and a complete null should exist, however, because a large but
finite array size is used in the numerical analysis, a complete null is not obtained. In

addition, the five degree angular resolution of the data used to obtain the fitted curves
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shown in Figure 6.7 is such that the actual depth of the null is only approximately
determined. Nevertheless, the detail shown illustrates the effect of the scan blindness
on the radiation characteristics. Another feature of interest in the principal plane
element pattern factor is the cross-polarization in the yz-plane, which is increased over
that of the isolated element, shown in Figure 4.6, for angles approaching the scan
blindness. This 1s caused by the asymmetry in the z-directed polarization currents
in the substrate introduced by the phase shift across the array aperture to produce
the required beam-steer angle. Because there is no mechanism for field cancellation of
the z-directed radiation, no scan blindness effects are observed in the cross-polarized
radiation. In the zz-plane, the co-polarized radiation exhibits the expected smooth
variation with angle. The left hand side of Figure 6.7 shows the principal plane element
pattern factors for the substrate supported coplanar strip folded dipole with a coplanar
strip feed line for the two common mode terminations described above. Although the
polarization currents in the substrate are completely modelled, only the radiating mode
currents on the metal) strips comprising the folded dipole and feed line are considered
in the analysis. It is noted, however, from the results for isolated elements of this type
presented in Section 4.2.3 that the transmission line mode currents on the feed line
and folded dipole bave little effect on the principal plane radiation patterns. The effect
of neglecting these currents in the computation of the principal plane element pattern
factors is therefore small. The scan blindness effects noted in the active impedance
results for the case where the terminals at the base of the feed line are open-circuit
to the common mode are again clearly observed in the yz-plane co-polarized field.
Moreover, the beneficial effect of an alternative termiuvation presenting a low resistance
termination to the common mode at the base of the feed line is again apparent. Of
additional note, however, is the fact that even for small angles, 8, in the yz-plane,
the cross-polarized field is significantly increased in the case where the common mode
at the base of the feed line is terminated in an open-circuit. This is due to the fact
that the common mode current excited on the feed line as the beam is steered excites
additional z-directed field components in the substrate. Where the common mode
on the feed line is suppressed by means of an appropriate termination, the cross-

polarization performance, as well as the overall scanning performance, is found to be

163



improved. Once again, because symmetry about the zz-plane is maintained, the zz-

plane element pattern factor is unaffected by the beam-steering.

The three examples considered above suggest that the numerical analysis outlined
in this thesis can provide useful design information concerning the impedance and
radiation characteristics of large phased arrays constructed using MMIC antennas. At
the present time there appear to be few techniques reported in the literature which are
capable of providing results with which to compare those presented here for antenna
structures incorporating finite size, electrically thick dielectric substrates. Some recent
work on endfire tapered slot antennas, however, shows some promise for application to

the problem of finite size elements [57].

6.3 Phased array simulator studies

Three-element phased array simulators were used to test the accuracy of the theoretical
results in the ¢ = 0° plane for two beam-steer angles. The simulators were “looking-
out” simulators as described in Appendix G, where each of the three elements is either
excited or terminated in a matched load, while a waveguide that simulates the infinite
array environment at specific beam-steer angles encloses the elements and is termi-
nated in an absorbing load so that only modes propagating outward from the array
aperture exist. The substrate supported metal strip antennas used in the simulators
were designed so that the substrate permittivity and all of the relevant dimensions

correspond to those in the numerical examples of the previous section.

The first phased array simulator considered has the geometry shown in Appendix G
as Figure G.1b, where each of the three antenna elements is imaged about the broad
wall of the waveguide and is fed via a coaxial connector. Substrate supported metal
strip antennas, each comprising a single metal strip, were used in the experiment. The
elements dimensions were chosen so that an isolated antenna was resonant at 2.56 GHz,

and the waveguide dimensions were chosen to be 175x29mm, resulting in an array

164



Figure 6.8: Theoretical and measured active impedance in ¢ = (° plane for unbalanced
feed point simulator. Zy = 5012.

spacing d, = d, = 0.5A¢ at the design resonant frequency. Using this phased array
simulator geometry, the scattering-parameters can be measured for reference planes at
the base of the strip monopoles by introducing an electrical delay corresponding to the
offset between the calibration reference plane and the base of the strip monopoles. As
in the measurements on single imaged antennas described in Section 3.3, no empirical
adjustment is made to the measured results. Reflection coefficients for two beam-
steer angles in the ¢ = 0° plane, which at 2.56GHz are § = 19.5° and § = 41.8°,
are obtained as described in Appendix G. The corresponding active impedances are
shown in Figure 6.8. It is noted that the beam steer angle which is simulated is a
function of the frequency of operation, however, over the measured bandwidth the
beam-steer angles for the two cases are close to 20° and 40°. The agreement between
the theoretically predicted active impedance and that measured using the phased array
simulator is very good. Multiplying the impedances shown in Figure 6.8 by 4% = 4

produces the impedance levels illustrated previously for substrate supported coplanar
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strip folded dipoles.

A second phased array simulator was constructed with substrate supported coplanar
strip folded dipole antennas having coplanar strip feed lines. The elements used were
identical to those described as Antenna C in Section 4.2.3, and consist of a coplanar
strip folded dipole having equal width folded and driven arms and a coplanar strip feed
line fed by a hybrid ring power divider used as a balun. The relative dimensions of the
antenna element were identical to those in the previous phased array simulator example,
but were scaled so that an isolated antenna element was resonant at 5GHz. The phased
array simulator geometry is shown in Appendix G as Figure G.la, and the waveguide
cross-section dimensions were chosen to be 30mm x90mm to produce the same beam-
steer angles as the previous simulator. The feed ports in this simulator arrangement are
coaxial to microstrip line transitions connected to the 50 ohm microstrip lines that feed
the hybrid ring baluns. The experimental assembly can be visualized by considering
the three-element array shown in Figure 5.11 enclosed by the waveguide as described
above. As indicated in Appendix G, for a given beam-steer angle, only the calculation
from the measurement procedure of the magnitude of the reflection coefficient at the
feed port of an element in an infinite array environment is meaningful. The effect of the
balun and feed line would otherwise need to be de-embedded, and the approximations
required for such a de-embedding procedure to be adopted are likely to outweigh any

benefits.

The theoretical active impedance at the feed point of the metal strip folded dipole,
obtained by applying the analysis described in Sections 6.2.1 and 6.2.2 over the band-
width of interest, may be used to predict the magnitude of the reflection coefficient
at the coaxial feed port reference plane used in the experiment. The calculation of
the reflection coeficient at the feed port reference plane from the active impedance
at the centre of the metal strip folded dipole proceeds in a similar manner to that
described for a three-element array in Section 5.5, except that only a single impedance
term is considered. For this calculation, the balun and feed line are considered to be
lossless and perfectly matched. The measured and predicted magnitude of the reflec-

tion coeflicients for the two beam-steer angles of the phased array simulator are given
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Figure 6.9: Theoretical and measured magnitude of reflection coefficient for balanced
feed point simulator. Solid line: 20°, n = 1 (x - measured), Dashed line: 40°, n = 2 (o
- measured).

in Figure 6.9 for frequencies near the antenna resonance. Good agreement between
theory and experiment is again obtained for both of the beam-steer angles over the

bandwidth considered.

The phased array simulator experiments described here indicate that, for the beam-
steer angles measured, the theoretical results are sufficiently accurate for use in the
design of practical array elements. Validation of the theoretical results is, however,
limited by the range of beam-steer angles that may be considered. The use of larger
simulators presents one option for further experimental investigation, however phased
array simulators do not permit measurements to be taken in the ¢ = 90° plane where

the more significant dielectric and feed line effects occur.
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6.4 A single strip fed antenna array

In addition to phased arrays, MMIC antennas have applications in other millimetre
wave systems where the benefits of MMIC technology are desired. Examples include
transmitting arrays for spatial power combining applications [33], and imaging arrays
where preamplification is beneficial to increase the sensitivity of the system {103]. In
these cases, phase shifting is not usually a requirement, and the complexity of the
electronics may be significantly less than for phased arrays. An antenna design that
occupies the minimum possible substrate area is therefore desirable to maintain a high
packing density on the MMIC wafer, and consequently reduce the cost associated with
integration of the antenna element. For this reason, the single strip fed substrate sup-
ported metal strip antenna described in Section 4.3.2 offers attractive advantages, since
the unbalanced feed removes the requirement for a balun. Although a minimum sub-
strate area design is achieved, and a good impedance match is obtained to a 50 obhm
microstrip line, the radiation characteristics have been shown to have some shortcom-
ings. The analysis of arrays of single strip fed substrate supported metal strip antennas
in this section is aimed at demonstrating how acceptable radiation performance may
be obtained for applications where beam squint and cross-polarized radiation are un-

desirable by special subarray arrangements within the overall array.

A method for reducing the degradation of the radiation characteristics caused by
feed line radiation in arrays of rectangular microstrip patch antennas designed to ob-
tain circularly polarized radiation by selecting an appropriate array geometry has been
described in the literature [104]. Similar considerations can be applied to a linearly
polarized array of single strip fed antennas, and an array exhibiting good radiation
characteristics may be constructed using the unit cell shown in Figure 6.10. Two pairs
of elements, mirror imaged in the zz-plane make up the unit cell, which forms a sub-
array that is replicated to form the cémplete array. Although a unit cell comprising a
single pair of elements could be conceived, subsequent analysis reveals that the radi-
ation in the diagonal planes at 45° to the principal planes has a high cross-polarized

component caused by currents on the single strip feed lines, and consequently the four
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Figure 6.10: Single strip fed substrate supported metal strip antenna array unit cell.

element unit cell is chosen for consideration here. Symmetry considerations require
that for in-phase currents to be achieved on the metal strip dipoles comprising either
pair of elements, the currents on the single strip feed lines must be anti-phase. This in
turn requires that the MMIC modules associated with these elements must be able to
produce a 180° phase inversion alternately from element to element. In practice this
phase inversion may be achieved in a variety of ways, depending on the MMIC elec-
tronics employed and the particular application. For example, a differencing scheme

may be applied to signals received by alternate elements in an imaging array.

An infinite array of the unit cells shown in Figure 6.10 may be analysed using the
techniques described in the previous section. Because no beam steering is required,
relatively small arrays provide well converged results. By considering the unit cell of
Figure 6.10 and its adjacent cells, 1t is noted that except for changes in polarity due
to the required symmetry, the current on every element of the unit cell, and hence the
array, will be same. A reference element is chosen close to the centre of the array, and
the current distribution on the reference element is computed for an excitation at the
base of the single strip feed line. The currents on the remaining elements of the array
are included by summing their contribution to the total field at the segments of the
reference element as described in Section 6.2.1, and well converged results are obtained

for an array of §x5 unit cells.

For analysis, the single strip fed substrate supported metal strip antenna elements
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were chosen to be identical to the element analysed in isolation in Section 4.3.2. The
array spacings were chosen to be d, = dy = 0.5) at the half-wave resonance of the
elements, which occurs at L/ Ay = 0.34. The computed input impedance of 88+ 71 ohms
at the half-wave resonance may be compared with the isolated antenna impedance of
56+ 711 ohms computed at the same frequency. The principal plane radiation patterns
for the complete 5x5 unit cell array are shown in Figure 6.11. It is recognized that for
finite size arrays, identical currents on all elements will not be obtained, however, the
results presented illustrate the performance that would be achievable where the 5x5
unit cells form part of a much larger array where the edge effects can be neglected.
The principal plane radiation patterns reveal that the introduction of the symmetry
agsociated with the unit cell results in a symmetrical beam and low cross-polarization
in both planes. The remaining cross-polarization in the yz-plane is due to z-directed
field components induced in the substrate. The radiation characteristics in a diagonal
plane at 45° to the principal planes are shown in Figure 6.12. It is important to
investigate the characteristics in the diagonal plane because the array factor caused by
the non-uniform feed line spacing and unusual phase relationship between the currents
on the feed lines may introduce significant cross-polarized side lobes into the radiation
pattern. From Figure 6.12 it is clear that the cross-polarized side lobes are small for
the array geometry under consideration. Improved side lobes, both co-polarized and
cross-polarized, may be obtained in all planes by including an appropriate amplitude
taper in the excitation [105]. Provided that the taper is gradual, over a large array the
infinite array analysis should still provide a good indication of the anticipated radiation

and impedance characteristics.

The analysis of this novel array of single strip fed substrate supported metal strip
antennas has further demonstrated how the techniques developed in this thesis may
be applied to MMIC antenna geometries to provide design information useful in the of
development complex integrated antenna structures and arrays. Because the complete
antenna and feed line have been included in the analysis, the numerical results obtained
in this section are expected to provide a useful prediction of the performance of such

millimetre wave arrays.
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Figure 6.11: Principal plane radiation patterns for an array comprising 5x5 unit cells.
Solid line: yz-plane copolar., Dashed line: zz-plane copolar., Dotted line: yz-plane

cross-polar.

30 T — v - v — ——

20% -

~
\

]
rd

v
e

Reletive Power (dBi)

20

Angle from boresight (degrees)

Figure 6.12: Diagonal plane radiation patterns for an array comprising 5x5 unit cells.
Solid line: copolar., Dashed line: cross-polar.
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6.5 Summary

In this chapter, the analysis of substrate supported metal strip antennas has been
expanded to an investigation of an infinite array of elements in order to assess their
performance as elements in large phased arrays, and to determine the characteristics
of such arrays. The environment of the infinite array provides a good approximation
to the environment in which the majority of elements of the millimetre wave MMIC
arrays are expected to operate. A numerical method for introducing the conditions
required for an infinite array is developed, and applied to several antenna geometries.
As well as the modelling of the electrically thick, finite size dielectric substrate and
the metal strip antenna itself, techniques are developed for including the effect of feed
lines in the analysis. The final formulation of the problem has the advantage that the

complete geometry may be analysed with high computational efficiency.

The methods developed for infinite array analysis have exhibited well behaved nu-
merical characteristics, and have been used to study practical design problems. In
particular, the development of a substrate supported coplanar strip folded dipole with
a coplanar strip feed line has been undertaken, and a structure which exhibits good
impedance and radiation characteristics over a wide range of beam-steer angles has
been developed. Supporting the analytical techniques are two phased array simulator
experiments, the results of which show good agreement with the numerical compu-
tations. Further to the study of practical element geometries is the development of
a novel single strip fed substrate supported metal strip antenna array for fixed-beam
applications requiring the antenna element to occupy the minimum possible substrate
area. Solutions to such practical problems of MMIC antenna element and array design

have been made possible by the analytical methods developed in this chapter.

The contributions described in this chapter are therefore

e The inclusion of the infinite array conditions with the finite size, composite di-

electric and conducting structure formulation.
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e The development of efficient methods for modelling practical phased array ele-

ments comprising folded dipoles and feed lines.

e A description and explanation of substrate induced scan blindness effects for

substrates which are electrically thick.

e An understanding of the manner in which feed line induced scan blindness affects
the antenna performance, and the development of a technique of modifying the
common mode termination at the base of the feed line, by the novel use of a
hybrid ring power divider as a balun, to suppress the common mode current

excited on the feed line as the beam is steered.

e The exploitation of the interference between radiation from polarization currents
in the substrate and radiation from common mode currents on the feed line to
eliminate feed line induced scan blindness and improve the polarization charac-

teristics of the array as the beam is steered.

e The analysis and design of a novel single strip fed substrate supported metal strip

antenna array.

In summary, this chapter has described, as the culmination of the present work on
the analysis of substrate supported metal strip antennas, its application to the design
of large steerable arrays. The analysis that has been developed and applied takes
account of all of the practical details of the antenna geometry, and has revealed that
arrays of such MMIC antennas have the potential to offer excellent performance. Of
particular significance is the fact that the presence of the electrically thick substrate
which arises naturally in the fabrication of MMIC antennas can substantially improve
the beam-steering characteristics of the array. The thrust towards producing cost-
effective arrays using MMIC technology therefore has the additional benefit of increased
array performa.nce by virtue of the inherently good characteristics of the type of antenna

element that has been studied in detail in this thesis.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

The motivation for the research described in this thesis i1s the strong possibility that
millimetre wavelength phased arrays that fully exploit MMIC technology by incorpo-
rating antenna elements as part of the MMIC chip offer perhaps the greatest promise
as a means of fabricating reliable, cost-effective systems. Although the bulk of the work
reported in the literature has focussed on TILA arrays, in particular emphasizing the
use of microstrip antenna elements, the work described in this thesis has considered
an alternative, LITA architecture, for the array. By examining the principal factors
governing the choice of an array architecture, and considering the recognized limita-
tions of TILA arrays, it may be concluded that the LITA architecture offers some
significant benefits for MMIC based arrays. The advantages may be clearly perceived
in technological areas such as operating efliciency, heat removal, signal routing, yield
control and substrate area utilization. It is also apparent that these advantages are
obtained with either less or comparable complexity in the array construction. It is

likely, however, that the technological advances that are being made in the effort to

174



realize multilayer TILA active arrays are also applicable to LITA array construction,
and that the resulting materials and techniques can be employed to develop methods
for assembling LITA arrays from MMIC chips incorporating antenna elements or even
subarrays. Given that in principle the construction of a LITA array is feasible, a key
factor that may have limited their development to date has been the dearth of design
information pertaining to appropriate antenna elements. The original contribution of
this thesis relates to the comprehensive analysis of a class of antenna elements which

are identified as being particularly suitable as MMIC antennas for LITA arrays.

Substrate supported metal strip antennas, consisting of narrow metal strips con-
tiguous with the ends of ungrounded extensions of the MMIC substrates, are ideally
suited for application to millimetre wave arrays because of their simple geometry and
small chip area usage. As analysed in this thesis, each metal strip is supported by
a finite size, electrically thick dielectric substrate. The range of electrical thicknesses
chosen in this research correspond at millimetre wavelengths to typical MMIC chip
thickunesses. The presence of the substrate is found to significantly affect the antenna
characteristics, and for this reason a numerical analysis of the antenna, required for de-
sign purposes, has been developed which accurately takes account of the substrate. An
electric field integral equation approach is described where the substrate is modelled
using a volume formulation, and a computationally efficient algorithm is obtained that
provides the basis for a design tool. Initially the basic antenna geometry, without any
feed structure, is analysed. The results of this analysis are compared with carefully
designed experimental measurements in order to verify the numerical implementation.
These comparisons show excellent agreement between the theoretical and measured

results.

From the results obtained for the basic antenna geometry, several important char-
acteristics which are due to the presence of the substrate are identified. The analysis
accurately predicts the resonant frequency of the antenna and the radiation resistance.
When compared with a half-wave resonant metal strip dipole without a substrate, both
of these characteristics are found to be reduced due to the presence the substrate, The

impedance characteristics also reveal that resonances may be excited within the sub-
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strate, and these may affect the antenna performance. Furthermore, from the radiation
characteristics, it is evident that when the substrate is electrically thick and has finite
dimensions, polarization currents excited in the substrate contribute to the far-field
radiation of the antenna, particularly in the form of cross-polarized components. The
discovery of these effects, and the understanding of their origin, arises directly from the

application of the accurate and efficient numerical analysis which has been developed.

Following elucidation of the role of the basic antenna geometry, practical details
pertaining to feed lines and impedance matching are addressed. The numerical method
is expanded to include a coplanar strip feed line by using thin-wire approximations
for the metal strip components of the structure. Impedance matching is achieved by
means of a coplanar strip folded dipole, and a decomposition analysis, used to obtain
the antenna impedance, is demonstrated to provide accurate results. The analysis of
the substrate supported coplanar strip folded dipole antenna, fed with a coplanar strip
feed line, provides the basis for a design procedure for practical antenna structures.
Design information is obtained from a numerical model which represents all of the
essential details of the geometry, thereby ensuring that all of the important effects of
the feed line and substrate are considered. In this way, the radiation characteristics
of the complete antenna can be studied with the aim of finding structures that reduce
the substrate-induced cross-polarized radiation, which is found to be significant in the
yz-plane and in the diagonal planes at 45° to the principal planes. In the case of the yz-
plane , a back-folded dipole is developed which increases the symmetry inherent in the
overall antenna geometry and thereby reduces the excitation of polarization currents
that contribute to cross-polarized radiation in this plane. In the case of the diagonal
plane, an interesting interference effect is found to occur between the radiation from
the balanced mode currents on the coplanar strip feed line and the radiation from the
polarization currents in the substrate. It is found that these two mechanisms of cross-
polarized radiation result in far-field components that partially cancel each another,
thereby reducing the overall cross-polarization in the diagonal planes. A correctly
dimensioned coplanar strip folded dipole, used in conjunction with a coplanar strip

feed line, is found to present a good impedance match to the coplanar strip feed line
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over a 10% bandwidth. Practical coplanar strip fed, substrate supported coplanar strip
folded dipole antennas are therefore shown to exhibit excellent characteristics. They
have been derived using the numerical technique developed, and verified experimentally.
It is concluded that these antennas have characteristics that would satisfy relatively

stringent specifications on performance in MMIC based applications.

Because substrate supported metal strip antennas exhibit good characteristics when
operated in isolation, further development of the numerical analysis was undertaken
to consider mutual coupling in small arrays. Collinear and collateral two-element and
three-element arrays were studied to determine the mutual coupling between elements
as the element spacing was altered. Impedance matrices for the antenna input ports
were computed, and the results were used to predict the mutual coupling between
substrate supported coplanar strip folded dipoles fed with coplanar strip feed lines.
The results, reinforced by experiments, reveal that for the collinear arrays, the mutual
coupling is substantially lower for substrate supported metal strip antennas than for
the corresponding metal strip dipoles without substrates. This appears to be due to
the shortening of the metal strip antenna at resonance caused by the presence of the
substrate. Significantly, the lower mutual coupling is comparable with the case of &
metal strip dipole, without substrate, bent downwards at 45°; a commonly used method
to reduce mutual coupling in dipole arrays. In the case of substrate supported metal
strip antennas, however, the reduced mutual coupling is achieved without degradation
of the cross-polarization performance as would be the case with the bent dipole arrays.
The collateral arrays were {found to exhibit comparable performance whether or not
the substrate was present. The low mutual coupling reinforces the promise of good
array performance, and also suggests that wider use of electrically thick substrates at

lower frequencies may be beneficial in some applications.

To gain a detailed understanding of the characteristics of substrate supported metal
strip antennas in large phased arrays, an infinite array analysis is undertaken. The
infinite array environment is introduced by summing the contributions of all of the ele-
ments to the electric field at a specified reference element. The result of this surmmation

i1s approximated when the Green's function integrals for the structure are computed.
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After formulating the problem for the basic geometry, a method of including the effect
of coplanar strip feed lines is developed so that again all of the essential parts of a
practical antenna can be modelled. To begin with, results are computed for the basic
geometry, without feed lines, to study the influence of the substrate on the scanning
performance of the array. Both active impedance results and element radiation pattern
factors are computed for beam-steer angles in various scan-planes. For results in the
¢ = 0° plane, phased array simulator experiments were performed to verify that the
analysis yields the correct results. Subsequent studies using the validated model reveal
a scan blindness in the ¢ = 90° plane. An understanding of the nature of the fields in-
duced in the substrate indicates that interference between the radiation from currents
on the metal strip and polarization currents in the substrate is the cause of the scan
blindness. Because the substrate considered in the analysis is electrically thick, the
scan blindness occurs for beam-steer angles around 70° from boresight, suggesting that
for thick substrates substrate induced scan blindness will present a problem that may
have to be overcome by suitably engineered modifications or additions to this idealized

radiating element.

When feed lines are included in the analysis, additional effects arise in the char-
acteristics of the array as the beam is steered in the p = 90° plane. These are due
to scattering from the common mode current induced on the feed line as the beam
is steered. Feed line induced scau blindness effects are shown by further analysis to
occur when the terminals at the base of the feed line present an open circuit to the
common mode current. Since they occur for scan angles only 40° to 50° from bore-
sight they present a more serious problem to the array designer than the substrate
induced scan blindness. However, to alleviate the scan blindness problems, a method
making use of the properties of a hybrid ring power divider as a balun is developed,
whereby the terminals at the base of the feed line present a low resistance to the com-
mon mode current. This has the effect of reducing the common mode on the entire
feed line to the extent where the interference between the radiation from the various
current sources reinforces the total co-polarized radiation at beam-steer angles where

scan blindness would otherwise occur. The resulting antenna characteristics are shown
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to be devoid of scan blindness, and excellent scanning performance is obtained for the
array over almost the entire range of beam-steer angles. This result is of particular
significance. Provided that the common mode current on the feed line is controlled by
an appropriate common mode termination at the base of the feed line, the presence
of polarization currents in the electrically thick, finite size substrate inherent in the
MMIC antennas under consideration reduces or eliminates the feed line induced scan
blindness effects that would otherwise seriously degrade the array performance. More-
over, unlike conventional methods for eliminating scan blindness by bending the metal
strip arms downwards, the improvement in scanning performance is achieved without

increasing the cross-polarized radiation.

As a further example of substrate supported metal strip antenna arrays, a single
strip fed substrate supported metal strip antenna array is developed and analysed.
Such an array has applications to millimetre wave imaging systems and spatial power
combining, and the single strip fed antenna element offers an attractive feature of
occupying minimal substrate area. The computed results for a single isolated element
have been verified by experiment, and confirm that the thin-wire approximation for
the metal strip parts of the antenna structure is accurate. An analysis of the array
illustrates further the application of the numerical techniques that have been developed

to solve design problems.

Based on the numerical techniques in this thesis, a design procedure can be estab-
lished to meet a set of specifications for an array, assuming that LITA architecture is
accepted. From the general characteristics of substrate supported metal strip antennas
obtained in this research, their suitability for use in a particular system, for example
in terms of bandwidth or gain, may be assessed. Given that substrate supported metal
strip antennas are then identified as being able to satisfy the basic system specifica-
tions, a particular MMIC fabrication process must be identified, aud the parameters
associated with that process ascertained. From these parameters it is then possible to
study basic antenna geometries and compute radiation and impedance characteristics.
Using the radiation and impedance characteristics of an idealized antenna element as a

guide, the desigo of an impedance matching and feed network may be undertaken, and
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the resulting structure analysed to test its overall performance. At this stage, mod-
ifications to the antenna and feed geometry may be made to optimize performance.
After arriving at a suitable element geometry, computations to obtain mutual coupling
data as well as the active impedance and radiation characteristics of an element in
an infinite array environment may be made to achieve a suitable array design. The
method described in this thesis for eliminating scan blindness effects may be employed
to achieve satisfactory performance over the required range of beam-steer angles. Fur-
ther corrections to the antenna geometry may also be necessary to allow for the effect
of mutual coupling on the antenna impedance. A methodical sequence of steps, as de-
scribed above, reduces the degree of iteration needed in the design procedure. At the
conclusion of the above procedure, a satisfactory element will have been designed. Fur-
thermore, since the element is designed with the array performance taken into account,
it 1s anticipated that for the large, practical arrays envisaged, the design procedure will
also allow useful performarnce predictions to be made for the array. Further work to
assess the effect of the array edges or amplitude tapers across the array aperture, not
undertaken in the research described in this thesis, may be required to determine the
detailed array radiation pattern and sidelobe levels. It is noted, however, that this

problem is common to almost all procedures used to design phased array elements.

In summary this thesis presents a study of a class of MMIC antenna elements
suitable for application to millimetre wave active arrays. The original contribution of
the work presented is outlined at the end of each chapter, however, the broader aims

of the work that have been achieved are

o An objective review of MMIC based array architectures with a view to under-

standing the merits and limitations of the available options.

e The identification of a class of MMIC antennas for assemblies that orientate
MMICs normal to the array aperture compared with the more commonly favoured

arrangement of MMICs parallel to the aperture.

» The development of efficient computational tools to aid the electromagnetic de-

sign of LITA arrays of MMIC antennas.

180



e An understanding of the fundamental effects of the finite size, electrically thick
substrate associated with substrate supported metal strip antennas for MMIC

integration.

e The exploitation of particular characteristics of substrate supported metal strip

antennas to develop elements and arrays that exhibit good performance.

The research presented has therefore been able to make substantial advances in the
analysis and design of MMIC antenna elements suitable for LITA arrays, and widens
the possibilities available for cost-effective implementation of MMIC technology active

arrays for millimetre wavelength applications.

7.2 Recommendations for Future Work

The stimulus for future millimetre wave system development will be provided by com-
mercial applications as well as the traditional military orientated applications [106],
and for this reason trends toward cost-effective, readily manufacturable components
will increase. Further development of LITA arrays based on the work of this thesis is

likely to proceed on four fronts.

Firstly, for the promise of LITA arrays employing substrate supported metal strip
antennas to be fulfilled, elements and subarrays need to be fabricated using MMIC
technology to implement subsystems that convincingly demonstrate the practical via-
bility of the approach. Such subsystems may demonstrate some or all of the functions
of a phased array, however, equally important is the development of the appropriate
technology for packaging and housing the MMIC modules and for constructing the
overall array with the required interconnections for control and signal routing. The

advances being made in planar array technology suggest that this is achievable.

Secondly, while antenna geometries having good characteristics have been described,
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and array performance has been predicted by analysis, it is inevitable that alternative
element and array geometries will need to be investigated. The cost-effective fabrication
of millimetre wave phased arrays has implications for a large number of applications,
including within-building high-speed data communications and inter-satellite commu-
nications, collision avoidance and tracking radars, and imaging systems. Antennas
offering wide bandwidth, and arrays with duval polarization capability are two areas
worthy of consideration, these being driven by contemporary trends in polarimetric
radar and remote sensing. Arrays which offer a lightweight, open construction and a
ready means of heat removal from active components may well be considered from a
technological standpoint to be desirable for satellite or portable systems. The resulting
geometries, however, also require analytical tools to be developed in order to obtain a
satisfactory design. Many challenging issues of analysis are opened up when alternative
antennas and array geometries are considered, but common to all of them is the need
to accurately model finite size, composite conducting and dielectric structures. The
foundation provided by the work recorded in this thesis offers a starting point for such

further development.

Thirdly, the question of system design remains unanswered. The promise of spatial
power combining in active lens or active reflector structures is widely recognized as a
means of reliably distributing millimetre wave energy, and compartmentalising various
system functions. It is encouraging that the MMIC arrays considered in this thesis are
at least compatible with this approach to system design, since by integrating antenna
elements at both ends of a substrate, a chip can be used to receive spatially distributed
millimetre wave energy, perform whatever functions are needed, and then re-radiate
the energy in space. Analysis of such systems, using the design data obtained by
the techniques described in this thesis, may provide solutions which predict the basic

performance that is achievable.

Finally, when economies of scale permit it, MMIC antenna technology may be
useful in systems requiring much smaller arrays than those considered in this thesis.
Where this is the case, neither the small array analysis nor the infinite array analysis

are currently capable of providing reliable design information. The two possibilities to
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redress this are, first to compute all of the self and mutual impedances for elements of
larger arrays using more powerful computers and algorithms that are able to efficiently
handle problems that may be several orders of magnitude larger in computational terms
than those considered so far, and second to develop and make use of approximation

techniques for obtaining data for finite size arrays from the analysis of an infinite array.

As the technology available for millimetre wave MMIC arrays becomes more ad-
vanced and more widely available, it is almost certain that the development of MMIC
antenna elements and their application in arrays will flourish. The areas suggested

above form areas for profitable and stimulating study.
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Appendix A

Rectangular Cross-Section

Dielectric Waveguide

The propagation of electromagnetic waves in dielectric guiding structures has been
widely investigated for applications ranging from antenna design to opto-electronics.
An exact solution exists for modes propagating along grounded and ungrounded di-
electric slab waveguides, where the dielectric slab has a finite thickness but infinite
lateral dimensions {107]. Such guided waves are often referred to as surface waves, and
have been shown to be of importance in the analysis and design of planar printed cir-
cuit antennas (18,19,20]. Dielectric waveguides having rectangular cross-section may be
analysed using approximate methods developed initially for integrated optics {108,109)].
In these approximate methods, assumptions regarding the field distribution outside the
dielectric are made such that the propagation constants of the guided wave may be
determined by field matching at the dielectric boundaries. More recently, numerical
methods have been applied to precisely model the field distributions and compute the

propagation coefficients [110,111].
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Figure A.1: Geometry and principal field distributions for rectangular cross section
dielectric waveguide

Propagation Constants of Rectangular Cross-Section Dielec-

tric Waveguide

Because the permittivity of the substrates used in this thesis is relatively large, the ap-
proximate method of Marcatili {108] is found to be adequate for the calculation of the
propagation constants required for the analysis in Section 3.4.5. The dominant mode
in the guiding structure formed by the rectangular cross-section ungrounded substrate
of the antennas described in this thesis is the TE{; mode', having the principal field
components F, and H,. Because of the orientation of the principal electric field com-
ponent, the y-directed axial current on the metal strip antenna readily couples to this

mode.

For the geometry shown in Figure A.l, the field distribution may be derived from

1Because of a rotation in the coordinate axes, this mode is identified as the TE}, mode in Marcatili’s
analysis.
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the hybrid (or LSE) mode equations using the electric vector potential

[ C cos kyz cos kyye=i%:2 v =1for |y| < a/2 and |z| < b/2
R C cos k,zc‘kv"”e'f“" v =2 for |y| > /2 and |z| < b/2 (A1)
C cos kyye~k=w2e=ik2 = 3 for |y| < a/2 and |z| > b/2

|0 v = 4,for |y| > a/2 and |z| > b/2

where v = 1,2, 3,4 denotes the cross-section region, k., k, and &, are the propagation
constants inside the waveguide (v = 1), k., and k,, are the propagation constants
outside the waveguide (v = 2,3) and C is a complex constant. For the region v =1
inside the dielectric, the permittivity ¢,, = ¢, and for the regions v = 2,3 outside the
dielectric, the permittivity €,, = 1. It is assumed in Marcatili’s analysis that the fields

do not extend into the region v = 4. The field components of the TE}, mode are

E, = ;hﬂv (A.22)

E. = 0 (A.2b)

E. = j_}c;aa; (A.20)
1 0B,

Hur = Gt (A.2d)

ki, + k2

Hy = LoD, (A.2¢)
1 8E,,

, = - of

H, o o (A.2f)

By matching the internal and external fields tangential to the dielectric boundaries
y = +a/2 and z = +b/2, the propagation constants may be determined, and the

relevant solutions are obtained from

1 ku
ey/(er — 1)k — K2
1 ks
Ve — D — k2

(A.32)

kya = 7w —2tan”

k:b = w—2tan” (A.3b)
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where

k= Je,kE — k2 — k2 (A.4)

and

}Ca = wzéo}lo (A5)

It may be noted that when ¢ — oo, and hence k, — 0, the solution becomes that of the
TEp characteristic mode for ungrounded dielectric slab waveguide [107]. A comparison
of the field component distributions of the TE]| mode in the rectangular cross-section
dielectric waveguide with those for the TEq mode in the ungrounded dielectric slab
waveguide reveals that although the principal components are similar, in contrast to
the TEy; mode the TEY, mode has a low-frequency cut-off characteristic. In addition,
because F, exhibits even symmetry about the yz-plane, neither the TEY, rectangular
cross-section dielectric waveguide mode nor the TE; dielectric slab waveguide mode

will propagate in grounded substrates typically used for MMICs.

Resonance Conditions

In the case of the substrate supported metal strip antennas described in this thesis,
the rectangular cross-section dielectric waveguide formed by the substrate has a finite
length. This introduces the possibility of resonances in the fields guided by the sub-
strate. A transmission line model of the finite-length dielectric waveguide, formed by
the ungrounded extension of the MMIC substrate and its image about the array ground
plane, is given in Figure A.2b. The transmission line has a characteristic impedance
Zy and a guide wavelength A, = 27 /k,. The guide wavelength can be readily obtained
from the computed propagation constants for the TEY, mode. Voltages sources, V,
are shown in Figure A.2Zb to recognize that the TE};, mode is excited by the metal
strips contiguous with the end of the substrate and its image. It has been shown in
Section 3.2.1 that the antenna structures considered in this thesis can be idealized in
such a way that the ungrounded part of the MMIC substrate forms a dielectric slab on

a continuous ground plane. A side view of this arrangement is shown in Figure A.2a,
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Figure A.2: (a) Side view of substrate supported metal strip antenna, and (b) trans-
misgion line model of the dielectric substrate.

where the image of the substrate and metal strip antenna about the ground plane is
also shown. At the centre of the transmission line model, therefore, a short circuit
exists since the total electric field tangential to the ground plane is zero. Due to the
short circuit condition at the centre, only one half of the transmission line structure
shown in Figure A.2b, having a physical length H from the array ground plane to the
end of the substrate immediately beneath the metal strip, needs to be considered. The
condition for resonance is therefore dependent on the end impedance, shown as Z, in

Figure A.2b.

Various methods have been developed for numerically determining the natural res-
onant frequencies of isolated dielectric resonators, and several of these are described
in {112]. Techniques for calculating the end impedance (or admittance) of truncated
dielectric slab waveguides have also been applied to microstrip dipole antennas to in-
vestigate the effect of the truncation on the radiation efficiency of the antenna [23].
For the antennas considered in this thesis, however, calculation of the end impedance
is complicated by the presence of the metal strip antenna contiguous with the end of
the substrate forming the dielectric waveguide, because the boundary conditions on

the surface of a conductor must be satisfied at the top face of the substrate where the
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metal strip is fabricated. It has been found that for dielectric waveguide cross-sections
where b/a < 0.2, an end impedance Z, = 0, corresponding to a short circuit, provides
a satisfactory approximation. For a given waveguide length H, corresponding to the
height above the ground plane that the ungrounded substrate of the antenna extends,

dielectric resonances may be predicted to occur for propagation constants
nx
k, = —, A6
z (46)

where n = 1,2,... corresponds to the integral number of half-wavelengths along the
transmission line at resonance. The agreement between the resonances predicted by
equation A.6 for n = 1, and those noted in the antenna characteristics computed in
Section 3.4.5, suggests that this transmission line model is sufficiently accurate for most

design purposes.
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Appendix B

Radiation Pattern Measurement

Using Integrated Diode Detectors

A method for measuring the radiation pattern of a substrate supported metal strip
antenna without a feed line was described in Section 3.3.2. The method is based on a
technique used for non-perturbing field measurements [80,81], and the details involved,

together with a verification of the method, are outlined in this appendix.

For the analysis and measurements described here, a metal strip dipole antenna
of length, L, and strip width, w, is supported in free space at a height, H, above
a conducting ground plane. In practice polystyrene foam can be used to support
the metal strip, thereby providing a good approximation to free space. The input
impedance of such an antenna is readily calculated using a method of moments analysis

for a thin wire dipole of radius a = w/4 [83].

In the measurement technique, a zero-bias Schottky Barrier Diode (SBD) is con-
nected across a gap at the centre of the metal strip dipole. A small, packaged stripline

SBD was used, such that the gap size was small compared with the strip length L. High
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Figure B.1: Equivalent circuit of dipole antenna and integrated diode detector.

resistance leads extending through small holes in the ground plane to either side of the
SBD provided the connection to the measurement instrumentation. As outlined in
Section 3.3.2, these high resistance leads are such that they produce a negligible effect
on the microwave fields around the antenna. The small holes in the ground plane also
act as feed-through capacitors to ensure that any small microwave currents that may
be induced on the high resistance leads are prevented from reaching the measurement

instrumentation.

The equivalent circuit for the structure described above is shown in Figure B.1. The
metal strip dipole antenna is modelled as its frequency dependent impedance, R, +7X,,
in series with a voltage, V;;. A uniform illuminating electric field is established, having
a power demnsity, P,,, that is the same for each frequency of interest, and the voltage

Vs may be expressed as

Vir = Vocos(wt + (), (B.1)

where { is an arbitrary phase angle, V; is the magnitude of the received voltage given

by
/87 R,GP., (B.2)

and G is the antenna gain. The components of the SBD equivalent circuit shown

Vo =

Ela
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Junction Resistance (R;) | 5000€2
Junction Capacitance  (Cj) | 0.35pF
Series Resistance (Ry) | 30Q

Packaging Capacitance (C,) | 0.07pF
Packaging Inductance  (L,) | 0.4nH

Table B.1: Zero Bias Schottky Diode Parameters

in Figure B.1 are defined in Table B.1. Graphite coated card was used to construct
narrow high resistance leads, which had a measured resistance greater that 10k)/cm.
The total resistance of each lead is represented by a resistance R,,, where R,, > 20k}
for the assernbly employed. The input resistance of the measurement instrumentation
1s denoted by R,;, and with the high input resistance instrumentation employed, R; =
10MQ. The value of the feed-through capacitance, Cy, is such that it can be assumed
to present a short circuit directly to ground at the point where the high resistance leads
pass through the ground plane, and can also be neglected in the low frequency analysis
of the diode assembly. No external bias is applied to the diode, and as a result of the
high resistance in the direct current path of the equivalent circuit, the direct current

that flows through the diode by way of rectification of the input signal is small.

In the measurement system described above, the rectified direct current through
the diode at the centre of the metal strip dipole is used to provide an indication of the
relative power received by the antenna for each incident angle of incoming radiation.
It is therefore necessary to establish that the diode exhibits a square law response. It is
also clear that both the diode impedance, determined from the equivalent circuit of the
SBD, and the antenna impedance, are frequency dependent. Consequently, a frequency
dependent mismatch exists between the impedance at the diode terminals and that of
the antenna, and the available dynamic range of the measurement will be affected by
the transfer of power from the antenna terminals to the diode junction. Because the
measurement is required to be conducted at the half-wave resonant frequency of the
ideal metal strip dipole, to maximize the dynamic range it is desirable for the peak

response of the diode and metal strip dipole assembly to occur close to the half-wave
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resonant frequency of the ideal metal strip dipole. The following analysis is undertaken

to demonstrate that the required conditions may be obtained.

The relationship between the junction voltage V; and the junction current I; is

given by the ideal diode equation,

L=1, [exp (:]Z’F) _ 1] , (B.3)

where I, is the saturation current, e is the magnitude of the electron charge, & is
Boltzmann’s constant, n is the ideality factor (typically n &~ 1) and T the temperature.
Assuming that the applied voltage is small, such that eV;/(nkT) <« 1, a two term
Taylor series expansion of equation B.3 may be used to obtain the ideal diode equation

in the form

N eV, 1/ e\ ,
I = I’(nkT+2(nkT) VJ“L)
Vi L/ e \* .,
R; E(nkT) Vi (B.4)

where the junction resistance, R; = nkT/(el,). From the low frequency equivalent
circuit, the direct current component of the junction current, denoted I; 4., must also

satisfy the expression
—Viee
R+ Ro

where V; 4. 1s the direct current component of the junction voltage and Ry = 2R, + R,

(B.5)

Ij,dc =
is the resistance in the direct current path external to the diode. To obtain the direct

current characteristics it is assumed that I; and V; have the form

]j(i) = La+ Ij_w coswt (B.Sa,)
V_,(t) = Via + Vj_u, cos wi (B.ﬁb)

where the time origin has been chosen to give zero relative phase, and higher order har-
monics are not considered. The magnitudes of the fundamental frequency components

of the junction current and junction voltage are denoted by ;. and Vj,, respectively.
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Substituting the expressions in equations B.6a and B.6b for the junction current and

voltage in equation B.4 yields

Vide Viwcoswt

R R

e

1 4c + I, coswt = T

I e 2
+3 [m Viae + Vjw cos wt] . (B

Noting that eV; 4. /nkT < 1, and making use of equation B.5, results in

RiI, reV;u\* /1 1
(R;+Ry+Ro) L uc+ 1w Rj coswt = Vj, coswi+ ’2 (-n_kjf) (5 +§c052wt> , (B.8)

and finally, by matching the direct current and fundamental frequency components,

the pertinent terms of the junction current may be expressed as

V.
I, = 2= B.9
e V:,fu

4nkT R; + R, + Ro’

L dc (B.10)

From equation B.5, and noting that Ry > R; + R,, the direct current voltage across

the diode junction may be expressed as

_ e I/]'?J(Ro + R-O) ~ € V'2
KT R; + R ¥ Ro ©  dnkT

Vide = (B.11)

from which the required square law response is evident. Because the resistance in
the direct current path is large, the voltage V;4. at the diode terminals, and the
output voltage V5 4. at the measuring instrument, are approximately equal to the diode
junction voltage V; 4.. The output voltage at the measuring instrument is therefore also
proportional to the square of the magnitude Vj, of the high frequency voltage at the
junction. The value of V}, may be calculated from the applied voltage V;; using the

high frequency equivalent circuit shown in Figure B.1.

At a given frequency, the power received by the antenna is proportional to the

power, Py, absorbed in the diode, and may be obtained from the diode direct current
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output voltage and voltage sensitivity, I, by

Py= %I;“, (B.12)

where I, in units of microvolts per microwatt, is determined from the SBD equivalent

circuit and characteristics [113], as

_ e R_,' 1
= 7 X
kT (1 4 %;) 14 :.ﬂc;:ﬁ{.n?

(B.13)

The variation in Py with frequency yields the power response of the diode and metal
strip dipole assembly. Provided that the impedance presented to the antenna terminals
by the diode is such that the total impedance characteristics are dominated by the
variation of antenna impedance with frequency, the frequency response of the metal

strip dipole will be closely approximated by P;.

The radiation pattern of a metal strip dipole with dimensions L = 25.4mm, H =
12.7mm and w = 1.0mm, resulting in a half-wave resonant frequency of 5.2GHz, was
measured using the method described above. In Figure B.2 the theoretical frequency
response of the diode detector at the centre of the metal strip dipole is compared with
the measured response. In practice the microwave signal was modulated at 1kHz, and
the measurement instrumentation was a Stanford Research Systems lock-in amplifier.
A dynamic range of approximately 30dB was obtained in the measurement at 5.2GHz,
and is limited primarily by the impedance mismatch between the diode and the metal
strip dipole. The diode response in Figure B.2 is also compared with the theoretical
power received by the ideal metal strip dipole antenna without the diode, normalized to
the same peak value. The similar responses confirm that the diode detector does not de-
tune the dipole resonance sufficiently to reduce the dynamic range of the measurement
beyond that already imposed by the impedance mismatch. Radiation pattern results
for the metal strip dipole antenna at its half-wave resonant frequency are shown in

Figure B.3, and demonstrate that an accurate measurement is obtained.

195



03 0.4 0.5 0.6
Dipole Length / Wavelength

Figure B.2: Normalized response of diode detector for a uniform illuminating electric
field E, of constant power. Solid line: Theoretical response of diode detector at dipole
gap, Dashed line: Theoretical power received by dipole with infinitesimal gap feed
point, Points: Measured respouse of diode detector at dipole gap.

Figure B.3: Theoretical and measured principal plane radiation patterns of a metal
strip dipole above a conducting ground plane. (Measured data shown as points.)
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Appendix C

Numerical Modelling of Wire

Junctions

The analysis of antenna geometries involving junctions between metal strips is per-
formed throughout this thesis using an equivalent-radius thin-wire representation of
the metal strips. The analysis assumes that the strips are sufficiently narrow so that
only currents in the axial direction are significant. Pulse basis functions on cylindrical
wire segments are used to expand the current distribution, with the boundary condi-
tions being satisfied on the wirc axis for an axially directed current distribution located
on the wire surface at a radius a.. Offset pulse basis functions are used for the charge

density distribution, with the charge density on each offset pulse given by

Prpy = —— 2L (C.1)

where I, is the current of the nth pulse, I, is the length of the nth pulse, and the

current is assumed to have a reference direction corresponding to increasing n [64].

Two types of wire junction are illustrated in Figure C.1. The geometries shown

result in half-size charge density pulses adjacent to the junction. It is well known that
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Figure C.1: Junction current and charge density pulses.

Kirchoff’s current law applies at junctions of thin wires [114,115]. Because a point
matching scheme with the matching points at the centre of each current pulse is used,
however, direct application of Kirchoff’s current law is not convenient. Since Kirchoft’s

current law is an expression of the continuity equation

fff-dé:// V. JdV = —jwQ, (C.2)

it can be seen that in the limit where the second integral is taken over an infinitesimal
volume around the junction, the wires become the same and consequently the same
charge, (), exists at the end of each wire. Assuming that all of the wires have the same

radius, for the case shown in Figure C.1a all of the charge density half-pulses at the

V) Lh=13 T
p—“(l 3_|__%>’ (C.3)
[1 [2

=

junction must be

where [} and I are the length of the current pulses on wires 1 and 2 respectively.

Similarly, for the case shown in Figure C.1b,

SENE) o0
1 2

Jw

An appropriate model for wire junctions is therefore obtained by enforcing Equation C.3

or Equation C.4 at the charge density half-pulses adjacent to the junction.
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Frequency | This mode! | Reference (114]
102 MHz | 146 £ ;20800 | 1434 ;29702
114 MHz | 383 4 74542 | 386 + 74610
126 MHz | 1024 + j189) | 1067 + 7157Q)
138 MHz | 631 — 55900 590 — 76130
150 MHz | 223 — 7489Q | 203 — j4830)

Table C.1: T-antenna feed point impedance.

Frequency | This model | Reference [114]
102 MHz | 118 + 72090 | 107 + 5193Q
114 MHz | 326 + 73350 | 287 + 73210
126 MHz | 801 +511Q | 779 + ;1000
138 MHz | 394 — 74310 | 443 — j438Q
150 MHz | 157 — 532902 | 169 — j347Q

Table C.2: L-antenna feed point impedance.

Two wire-antennas in free space were analysed to determine the accuracy of the
junction model. The first antenna was a T-antenna, comprising a horizontal wire 1m
long and 0.5m above an infinite conducting ground plane, and a vertical wire 0.5m long
between the centre of the horizontal wire and a feed point on the surface of the ground
plane. The second antenna was an L-antenna, comprising a horizontal wire 0.5m long
and 0.5m above an infinite conducting ground plane, and a vertical wire 0.5m long
between one end of the horizontal wire and a feed point on the surface of the ground
plane. All of the wires had a radius 0.01m. For the analysis, a delta-gap generator was

used at the feed point, and the wires were segmented to give 16 pulses per metre.

Tables C.1 and C.2 show the results obtained using the junction model described
here and the results obtained using an alternative method of junction modelling de-
scribed in [114]. Good agreement is obtained between the results of the two methods,
the small discrepancies being attributed to differences in the feed point models em-

ployed.
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Appendix D

Substrate Dimension Variations

During the monolithic fabrication of substrate supported metal strip antennas, the
parts of the MMIC wafer which are not required must be removed from the antenna
surroundings by laser scribing or some other means. In order that the metalization
is not disturbed, some clearance between the cut and the metal strip antenna is in-
evitable, and the extent to which the resulting overhang of the substrate affects the
antenna characteristics needs to be determined. While small dimensional changes in
the substrate have been found to produce little eflect on the radiation characteristics,
the resonant frequency of the antenna is altered. Correction for this effect is required

in the design of the antenna element.

The effect of substrate overhang is illustrated in Figure D.1, where the measured
resonant frequency of an antenna is shown in (a) as a function of the substrate extension
above the metal strip height and in (b) as a function of the substrate extension beyond
both ends of the metal strip length. Measurements were made on antennas resonant
at around 5GHz, having a substrate thickness t = 0.075L and permittivity ¢, = 10.2.
The metal strip of length L was supported above the ground plane at a fixed height
H=1LJ2.
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Figure D.1: Variation in resonant frequency, (a) with substrate extending above the
metal strip height and (b) with substrate extending beyond the metal strip length at
both ends. (Substrate t = 0.075L, ¢, = 10.2.)

From the results, variations of approximately 1% in resonant frequency are antici-
pated for typical fabrication tolerances, and have been incorporated into the design of

the X-band antenna element, fabricated on a GaAs substrate, studied in Section 4.2.3.
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Appendix E

The Single Wire Fed Resonant
Dipole Antenna

A half-wave resonant dipole above a ground plane, fed by a single wire which is offset
from the centre of the dipole, was first described by W.L. Everitt and J.F. Byrne in
1929 [116]. In this early work, the single wire feed line was considered to be a type of
transmission line, and efforts were made to describe the correct manner of matching
the line to the antenna impedance. Perhaps because subsequent work on guided wave
theory showed that a single wire could not properly be treated as a transmission line,
little interest seems to have been generated in the antenna since that time, although
in the amateur radio community the concept has been preserved [117]. The single wire
feed does, however, have some useful features, the most significant, being the utilization
of an unbalanced feed point which eliminates the need for a balun in many applications.
With the availability of modern numerical techniques, a more detailed analysis can be

undertaken to investigate its radiation and impedance characteristics.

The single wire fed dipole antenna, as described above, is illustrated in Figure E.1.

The current on the dipole is found using a moment method solution with the basis
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Figure E.l: Geometry of the single wire fed dipole antenna above a ground plane.

functions, I(y), for the current on the segments given by

I(y) = A + Bsinkoy + C cos kgy, (E.1)

where ky = 2% /)Xo and y is the axial distance from the centre of the segment. A, B
and C are constants to be determined. Similar basis functions are used for the z-
directed single wire feed. A divergent transmission line method is used in this analysis
to model the junction between the single wire feed line and the dipole [114]. The
analysis is performed for a dipole of length L and height H above the ground plane,
where H = L/2, and the wire radius is chosen to be a = 0.01L. For these dimensions,
the dipole has a half-wave resonance at a frequency corresponding to L/ g = 0.44. The

radius of the single wire feed line is also chosen to be ¢ = 0.01L.

The input impedance at the antenna feed point is shown in Figure E.2 for varying
values of the single wire feed offset, p. From the results, it is apparent that the lower
values of input resistance, which are of practical use, are obtained for larger offsets. The
capacitance associated with the input impedance at the feed point is due to fringing
fields to the ground plane from the single wire feed line and fringing fields from the
dipole to the single wire feed line. A value of p may be selected whereby the current

distribution on the feed line has essentially a constant magnitude. This phenomenon is
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Figure E.2: Feed point input impedance at resonance as a function of junction position
(L/Xo = 0.44).

illustrated in Figure E.3, where the magnitude of the current on the dipole and the feed
line is shown for three values of p/L. For an offset p/L = 0.2, the feed line appears to
carry a uniform travelling wave, and this travelling wave excites the resonant current
distribution on the dipole. A small discontinuity in the current distribution on the
dipole at the junction with the feed line is noted. When considered along with the
relative phases of the currents, the discontinuity is found to be related to the current
at the end of the single wire feed line by the need to satisfy Kirchoff’s current law at
the junction. These general characteristics of the current distributions were noted in

earlier work [116].

The variation of the impedance at the feed point with wavelength is shown in
Figure E.4. Tt is clear that because of the capacitive loading of the single wire feed,
and the large input resistance, impedance matching techniques are required for most

applications. The presence of a dielectric slab, as described in Section 4.3.2, is found to
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Figure E.3: Magnitude of the current distributions on the dipole and single-wire feed
at resonance (L/Ap = 0.44).

improve the impedance characteristics and yield an element that is a reasonable match

to 50 ochm microstrip line.

Because the single wire feed line carries a significant current which is not balanced
by a nearby return current as in a transmission line, the presence of the feed line can be
expected to significantly influence the radiation of the antenna. However, an analysis
of the radiation characteristics does not appear to have been previously undertaken.
The computed radiation patterns of the single wire fed dipole antenna for the three
single wire feed line offsets considered previously are shown in Figure E.5, where the
zz-plane pattern is on the left and the yz-plane pattern on the right. The value of
the spherical coordinate ¢ for each quadrant of the radiation pattern is indicated to
assist visualizing the radiation patterns with reference to the dipole and single wire

feed line positions shown in Figure E.1. A null in the yz-plane radiation pattern, and
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Figure E.4: Input impedance as a function of wavelength.

the associated beam-squint, is caused by the interference of the feed line radiation with
that of the dipole. Furthermore, the significant cross-polarized component of radiation

in the zz-plane is also attributable to radiation from the feed line.

The analysis described in this appendix forms a foundation for investigating the
properties of the single wire fed, substrate supported metal strip antenna described in

Section 4.3.2, and the arrays considered in Section 6.4.



Figure E.5: Principal plane radiation patterns of single wire fed dipoles. Dotted line:
p/L = 0.1, Solid line: p/L = 0.2, Dashed line: p/L =0.3.
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Appendix F

Derivation of Radiating Mode
Models for Array Analysis

The radiation from various metal strip folded dipole and feed line configurations is
computed in Chapter 6 from simplified models of the antenna geometry that, for the
metal parts of the structure, include only the radiating currents. In this appendix, the
radiating mode models are derived for both a metal strip folded dipole and a metal strip
folded dipole fed from a coplanar strip feed line. The derivation follows that of [99],
where comparisons with an exact analysis for resonant free-space folded dipoles above
a ground plane have validated the accuracy of the approach. The manner in which the
models are applied to the substrate supported metal strip antennas considered in this

thesis is described in Section 6.2.2.

A metal strip folded dipole of length, L, without a feed line as shown in Figure F.1a,
is considered first. The widths of the folded and driven arms are not assumed to be
equal. For the antennas considered, the folded dipole is located above a ground plane,
however, the ground plane does not enter into the analysis presented here. A voltage,

V, is applied to the input terminals on the driven arm of the folded dipole, and a

208



J /S /S S S S S S S
(a)

Radiating Mode Transmission Line Mode

JS /S S S S S S S S S S S S S S
(b)

Radiating Mode Transmission Line Modc

JS /7 /S 7 /7 7 S S S S S S S S S
()

Figure F.1: Folded dipole decomposition procedure: (a) folded dipole terminal voltage
and current, (b) decomposition into radiating and transmission line modes, and (c)
equivalent radiating mode and transmission line mode models used to compute the
currents associated with each mode.



current, /, that flows through the positive terminal is identified. The admittance, Y,

of the folded dipole at its input terminals is therefore

Y = (F.1)

I
=

In Figure F.1b, two separate modes are identified. The currents and voltages form-
ing a so-called radiating mode are shown on the left hand structure, and those forming
a so-called transmission line mode are shown on the right hand structure. Because the
currents associated with the transmission line mode are closely spaced and are equal
opposites, the transmission line mode contributes negligible radiation, and the folded
dipole radiates predominantly by way of the radiating mode currents. The relationship
between the separate modes in Figure F.1b and the complete folded dipole shown in
Figure F.1a is such that the currents and voltages associated with the complete folded
dipole can be viewed as the sum of the corresponding currents and voltages associated
with each of the two modes. A pair of terminals between the centre of the folded metal
strip and the centre of the driven metal strip for each half of the folded dipole are
identified for the two modes. For both modes, a reference potential to which all of the

voltage sources are referenced is shown as a dashed line in Figure F.1b.

The voltage sources, Vi, exciting the radiating mode are arranged so that the voltage
at each terminal of the radiating mode model is the same, and as a consequence, no
transmission line currents can be excited by these sources. The radiating mode currents
arc proportioned on the folded and driven arms in the ratio al;: 14, where the value
of o is determined by the relative widths of the folded and driven metal strips as
described in Section 4.2.2. The voltage sources exciting the transmission line mode are
arranged so0 that 1) the sum of the radiating mode and transmission line mode voltage
sources on the folded arm is zero, and ii) the transmission line currents, I;, excited on
the folded and driven arm have the same magnitude but opposite phase. To obtain
the second condition, the voltages on the driven arm are scaled by a factor, b, in the
transmission line model, and the total voltage at the input terminals of the complete

folded dipole obtained by combining the radiating and transmission line mode sources
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18 V = 2V, (1+b). Furthermore, a voltage V/2 appears across the terminals on each balf
of the transmission line mode as required, and this voltage does not excite radiating

mode currents.

In order to determine b, the admittance matrix relating the terminal voltages and

currents of the two modes is considered. The following conditions are known to apply:

1. the radiating and transmission line modes are orthogonal,
2. reciprocity applies for voltages and currents associated with a given mode, and

3. the co-located voltages and currents for each mode are related by the same ad-

mitfance term, since the geometry is the same for both cases.

As a result, the voltages and currents at the mode terminals are related by

[ Yo Yo 0 0 1T W } [ I, ]
Yia Y, 0 O % I
fa Xif 1 _ alqy ) (F.2)
0 0 Y Y A I,
| 0 0 Yy YH_ _—Vl_ L_I‘_

where Yyq, Yy; and Yy are the self and mutual admittances for sources at the terminals
of the radiating and transmission line models. By obtaining expressions for ¢ and b
from equation F.2 in terms of the various admittances, it can be shown that b = q,

and consequently the total voltage at the folded dipole input terminals is

V =2Vi(1 +a). (F.3)

It is noted that for equal width strips, Yss = Yy, and the well known result that a =1

is obtained for this case.

The admittance, Y, at the folded dipole input terminals may be found by consid-
ering the total current flowing through the positive terminal. From Figure F.1b, the

total current is made up of Iy from the radiating mode and I; from the transmission
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line mode, and therefore
I+ 1,

T Wi +a) (F.4)

For the purpose of analysis, radiating and transmission line mode currents may be
computed for the models shown in Figure F.lc, and the admittances Y; = I/,/V] and

Y, = I/ V/ obtained. The models in Figure F.lc are equivalent to those in Figure F.1b

when
. (1+a)Id
Yo = oy (F.5)
1y
%= Yare (F:0)

and the input admittance of a folded dipole may therefore be obtained from equa-
tion F.4 as
Yq Y:

The admittance Y; is obtained from a numerical analysis of the radiating mode equiv-
alent model shown in Figure F.l¢, and the admittance ¥; from an analysis of the the
short circuited length of parallel strip transmission line in Figure F.1c as

Y, = —j¥ocot (%) , (78)

where Yy is the characteristic admittance of the transmission line and k is the propa-

gation constant of the transmission line mode.

Considering now the same metal strip folded dipole antenna fed from a coplanar
strip feed line, as shown in Figure F.2a, the voltage, V, at the input terminals of the
folded dipole is excited by the balanced mode on the feed line. Because the balanced
mode currents on the feed line are closely spaced, they are assumed not to affect the
radiation of the antenna and are therefore omitted from the analysis. It is possible
in a phased array, however, for common mode currents to be excited on the feed line
ag the beam of the array is steered in space, due to the resulting asymmetry of the

overall array excitation, and these common mode currents will affect the radiation
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Figure F.2: Folded dipole and feed line decomposition procedure: (a) folded dipole
terminal voltage and current and feed line common mode current, (b) decomposition
into radiating and transmission line modes, and (c) equivalent radiating mode and
transmission line mode models used to compute the currents associated with each

mode.
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characteristics and impedance of the elements. In Figure F.2a, common mode currents
I¢/2 are shown at the junctions between the metal strips of the feed line and the folded
dipole. Furthermore, the common mode currents on the feed line are terminated at the
ground plane by a common mode resistance R, which is determined by the properties
of the balun network that connects the feed line to the driving electronics. The details
of the common mode termination are discussed in Section 6.2.3 of this thesis. When a
common mode current is excited on the feed line, the current, I;, flowing through the
positive terminal, and the current, 1., flowing through the negative terminal, will be
unequal. This is due to the fact that the common mode currents feed anti-symmetrical
currents in addition to the existing radiating mode currents on the folded dipole. For
the analysis here, it i3 chosen to compute the feed port admittance by considering the

current /; lowing through the positive terminal’.

The separation of the voltages and currents into the radiating mode and transmis-
sion line mode of the folded dipole, as shown in Figure F.2b, follows that presented
above for the case where the feed line is not present. In this case, the voltage sources at
the antenna input terminals represent the voltage transferred to the terminals by the
balanced mode on the feed line. At the positive terminal of Figure F.2a, the current,
I;, may be expressed as

I
Il:]d—-é—{-.{t (Fg)

and consequently the admittance, Y, at the folded dipole input terminals is

I _1d—If/2+[t

Y = =
2Vi (1 + a) 2Vi(1 +a)

(F.10)

For the purpose of analysis, radiating and transmission line mode currents may
be computed from the models shown in Figure F.2c. Because the metal strips of the
feed line are closely spaced, the common mode currents on the feed line are summed

to give a current I; on a single metal strip that connects to the folded dipole at the

1A similar analysis considering the current I, flowing through the negative terminal would produce
the same result, provided that the convention for the direction of the currents and the polarity of the
voltage sources is preserved in the numerical analysis used to determine the radiating mode currents.
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junction between the radiating mode sources at the dipole input terminals. A common
mode termination Ry at the base of the single metal strip representing the feed line
is included In the model. Admittances ¥; and ¥; may be computed as in the previous
case for a fol&ed dipole without a feed line, however, when the single strip representing
the feed line is included an additional admittance Yy = I}/V] is also identified. The

models in Figure F.2c are equivalent to those in Figure F.2b when

(1+a)ly

Ya = T (F.11)
I,
Vi = ———— | O A
t Vl(l n a) ( )
Iy

and the input admittance at the terminals of the folded dipole is obtained from equa-

tion F.10 as
Yy Y; Y;

Y = - —.
2(1+4a)? 4(1+4+a) )

(F.14)

The admittances Yy and Y; are computed from a numerical analysis of the radiating
mode equivalent model shown in Figure F.2¢, and the transmission line admittance Y;

is computed in the same way as for a folded dipole without a feed line.

In Section 6.2.2, sources V] = 1 volt and V} = 1 volt are employed so that the
numerical values of the required admittances correspond to the appropriate currents
at each source. The impedance step up ratio of the folded dipole is denoted as 42 in

Section 4.2.2, and is defined as 7* = (1 + a)?.
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Appendix G

Phased Array Simulator

Measurements

Phased array simulators are used to measure the performance of antenna elements in an
infinite array environment for various beam-steer directions. A waveguide surrounding
several antenna elements simulates the array environment by imaging the enclosed
antenna elements about the cond icting walls of the waveguide. The waveguide is
terminated in a reflectionless load such that only waves propagating away from the
array aperture exist. A “looking-out” type of phased array simulator as described in
[118] is used for the measurements in Section 6.3. The front and side views of two
phased array simulators are illustrated in Figure G.1. The simulator in Figure G.1a is
used for complete substrate supported metal strip antennas having a balanced coplanar
strip feed line. The simulator in Figure G.1b is used for half elements which have
themselves been imaged about one of the waveguide walls, thereby giving access to a
well defined feed point suitable for connection to a coaxial line. In both simulators,
beam-steer angles in the zz-plane (or ¢ = 0° plane) are obtained. The symmetry
of the simulator geometry, and the balanced excitation and current distributions on

the antenna elements for beam-steer angles in the zz-plane, is such that all of the
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Figure G.1: Simulator geometry: (2) complete elements (b) imaged elements

currents are correctly imaged, however, the position of the substrates is shifted with
respect to the position of the metal strips for the images in the narrow wall of the
waveguide. Because the spacing between the elements is large compared with the
substrate thickness, this effect is not expected to have a significant influence on the

results.

The three-element simulators employed are dimensioned such that the element spac-

ings d; and d, are

Q.

Y

Il
S >

~
o wa

QL

o
Il
CIENC
I

where )\, is the free-space wavelength at the half-wave resonance of the antenna ele-
ments. Half-wavelength spacing is chosen to preclude the existence of grating lobes.

From the analysis in [118], solutions exist for two beam-steer angles in the ¢ = 0° scan
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plane, which are determined from

6,, = sin™’ Zgo forn=1,2 (G.1)

and the corresponding reflection coefficients at the feed points are

n == Eslrs”] -_( — l)

ral 6

for n = 1,2 (G.2)

where S, are the measured scattering parameters at the measurement reference planes

of the three-port network comprising the three antenna feed ports.

For the phased array simulator in Figure G.la, the need to provide a balanced
feed by means of a balun normally results in only the magnitude of the reflection co-
efficient being determined at the antenna terminals in order to avoid a complicated
de-embedding problem. However, for such simulators, complete substrate supported
metal strip antenna elements and their feed lines are included in the measurement. For
the phased array simulator in Figure G.1b, the magnitude and phase of the reflection
coeflicient at the unbalanced antenna feed point may be directly determined, and the
active impedance at the feed point calculated. Reference planes at the bases of the
metal strip monopoles in the simulator are obtained by introducing time delays, 4, as
described in Section 3.3.1, to allow for the offset distance from the calibration reference
planes. No other empirical adjustments are made to the measured results. The mea-
sured scattering parameters at the required reference planes are used to determine the
reflection coefficients I',, for the two heam steer angles available. The active impedance
at the centre of complete substrate supported metal strip antennas without feed lines,
for each beam steer angle, is obtained by doubling the impedance corresponding to the

appropriate I'y,.
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