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Abstract

A novel passive antenna system, capable of discriminating
specific electromagnetic signals 1is addressed. This
antenna system will be able to detect signals of certain
bandwidths, amplitudes and propagation directions. The
philosophy behind this design was to maximise the signal
discrimination at a stage prior to reception. The
development of such systems could relieve the work
involved in post detection discrimination, which may be
time consuming and expensive. A major motivation of these
studies lies in the difficulties inherent in signal
detection for mobile radio communication systems
operating at microwave frequencies. Such an antenna
system consists of two components. They are the filter
section and the detector array. The filter is designed in
such a way that only the near normal signal to the
locally £flat area will be admitted and the rest
reflected. The detector array will be at an appropriate
position below the filter. :

Two types of filter structures have been studied for this
angular filtering property. They are the Dielectric
Multilavers (DML} and periodic arrays of slots as
Frequency Selective Surfaces (FSS).

DML, are constructed by stacking layers of ‘dielectric
material whose permittivities wvary in a near sinusoidal
manner. Such a structure is known to have the ability to
admit certain  frequency bands of signals. The
conventional transmission/reflection matrix method is
used for its analysis. Also an optimisation procedure is
carried out to minimise the loss of the signal in the
DML. The characteristics of the DML as a beamdirector and
beamshaper have also been investigated.

FSS exhibit the characteristics of band pass and band
stop filters, depending upcon the nature of the surface
(periodic arrays of elements or slots). Here the band
pass nature 1is utilised by using arrays of slotted
elements. These surfaces are tuned to admit narrow band
signals. The well known modal analysis method has been
employed to study the FSS characteristics. The FSS have
been studied in the context of frequency scanning, beam
shaping, beam directing as well as angular scanning.

A prototype has been constructed to simulate a multi
signal environment in which the above structures have
been experimentally assessed.
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Chapter 1

Chapter 1

INTRODUCTION

1.1 Driving Force for the Research

Detecting electromagnetic signals in an environment
containing superfluous or unwanted signals is an
important problem in communications (1], direction
finding[2], radio astronomy[3] and radar{4]. There can be
several parameters governing the meéning'of "unwanted' in
this context, which are best appreciated by considering
the properties of the set of signals which one would like
to detect. The effectiveness of a microwave communication
or radar transceiver system depends critically on its
ability to distinguish between the signals in terms of
their amplitude, frequency and beam properties. The
increasing use of the same spatial channel and spectral
band for multiple signal propagation further complicates
the electromagnetic environment and motivates the need
for antenna systems which provide signal discrimination
within a narrow spectral band. It is safe to assume that
in the events of signal replicas existing at the
receiver, it would be desirable to 1solate and if
necessary track the strongest. The first property of
interest is therefore signal strength. Since the signals
may arrive at the receiver from almost any direction it
is necessary to determine the source location in order to
direct the receiver. The second signal property 1is
therefore propagation direction. The final ©property
addressed is signal bandwidth and this clearly can be a
convenient eliminating or indeed discriminating factor.
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The above three criteria can be lused to distinguish
signals at a particular point in time but it is
recognised that the parameters may change in time., If a
receiver is required to detect a signal defined by these
criteria but the parameters of which are unknown, it must
either be insensitive to the criteria or it must be able
to adapt to changes. A further complication arises when
the receiver itself is not a fixed entity as for example
in mobile communication[5, 6] and airborne radar[7].
Solutions to these problems have been proved by utilising
the properties of mechanically or electrically steerable
antennas. Perhaps the most elegant design employed in
beam steerage is the antenna array[8] and many types.of
elements have been devised. Signhal discrimination is
achieved under two main classes of approach. The first is
purely computational method wherein the signals from each
array element 1is digitally processed to determine the
direction of the incoming signal and subsequently the
antenna can be directed appropriately. Algorithms have
been developed to optimise this process which has been
termed adaptive and hence adaptive arrays{9,10]. The same
array can be steered by phasing the elements and thereby
tracking the main beam. The second approach requires
somewhat less computational effort since the antenna
itself is mechanically scanned through sectors of
interest, storing received signals as it moves. At the
end of the scan the signals can be compared and the
relevant information obtained.

Current interest in steera Q/yénd direction finding
antennas{11] is partly motivated by the projected
requirements of microwave communication systems. Carrier
frequencies measured in tens of GHz are anticipated with
concurrent miniaturisation of transduction. Mobile
systems present special difficulties, wherein increasing
effort is needed to discriminate a given signalll2},
especially in urban environments[6]. Development of
particular antenna geometries and loading is an approach
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to pre-detection discrimination which is entirely
passive. For convenience such designs are referred to as
intelligent antennas (IA). Realisation of such IAs can
reduce the receiver workload considerably and the overall

system diversity.

Although other existing techniques provide the required
information, there are drawbacks for some areas of
application. These stem from the large computational
effort required which slows the response of the
instrument and may have undesirable influences on design
.criteria such as size, weight, power and cost. The
proposed detector is designed to measure the individual
anmplitudes of a set of signals occupying a particular
frequency band and simultaneously determine the
propagation direction of each signal. In some practical
circumstances the set of signals of interest will
dominate the ambient radiation, in terms of their
strengthszowever this set may change in time and within
the set a range of amplitudes may be present. Ideally,
the function of the detector is to select the strongest
gsignal in the given bandwidth and determine its source
direction. It is envisaged that the detector could
operate in conjunction with a steerable antenna which
would respond to directives from the detector itself. A
particular application may require the antenna to track a
signal {or set of signals) or to steer into a direction
of minimum signal strength. If the detector and antenna
were positioned in the same inertial frame of reference,
real time control could be maintained even when the
receiver was mobile. The detector may alsce be used as a
selective receiver of signals and the law of reciprocity
implies that certain transmissions could also be made.

In this thesis a novel design 1is proposed which is
capable of discriminating signals of particular
bandwidths, amplitudes and propagation directions. The
design criteria of the proposed antenna system and the
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results obtained by using spatial filters will form the
body of this thesis. Also few general properties of these
filters, particularly £frequency scanning, beam forming,
beam directing, windowing etc are investigated.

1.2 Outline of the thesis

The logical sequence followed in this thesis is shown in
Figure 1.1. Chapter 2 is seen as a pre~requisite for all
the chapters that follow. It contains all the information
about the proposed antenna model and the requirements.
The following two chapters review the mathematics
involved in the design o¢f the filters and the next two
chapters are dedicated to the results.

Chapter 2

'

|

Chapter 3 Chapter 4

¢ | }

|

Chapter 5

Chapter 6 <

Figure 1.1 Logical sequence of main chapters.
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In Chapter 2, the concept of the passive antenna system
is described. A schematic model of the proposed antenna
system 1is established. The filter structures and the
detector system are presented in real terms. This antenna
structure is compared with the Sperry dome structure and
the reflection and polarisation effects are discussed.

In Chapter 3, the dielectric multilayer (DML) is
discussed. The mathematics involved in the transmission
and reflection characteristics is reviewed for
completeness. Gradient optimisation methods {one and two
dimensional) are introduced and discussed, to reduce the
transmission losses through the DML. Results are
presented to substantiate these effects.

Chapter 4 gives a review of the modal analysis method
used for the development of Frequency selective surfaces
(FSS). Parametric studies are carried out to evaluate the
performance of FSS as angular filters., Also the general
principle of frequency scanning is presented together
with the first order numerical results generated.

Chapter 5 presents the results of the passive antenna
structure which will be discussed in Chapter 2, which
comprises of DML and FSS. Different types of experiments
are presented. They are éngular filtering, plane wave
measurements, radiation pattern measurements and near
field measurements. Single and multiple horn combinations
are used as the signal source. Both DML and FSS are used
for the realisation of the passgive antenna structure. Two
different geometries of array designs are used for the
fabrication of FSS. Both planar and curved structures are
subjected to the experiments mentioned above. The
theoretical as well as the measured results are compared.
For some experiments, thecoretical models are not readily
available and therefore a practical study is carried out.
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"In Chapter 6, the beam steering and beam forming actions
using DML are verified. The DML is presented as a
electromagnetic window and as an apodiser. The effects of
the radiated beam due to the variation of the surface
parameters of the FSS as well as to the variation of the
signal parameters are discussed. The lengths of the slots
are varied to provide focusing, beam directing and beam
forming. A first order approximate thecoretical model for
beam directing is derived and the numerical results are
presented. A numerical model 1s also developed to analyse
the frequency scanning property of FSS.

Chapter 7 gives the conclusions of the study and

suggestions for future work.
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CHAPTER 2

PASSIVE ANTENNA CONCEPTS

2.1 INTRODUCTION TO PASSIVE ANTENNAS

Passive antennas will play an increasingly important role
in communications and surveillance. Such antennas offer
the flexibility to handle the demand for beam steering as
well as beam forming used in airborne and space based
applications. Passive antennas are finding many
applications in areas of communications. Dielectric based
antennas use a monolithic planar technology for a flat
low profile design. These radiators can also be frequency
scanned, eliminating the need for elaborate gimbals, and
mechanically or electronically scanned feeds[l]}. Ease of
integration and fabrication are key features of passive
antennas. Fabricating the antenna as an integral part of
the system can significantly reduce cost, along with size
and weight.

This chapter describes one such passive antenna concept
which is relevant to mobile satellite radio
communications systems. It also describes particular
designs for one of the critical components. Here the
characteristics of DML and FSS are exploited as angular
filters which will behave as a spectral and spatial
filter. This allows the signals in the desired bandwidth
to propagate through the filter structure, thereby
providing signal discrimination. Details of the behaviour
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of these filters will be discussed here.

2.2 CONCEPTS OF INTELLIGENT ANTENNA

The proposed detector has two components corresponding to
the signal parameters, the frequency band and the
direction/amplitude. These components are the filter and
the detector array respectively. The complete structure
is azimuthally symmetric and Figure 2.1 shows a vertical
slice through the design in schematic form.

Incident Plane Wave

v

_____________ i
Detector Array

Figure 2.1 Schematic diagram of the passive antenna setup

The detector array lies in the horizontal plane and 1is
surmounted by a dome shaped filter with spherical
symmetry. It is assumed that the detector lies in the far
field of a given EM source so that phase fronts arriving
at the outer surface are plane. The filter is désigned to
admit radiation at or near its local normal so that a
given source will penetrate the outer dome at a

10
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particular angle with respect to the origin of spherical
symmetry. The filter can alsco be tuned to admit radiation
of a specific frequency band.

Finally a detector array is added in a plane parallel to
the horizontal at some optimal vertical ©position.
Although the array may be similar to a conventional
phased array its task is somewhat different. It must
make individual measurements of signal amplitude at each
element rather than many measurements of the same signal.
The resolving power of a conventional array is therefore
lost but is replaced by the action of the filter.
Information contained in the outputs of the detector
elements can be used to effect real time control of a
steerable antenna mounted in the same inertial frame as
the detector. Some adjustments may be necessary for non-
linearities in the operation of the detector and parallax
errors between detector and antenna, but these can be
determined and preset without the need for changes.
Because of the shape and physical property of the
complete system it seems appropriate to use the acronym
redome to indicate '"refracting dome" detector. What
follows 1is a more detailed description and analysis of
each detector component.

2.3 The Filter Dome

It is recalled that the filter will be designed to admit
a specific frequency range at or near normal incidence.
The external dimension of the dome is chosen so that the
surface is locally flat with —respect to wavelengths of
interest. The dome will therefore typically exceed
twenty wavelengths in diameter. The scattering properties
of multilayer systems can also be achieved using a single
inhomogeneous dielectric layer, which can be analysed and
therefore designed in a simple way [2]. A review of some
of these techniques can be found in [3].

11
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A supplement or alternative to these techniques can be
provided by a tuned frequency selective surface (FSS) on
the outer layer of the dome. Frequency selective surfaces
(dichroic¢ surfaces) are doubly periodic arrays of
conducting elements wusually printed on a dielectric
substrate[4,5]. FSsS are transparent to incident
electromagnetic waves of certain frequencies whilst being
efficient reflectors of other spectral components.
Specific transmission frequency responses of the surface
can be achieved by Jjudicious choice of parameters
including element and lattice geometry, dielectric
permittivity and thickness. The transmission response
will also be a function of the angle of incidence and it
ig possible to design an FSS which will reflect radiation
incident at angles other than normal[6].

2.4 The Detector Array

The detector array will be placed at the focal plane of
the dielectric lens in order to detect the radiation
resulting from incoming convergent rays. Individual
element excitations will be recorded and compared so that
the direction of signals of interest (weak, strong or
both) can be determined. There will not be active phasing
or beam steering 1involved, thereby reducing the
complexity of the hardware and processing which can be a
limiting factor in conventional phased array
applications. A number of array geometries could be used,
depending on the specific requirements of the overall
redome design. Arrays made up of elements such as
waveguide feeds [7], microstrip patches[8] and simple
linear dipoles are all possible configurations and have
been exploited in many communications applications. The
operating frequency band, polarisation, size and weight
are prime factors influencing design. The element spacing
will be chosen so that adequate information about the
excited elements is retrieved without deterioration of
the spatial resolution. The element spacing will not

12
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necessarily be regular although azimuthal symmetry will
probably be required.

2.5 Intelligent antennas vs. Sperry Dome antennas

There have been conflicting opinions regarding the
similarity in the concept of the passive antenna,
mentioned above and the Sperry dome antenna.{11]

Any dome structures perform electronic scanning with a
active planar antenna array that is capable of providing
hemispheric angle coverage. It uses a passive conformal
lens to extend the scan range of a conventional array.
But this conformal dome structure is studded with fixed,
passive phase shifters. When selected portions of the
interior of the dome are illuminated by a transmitted
beam, the collective phase shift of the illuminated
elements changes the direction of propagation of the
energy from the feed array, acting as an RF analog to an
optical prism. Thus, the planar feed array need not scan
to as large an angle as is ultimately reguired.

Therefore a planar array, which is normally limited in
its scan range to £60° or less can be improved by
changing the beamsteering function by adding the dome
which in turn increases the scanning abilities of such
arrays.
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In the case of an intelligent antenna system, the dome -
structure serves as a simple "strainer" of
electromagnetic signals. Its preliminary intention is not
to perform electronic scanning, though the chances cannot
be ruled out completely. The dome's average dielectric
constant is theoretically the same. This structure 1is
technically much less complicated than the Sperry dome
and is economically cheap to construct.

The position of the plan%r array in the intelligent
antenna has to be optimised te avoid signal bunching on
the array or the inability of the signals to reach the
detector. The Sperry dome antenna system injects the
signals into the planar array from any direction, as the
dome surface acts as a prism. In other words the
intelligent antenna is designed to admit signals which
are normal to the locally planar area region of the
filter dome and the rest are reflected. These filter
domes could be used as a focusing object by altering
 certain parameters of the surfaces, as discussed in
Chapter 6.

2.6 Reflection Losses and Polarisation Effects

Losses at the filter dome will be large in the sense that
only radiation incident near local normal will be
transmitted. Cne can think of the filter as a collimator
of incident plane waves with the axis of collimation
being the direction of local normal. The collimated beam
will not have a uniform amplitude distribution, however
near the centre of the beam the Poynting flux should be
only slightly less than that of the unfiltered incident
radiation. Although the power loss can be reduced by
applying métched layers of appropriate width and material
permittivity, it is useful to consider the worst scenario
where no matching is used. As a first approximation the
losses can be estimated using geometrical optics, wherein
the reflections are functions of the material

14
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permittivity and loss factor of the DML and the angle of
incidence. In the case ©of FSS, the reflections depend
upon the periodicity between the elements or slots.

As the angle of incidence increases from 0° at normal
incidence the amplitude reflection coefficient initially
increases for Transverse Electric (TE) polarised waves
énd decreases for Transverse Magnetic (TM) polarised
waves. For angles greater than the Brewster angle both
polarisations have increasing amplitude reflectivity up
to total reflection at grazing incidence. Most of the
rays are incident between 0° and 45°. S$Since the Brewster
angle is tan"l(ﬁé) at the entry surface and tan‘l(l/V%)
at the exit surface, the majority of rays will refract at
angles less than the Brewster angle as long as £ £ 3. In
that case the reflection will only depend weakly on the
angle of incidence for both TE and TM modes and will not
exceed 10% of the initial intensity.

2.7 REMARKS

This chapter has presented an alternative solution to
signal discrimination based on a novel detector. The
system may enable signals to be classified according to
the criteria: frequency band and propagation
direction/amplitude. The two design  elements
corresponding to these criteria are the filter and the
detector array. Since the external shape of the detector
has a semi-spherical symmetry and EM radiation is
refracted through the filter dome, the system has been
termed a refracting dome or "redome” detector.

Applications of redomes would include signal tracking,
when used in conjunction with a steerable antenna. In
mobile radio communication systems for example, it is
important to simplify the hardware and software demands
made on the mobile to reduce weight, size, power

15
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requirement and cost. A redome may have positive
contributions to make 1in this context for several
reasons. Firstly, the redome should be able to direct a
steerable antenna in real time to track the strongest
available signal. If a dominant signal is not available,
the antenna could at least be directed into the sector of
maximum signal strength. Since the redome incorporates a
spectral filter this process can be selective with
respect to a particular communication band. The second
major advantage of the redome detector is that tracking
is achieved without placing computational demands on the
mobile itself, which would complicate its operation and
slow its response to changes in the received signals and

antenna position.

It may be possible to track more than one signal using a
redome detector; which would enable existing advanced
modem techniques such as maximum likelihood detection[12]
to be supported. If necessary, multi-redome designs could
be used to track signals. Another possible property of
multi-redome systems would be communication channel
selection, which could be achieved by tuning each
detector filter into a different frequency band. Although
the function of the redome as a signal discriminator has
been stressed, it is likely that it could also be used as
a highly selective, multi-signal receiver and therefore
one cannot rule out its application to transmission also.

16
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CHAPTER 3

DIELECTRIC MULTILAYERS

3.1 Introduction to Multilayers

Dielectric multilayers have received increased attention
in the avenue of optical research, owing to their unique
characteristics in impedance matching, polarisation

control and reduction in the operational bandwidth., In

science and technology a need exists for multilayer
filters with an ever increasing complexity of
performance. Periodic dielectric multilayer stacks of two
different refractive indices in each period have been
widely studied for their use 1in narrow band filters,
broadband reflectors, edge filters etc.[1,2,3], in the
optical regime. The concept of filtering optical-signals
by placing a dielectric material with thin film coatings
is well established[3].

Frequently, research workers in optics are confronted
with the problem of obtaining an optical filter which has
a specific spectral transmission function. In most of the
cases they use filters which depend upon the selective
absorption of individual layers. These multilayers are
normally made up o¢f stacks o¢f materials of different
permittivities at different thicknesses. The thicknesses
of the layers are normally fractional multiples of the
wavelength of the signal, in that particular material.
The analogy of microwave multilayer filters with optical
filters as band-pass frequency devices is well known{4}].
The optical filter is also an analogue of the waveguide
filter(5].
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In the optical sense, since A is very small (of the order
of pm), the fractional multiples (say A/4 or A/2) are
also very small. But in the microwave region, as the
frequency reduces from the optical region, A increases,
which in turn increases the thickness of the layers
compared with that of the optical filters.

An optical nultilayer is usually modelled by assuming
that the individual layers c¢f the system are thin, plane
parallel, isotropic, homogeneous, scatterless, lossless
and have abrupt interfaces. Given such a model, it is a
relatively straight forward matter, using matrix methods,
to analyse the performance of a multilayer and to
calculate any or all of the related quantities of
interest. But in the case of a microwave multilayer
filter, the thicknesses of the individual layers are
larger compared to their optical counterparts, due to
higher wavelengths. As a consequence, the dielectric loss
associated with each layer contributes significantly to
the overall performance of the multilayer filter.

A dielectric multilayer can be theoretically designed to
give any desired transmission over a specified bandwidth,
but the realisation of the material in practice imposes a
severe constraint at microwave frequencies., Ideally the
designer wants +to have control over the material
permittivity, permeability and loss tangent. But the
fundamental problem concerns the dearth of material
having a relative permittivity &, significantly greater
than unity at frequencies in the microwave band, so that
the thickness of the material «can be realised
practically.

Figure 3.1 shows a standard DML bandpass filter having
five homogeneous layers, with the thickness of the high
permittivity layer at the centre being A/2 and the rest

of the high permittivity layers A/4. The thickness of th%/n*_hhmg_k

low permittivity layers is A/2,.
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High Permittivity
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Low Permittivity
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Fig 3.1 Dielectric Multilayer Filter

The applications of these multilayer filters in the
microwave region 1is practically less popular, though
there is some renewed interest in the area of microstrip
antennas. Jackson[6] used a multilayer stack to cover a
microstrip antenna which resulted in the reduction the
radar cross section of the antenna. Bonvin et al[7] used
a single layer of thick slab to obtain the same effect.
Or in other words, 1in a rather broad sense these
structures are enmployed to serve ags radomes. Radomes [8]
are electromagnetic windows, consisting of different
dielectric layers as well as metal meshes. The primary
intention of such structures was to protect the antenna
systems from damages and from environmental hazards. To
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achieve this, radomes are required to be structurally
stable and designed to give low attenuation under certain

operating conditions.

In this chapter the mathematics of transmission and
reflection properties of the dielectric multilayer is
reviewed for the sake of completeness. Full details of
the derivation can be obtained in the literature[9,10].
Initially a formulation is made for a planar media and
then it is wviewed in terms of DML. Also, dradient
optimisation methods are implemented to reduce the
transmission losses of the DML.

3.2 Material Characteristics

For a material to be efficient as a filter, it should not
attenuate the signals passing through it. Or, in other
words the loss tangent(tan 8) of the material should be
as low as possible. The thickness of the material should
be uniform throughout. Irregular surfaces, of course
alter the resonant frequency of the structure, which, in
fact, disturbs the transmission.

Alumina substrates(1l] are recommended for
this purpcse, since they can be machined with tolerances
of fractions of millimetres. The electrical
characteristics of the low permittivity polystyrene

layers , also play an important role in the filter
realisation. Throughout this thesis, it is assumed that

the permittivity of the polystyrene material is close to
that of free space. The overall weight of the laminates
should be as low as possible to enable them to compete
with other lightweight systems.

3.3 Theory
It has long been appreciated that dielectric multilayver

structures can exhibit characteristics o¢f a spectral
filter with respect to EM radiation[9). BAccurate filter
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designs are feasible since it is straightforward to model
the transmission and reflection properties of a series of
homogeneous 1layers. Although the direct problem is
thereby solved, it is not trivial to invert the process
and provide a multilayer design to effect a particular
filter. The so-called inverse preoblem only has solutions
for particular geometries and or materials. Even if the
inverse problem is solved, design compromises are
inevitably imposed by the availability of the material

parameters.

Multilayer thin films have been designed to achieve
maximum {(minimum) transmission for a given frequency band
and for radiation incident at a given angle. If maximum
transmission is required at normal incidence, a standard
approach 1is to construct a laminate of two materials
arranged in an alternating sequence. The frequency
response of such structures depends on the optical depth
of the layers, which must be designed to be resonant with
respect to the appropriate frequency band. For optimum
effect the two materials must be composed of contrasting
dielectric permittivity (usually termed high and low).
The simple combination high-low-high~high~low-high
(Figure 3.1) is investigated. The structure will rescnate
when the optical depth of the high permittivity layer is
a quarter wavelength and the optical depth of the low
permittivity layer 1is a half wavelength. By this
arrangement of thicknesses there will not be any phase
difference at the output of the filter. These laminar
structures exhibit several pass and stop bands which can
be controlled by adjusting the composition, dimension and
the number of layers used. Here the requirement of
angular filtering is more stringent than a pass band
spectral filter since the angular degree of freedom must
also be constrained. The particular nature of this extra
constraint is wunusual in the context of thin film
technology and has necessitated some novel design work.
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3.3.1 WAVES IN A DIELECTRIC LAYER

When a plane wave is in free space(ep=1, tan &=0), it
travels along at the velocity of 1light. This is the
velocity of a constant phase point on the wave and is
called the phase velocity. But when it travels through a
homogeneous dielectric material with a relative
permittivity greater than 1, the new velocity will be,

Fig 3.2 Signal travelling through a dielectric slab.

This shows that the wave slows down in comparison with
the velocity in free space and the wavelength of the
signal in the dielectric will be
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A= = (3.2)

This is shorter than the free space wavelength, The wave
is bunched in the dielectric as it slows down and the
wavelength decreases as shown in Figure 3.2.

3.3.2 GOVERNING ELECTROMAGNETIC EQUATIONS

This section of the chapter deals with the mathematics
involved in the design of a dielectric multilayer filter.
Here, the different layers of the DML are assumed to be
made of homogeneous, dielectric and lossy material. Since
the antenna theory is based on classical electromagnetic
theory as described by Maxwell's equations, it would be
proper to begin with a brief review of electromagnetic
phenomena.

The electric and magnetic fields are vector fields
dependent on spatial co-ordinates, x, vy, z and time ¢t.
Fourier transforms of the Maxwell's equations are taken
to translate from the time domain to spectral domain, and
in that case all time derivatives may be replaced by =-jo.

In a homogenous dielectric medium, the transformed
Maxwell's equations are as given below:

VXxE = JjeB (3.3a)
VxH=-jeD +9J (3.3b)
V.B =0 (3.3c)
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E.Q E= LP (3.3d)

Since a dielectric medium 1is under consideration here,
the constitutive relations are assumed to be:

r
D = eos’r(l + 332)}; (3.4a)

B = ppH (3.4b)
where the ratio &",/8'y is usually replaced by the loss
tangent tan 9d.

3.3.3 Vector wave equation
Following substitution of the constitutive relations into

Maxwell'’s equations, the Helmholtz wvector wave equation
is obtained as[12]

(E? +Ié52(x)%P =0 {3.5)

ef(x)
e} (x)

refractive index, ¥ is either electric(E) or magnetic(H)

where nz(x):ze}(x)[l4-j ) in which n(x) denotes the

vector potential and k is the free space wave number.

Equation (3.5) is a Helmholtz wave equation for uniform
and homogeneous regions. The next section deals with the
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formulation of the wave equation for a dielectric sheet
for both TE and TM incidence.

3.4 Formulation of the Field

In this section the formulation of the field
characteristics of a dielectric slab 1is presented. A
dielectric slab possessing a relative dielectric constant
gr and with a loss tangent tan & 1is situated in a
lossless, homogeneous medium, here assumed to be air
(e = 1.0), is illuminated by a plane wave.

3.4.1 TE Component
For a planar interface (Figure 3.3) lying in the vyz

plane and an electromagnetic plane wave propagating in
the z and X directions, the TE component has §=(O,Ey,0).

AZ

Figure 3.3 A Planar interface
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Equation 3.5 can be written in scalar form to represent
the X, vy and z components,

(af{ + ai + 9%+ k2n2(x))(Ex,Eyl,Ez) " (3.6)

But for the TE mode the E vector has only a component in
the y direction. Then equation 3.6 c¢an be modified as
follows:

(82 + &+ kznz(x))(O,Ey,O) =0 (3.7)

X

Assuming that the incident medium (n;} is uniform, Ey has
the general solution[10]

Ey = E(x)(A.exp(jknlsinez)4—B.exp(—jknlcosﬂz))(B.B)

Now the wave number in the 2z direction can be derived
from Figure 3.3 and it is given as k,=knjsinb. For the
single interface shown in Figure 3.3 waves propagate in
the +z direction only and therefore the second term in
(3.8) 1s omitted. Following a substitution into (3.7),
the reduced wave equation is obtained as follows:

(6‘}2{ + ¥%n?(x) - ¥nZ sin® 8)E(x) = o. (3.9)

Equation (3.9) can be rewritten as
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2
& + kznf[f}-%’fl - sin® 6}|E(x) = 0 (3.10)
n
1

which can be abbreviated as

(ai + qZ)E(x) =0 ‘ (3.11)
where
2
qz = kzn% 11~-£;—l--sin26 (3.12)
&1

3.4.2 ™ Component

The vector wave equation (2? +}?n2(x))g = 0 can be solved

similar to TE, except the fact that the boundary
conditions are different. But, because of the simplicity
it is approached in the following manner.

H is represented as (0,Hy,0} for TM modes, so that
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and

(V x H) 1 1
Z(X) ) [O’ aX[rl?‘(x) aXH} ' aZ(nz(x) GZH} OJ 339

Thus the wave equation is modified to

1 1 2
8 o.M | + % + k4 = 0 (3.15)
X(nz(x) x ] nZ(x) ?

Similar to the TE modes the wave number in the z
direction is knjsin®.

Therefore

B [ zx) 6XH) + nzix)( n?{x) - k% fsinze)ﬁ =0 (3.16)

Equation (3.16) can be written as

2
ax(nzix) C"XH} + [ﬁ;]ﬂ = 0. (3.17)
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The vwvariable 1is changed here because it makes the
derivation easier to represent in a Helmholtz equation
and can -be directly compared with the TE mode. Then
changing the variable to x',

x' = x.nz(x) (3.18)
OyH = n®(x)dyH (3.19)
and
&
n?(x') 0LH + [5——JH = 0 (3.20)
n“(x')

which results in

[ai, +Q%1H = 0 (3.21)
where
q ‘ |
n? (%)

The boundary conditions required to satisfy the
requirements are discussed in the next section.
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3.5 Boundary Value Problem Formulation

The geometry treated here, 1is that of a multilayer
structure (Figure 3.4), which has arbitrary wvalues of
widths and other electrical parameters. It is assumed
that the multilayer is placed in free space, so that
signal propagation takes place from one end of the free
space through the multilayer to the other end.

Z A t

Y

Figure 3.4 A Multilayer Structure with N Slabs

Thus outside the multilayer, 3.12 becomes,

q% = k2c0328 s (3.23)

So it is necessary to solve
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[E]
-0 (3.24)
H

Sos N

within the slabs, where

qi = 1&:‘2(11121 - sin® 9) (3.25) -

Dielectric Muiltilayer consists of a number of interfaces
between wvarious dielectric layers and the signal
throughput in the multilayer has to be deduced after
formulating the expressions for these scattered fields
between these interfaces. In Figure 3.1, a schematic
diagram of a DML is shown. It is assumed that the medium
is absorption free and that a plane wave is incident on
one side of the DML. At the boundaries, the tangential
components of E and H are continuous across it, since
dielectric materials are used as individual layers. The
first interface is defined by x = 0. The tangential
components must be continuous for all values of y, z and
t.

The plane wave is split into a reflected wave and a
transmitted wave at the interface and the reflection and
the transmission coefficients of these signals have to be
calculated. It is certain that these signals have an
amplitude and a phase term and these waves are
represented as follows

For region x<0, the solution is
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In layer 1,

Fel AX 4 By IAIX,

Thus, in the nth layer, The above equation becomes

Fnej An¥ + Bne—j qnxt

For the region =x>x,, there will not be any reflected
signal, and the transmitted signal is given by

In these equations, F and B represent the forward and
backward scattered fields and R and T represent the
backward scattered field from the first interface and the
forward scattered field from the nth interface.

Now consider the nth layer /(n+1)th layer interface. The
boundary conditions are

1. The continuity of the tangential E and H at every
interface.

2, The derivatives of E and H are continuous at every
interface.

i.e.,
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Fnej ann + Bne—'jqnxn = Fn+1ej qn+lxn o+ Bn_*_le"jqn‘f'lxn
(3.26)

jqn(Fnejann - Bne"jqnxn} = jqn+1(Fn+lejqn+1xn - Bn+le"jqn+lxn)
(3.27)

which results in

oy

Fhei = By i[l +9n )ej(CIn"qn+l)xn + Bp - (1 _ 4n )e_j(CIn+Qn+l)Xn
2 Adn+1 dn+1

™o |

(3.28)

Similarly

Bn41l = Fn 1(1 _ ﬁ.}ej(qn+qn+1)xn + Bp 5[1 + 4n )e‘“j(qn_qn+l)xn
2 dn+1 2 dn+1

(3.29)

Equations (3.28) and (3.29) c¢an be written in the
following matrix form for TE mode.

—1—[1 + o Jej(qn_qn"“l)xn L 1--9n e‘j(qn“'%ﬁ-l)xn
[Fn+1} _l2 dn+1 2 An+1 [Fn:'
Bn+l l(l - _qn_)ej(Qn+qn+1)Xn _1.[1 + In }e—j(qn‘%ﬁl)xn En
2 dn+1 Z dn+1

(3.30)
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Similarly for TM mode a similar matrix can be derived as

11490 ) J(en-0nsa)x, 1f) _ _on ) -ilon+onsi)xy
[Fn-i—l] - 2 Qn+1 2 Qn+1 [Fnil
Bn+l 1(1 _ Qn ]ej(Qn+Qn+1)xn 1(1 + Qn Je_j(Qn_‘Qn-{-l)xn Bn
2 Cn+1 2 On+1

{3.3%)

Using these matrices the transmission and reflection
coefficients, the scattered fields can be computed for
various interfaces. It is necessary to bear in mind that
the difference in qn, and Qn 1is modified by the
introduction of the variable xn'. Hence during computer
manipulations it is not necessary to divide aqn by nZ to
change from TE to TM.

3.6 Numerical Results

Equations 3.30 and 3.31 can be used to simulate the
effects of transmission responses with variations in the
thicknesses of the individual 1layers as well as with
variations in the permittivity of the dielectric layers.

Figure 3.5.a shows the wvariation of the frequency
responses with variations in the thickness of the low
permittivity layer. Here, the thickness of the centre
melamine layer is fixed at 1.6.mm (A/2) and the rest of
the melamine layers at 0.8 mm (A/4). The thickness of the
low permittivity layer was varied from 0.5 mm to 10 mm.
As the thickness increases the resonance becomes visible
in the spectrum. The resonance start to move from low
frequency region to the high frequency region.
Immediately after this narrowband resonance, which can be
termed as second order rescnance for obvious reasons a
broad bandwidth of transmission response 1is observed
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which comprises the 2zero order and the first order
resonances. At 10 mm the transmission response has the
zero order resonance set at ~33 GHz. The first order
resonances are noted at ~31.5 GHz and ~34.5 GHz. The
second order resonances are observed at ~27 GHz and
39 GHz. The narrow bandwidth of the second order
resonance 1s noted, especially for applications in
narrowband filters and for frequency dependent beanm

steering applications.

Similarly from Figure 3.5.b, the variations of the
transmission responses with variation in the thickness of
the high permittivity region is shown. The thickness of
the low permittivity region is maintained at 4.2 mm
(A/2) and that of the high permittivity layer is varied
from 0.5 mm to 10 mm. As the thickness increases the
transmission coefficients become more and more wavy in
nature. A sharp response in the transmission coefficients
is obtained at ~31.5 GHz, when the thickness of the
dielectric layer is 0.05 mm. It is apparent that for a
given thickness of low permittivity layer, a thin coating
of dielectric layer 1is required to provide a narrow
bandwidth signal. In a practical sense, this fact
entirely depends on how strong mechanically the low

permittivity region is.

A smooth response in the transmission response has
resulted as in Figure 3.5.c¢, when the permittivity of the
dielectric layer is varied from 2 to 10. The dielectric
layer thicknesses are kept the same as for the results in
Figure 3.5.a. The low permittivity 1layer thickness 1is
4.2 mm. The frequency response becomes more and more
sharp with increasing permittivity. A clear
discrimination of frequency is observed around ~28 GHz
when the permittivity is 8.0. But this results in a
reduction of the transmitted signal amplitude.
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Simulated frequency response of a §—layer DML.
At normal incidence as the thickness of the low permittivity layer varies

RN

Figure 3.5.a

Simulated frequency response of a 5—layer DML.
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Figure 3.5.b
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Simulated frequency response of a 5—layer DML.
At normal incidence as the permittivity of the dielectric layer varijes.
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Figure 3.5.c

Simulated frequency response of a 5—layer DML.
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Figure 3.5.d shows the variation of the transmitted power
in terms of angle of incidence and frequency. The
thicknesses of the low and high permittivity regions are
4.2 mm and 0.8 mm. The required filtering action in this
case 1is at 0° incidence. BAbove 0° incidence the signal
strength at boresight reduces. At 36 GHz and above at
normal incidence the filtering action has more than one
peak which denotes the presence ¢of higher order modes. At
higher angles of incidences the zero and first order
modes move to the high frequency regime leaving in the
scene with the second order mode.

3.7 Attenuation Properties of a Multilaver
The propagation constant ({y} of an electromagnetic

signal, at a frequency f, in a medium having permittivity
egeyr 1s given by [13]

Yy = a + 3B = j2nfjecer (3.32)
where €p = €r — je{, o - the attenuation constant and B -

the phase constant. On equating the real parts of
equation {3.32):

o = gnf@‘/%’—' [\/(l + tan? ) - 1] (3.33)

where
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tan § = —+— (3.34

Here to satisfy the condition of low attenuation and
maximum transmission it can be seen from equation (3.34),

that tand should be as low as possible. That clearly

3.8 OPTIMISATION TECHNIQUE TO REDUCE THE LOSSES

Dielectric materials have inherent disadvantages, such as
high loss factor, inaccuracy in machining to the required
thickness etc. As the thicknesses of these lavers
increase the loss factor becomes more and more dominant
and this results in the reduction of transmitted power
through the multilayer. In a practical situation, it is
necessary to have more power transmitted, within the
dielectric characteristic parameters. The parameters at
our disposal for solving the optimisation are numbers of
layers, electrical parameters of each 1layers and the
thickness of the layers. In this context the thickness of
the high permittivity layer is kept constant as it is
difficult to machine to its finest details. The only
other way to optimise the performance is by varying the
thickness of the air gap. In order to achieve maximum
transmission, an optimisation method to vary the gap
thickness is proposed and carried out.

3.8.1 Basic concepts of the optimisation algorithm

Optimisation problems surface regularly in many technical
and statistical applications and there has been
considerable interest in global function
optimisation(14]. The optimisation algorithm used here,
can be applied to the optimisation of problems where many
parameters are involved. The development of the standard
method described here, was motivated by the behaviour of
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multilayer structures with a large number of degrees of
freedom. In this context, large means so large as to
preclude any exhaustive analysis of the possible states
of the system and admitting only the possibility of a
statistical analysis. '

Here a simple gradient descent algorithm is used to find
the extrema of a cost function (CF) which is chosen to
maximise the transmitted power. Starting from an
arbitrary initial estimate, this algorithm introduces in
each iteration a slightly modified estimate, for which
the cost is calculated. The new estimate is then advanced
or reversed according to whether the CF has decreased or
increased. Moving from one estimate to another, it tries
to. find the 1local minimum of the CF. Here a one
dimensional optimisation procedure is carried out by
optimising the thickness of the low permittivity region
at a fixed frequency.

3.8.1.1. One dimensional optimisation

In this technique, the optimisation is carried out for
one parameter. 1.e., for air gap thickness. At any
instance, the frequency is assumed to be constant and
the other parameter i.e., the thickness is optimised to
get maximum signal transmission.

Consider the design of a multilayer that operates between
frequencies fl1 and f2. For a fixed thickness the
transmittance of the fundamental as well as other modes
will be governed by the loss factor of the higher
permittivity layer as the low permittivity layer 1is
assumed to be air. Here the main object is to find the
thickness at which the signal transmission is maximum by
optimisation.

To proceed with such an optimisation one needs to know
the definition of a cost function, choice of an initial
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estimate of the thickness and an initial increment of
thickness. For each estimate it is required to find out
the power transmitted and compare it with the next wvalue
of thickness. The CF which has to be minimised is defined
as the difference in the transmitted power.

The CF which is required to minimise is given as:

cF = (1 -1,) (3.35)

where
T,  ~transmitted power at the nth iteration.

thilpp~thickness of the air gap at the nth

iteration.

It may be interesting to include in the above equation,
terms expressing a priori information (smoothness, upper
and lower bounds) or a regularisation term. Here p is
chosen as a seed factor. The value of the seed factor is
chosen according to the dynamical range expected for the
new thickness. i.e., small enough to satisfy the required
precision and yet large enough to enhance convergence
speed.

The new wvalue of the thickness after each iteration is

given as

OCE,

- 3.36
othilpp (3.36)
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By following this approach, it is expected to reach the
most required local maxima. 'Required' is defined in
terms of minimal value of the cost function. It is
envisaged that such an optimisation can be carried out
for events when only one parameter is stable while the
other is unstable.

na (ZA)
Ty >T, > stop

Figure 3.6 One-Dimensional Optimisation

Figure 3.6 illustrates the principle of one dimensional
optimisation. The CF causes the variation of the initial
estimate. For certain values of CF the modified cost is
lower than the previous cost, so the new estimate
approaches an optimum value and is accepted. For other
values of CF the modified estimate will not be rejected.
Thus this procedure ensures to find an optimum sclution,
given the necessary dielectric properties, which is a

maximum in a given range of thicknesses or frequencies.
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3.8.1.2 Numerical Rasults

The one dimensional optimisation results are shown in
Figure 3.7.a. The thickness optimisation at 26.2 GHz
shows a convergence after ~50 iterations. An initial
thickness of 4.0 mm 1is assumed at the start of the
iteration. At ~b0th iteration, the thickness reaches a
value of ~4.38 mm. In the meantime the error decreases
from ~0.8 to ~0.36 and stabilises at that point. For the
frequency optimisation, the thickness o¢f the airgap is
fisxed at 4.38 mm.

The freguency response of the DML before and after the
one dimensional optimisation is given in Figure 3.7.b.
The second order peak shows at least an ;improvement of
~2 dB, whereas, the shift in frequency is ~1.25 GHz. In
the case of the first order peak, this shift is ~2.25
GHz. This suggests that an adjacent channel operation is
much more possible in the optimised version than the
unoptimised version. This method also suggests that the
losses in the DML due to the loss tangents of the
individual layers can be minimised and more power can be
transmitted through the DML,

3.9 SUMMARY

In this chapter, the mathematics of wave propagation
through a DML structure was reviewed. The difficulty in
constructing a DML accurately at microwave frequencies,
due to dielectric losses and inaccuracy in machining the
individual layers, was also discussed. To avoid the
drawback due to the loss tangent of the high permittivity
layer, a gradient descent optimisation method was
proposed and analysed. It has been noted that the
strength of the signal can be improved by optimising the
thickness of the low permittivity to compensate for the
loss introduced by the high permittivity layer.
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Optimisation characteristics of a 5—layer DML.
Thickness optimigation at 26.2 GHz.
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CHAPTER 4

FREQUENCY SELECTIVE SURFACES (FSS)

4.1 Intrdauction

FSS are surfaces which exhibit different reflections or
transmissions coefficients as a function of frequency.
FSS usually consist of arrays of identical elements. For
example, it may be an array of elements as given in
Figure 4.1. The frequency response of a frequency
selective surface is dependent upon the geometry of the

array elements.

Periocdic arrays of passive metallic elements have many
interesting properties and can be used in a large number
of applications and they range over much of the
electromagnetic spectrum. These can be used as arrays of
resonant elements which have frequency filtering
properties that allow constructions of surfaces that are
reflective at some frequencies, while at other frequency
bands the surfaces are almost transparent{l,2]. These FSS
are employed as subreflectors in Cassegrain antenna
systems in order to obtain two focus feed positions(3,4].
This application may be used to increase the capacity of
satellite communication links. FSS are alsc employed as
subreflectors for dual-frequency reflector antennas, and
as antenna radomes for —radar <cross-section (RCS)
control[5]. Another example of the exploitation of the
frequency selective property of periodic screens in the
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Figure 4.1. Array of periodic elements.

microwave region 1s the application in the radome
design[6]. Periodic arrays of conducting elements can
also be used as polarisation sensitive devices and have
therefore” found applications’ as different types of
polarizers[7].

Another application of the FSS is in infrared sensors
where, once again, the frequency selective property of
the FSS is used to absorb the desired frequencies in the
substrate material backing the screen, while the out-of-
band frequencies are rejected. In the near~-infrared and
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visible portions of the spectrum, periodic screens have
been proposed as solar selective surfaces to aid in the
collection of solar energy({8]. A screen can be designed
such that it is essentially transparent in the frequency
band where the solar cells are most efficient and is
reflecting frequencies outside this band. Finally,
natural occurrences of pericdic screens have been
discovered in entomological studies([%], e.g., in the
corneas of insects-the well-known fly-eye lens.

FSS may be designed in such a way that they give the
maximum transmitted power for all possible angles of the
incident signal. The application of FS§8 as a filter which
attenuates the signal as the angle of incidence
increases, is hardly discussed anywhere in the
literature. The periodicity of the elements f§ altered to
get the maximum attenuation as the angle of incidence
increases. i.e., at normal incidence the maximum signal
at a design frequency should be transmitted. In this
thesis, the latter use of the FSS is fully exploited. FSS
are used as planar and curved angular filters to
discriminate signals coming from various directions in

space. These concepts are discussed in Chapters 2 and 5.
4.2 THEORY

Several types of formulation are available for the
computation of the transmission and reflection
coefficients of the array of elements[10,11]. Socme of
them, however present practical difficulties if one has
to take the influence of the dielectric sheet into
account. The thickness of the FSS is assumed to be very
thin. The method of Flogquet modes as described below is
used for the analysis cof FSS.
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4.2.1 FLOQUET'S THECREM

Floquet's theorem[l] provides a means of describing the
field in the open region adjacent to the phased array in
terms of a complete orthogonal set of modes.lThe theorem
is essentially an extension of the Fourier theorem for
periodic functions. It is applicable to phased arrays
satisfying the following conditions:

1. The arrays should be periocdic and infinite in extent.
2. The arrays are excited with uniform plane wave.

Since the theory is already explained in
references([12,13], its description can be abbreviated and
only the main aspects are discussed here for the sake of

completeness.

Consider the printed array shown in Figure 4.1. The
surface 1is periodic and is assumed infinite in the =xy

plane.

The lattice vectors Dl and D2 are the periodicity axes
and can be used to represent the relative position of
each element on that surface.

From Figure 4.1, the lattice vectors Dl and D2 can be
deduced as follows

D1 = Dl{cosaq.X + sindaq.y) ' (4.1)
D2 = D2(cosdy. X + sinay. ¥) (4.2)
where
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oy = 061 + o and D1 = [D1|, D2 = |_D_2|

The product vector A = |D1 x D2| can be defined as the

unit cell area.

In an infinite and periodic array, electromagnetic fields
can be represented in terms of a complete orthogonal set
of scalar Floquet modes. This enables one to formulate
the phased array boundary value problem in the form of an
integral equation. Each Floquet mode has a propagation
constant Yoq along the z-axis. The fields are eXpressed
in terms of conventional waveguide modes 1£pq, with a
characteristic modal admittance Mpq- ‘

These Floguet modes are expressed as follows[1l]:

¥pq = VB exp(-Jkipg- It ) exp(t3¥2)knpg (4.3)
where p,q = 0, £1, +2,..... m=1 (for TM) and 2 (for
TE) . Here the time variation exp{-jwt) has been assumed.

The propagation constants Etpq and Ypq are functions of
lattice geometry and given as follows:

kKtpg = Ktoo + Pk + gk = kxk + ky¥ {4.4)
where
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klpg = I‘ZE;" ~TM modes
Equ = 2><E1pq -TE Modes
K = 272 x D2
ky = %§i2><§ﬂ

kX = }SOX + p.]g]_x + q}_‘;zxr }_{Ox = EO SineCOSd)

ky = kgy + Pkiy + akoys koy = kg sinBsing

8, ¢ - standard spherical coordinates

ry = XX + y§

(4.4Db)

(4.4c)

(4.4d)

(4.4e)

(4.4f)

(4.4q)

(4.4h)

The z-directed propagation constant is given by

- 2 2 2
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where

k = ko+er (4.6)

" The propagating or evanescent modes are given by the

positive or negative imaginary values of Ypqr

respectively.
In the next section the method of moments is discussed.
4.3 The Method of Moments

The Method of Moments is a general procedure for solving
linear equations and owes its name to the process of
taking moments by multiplying by appropriate weighing
functions and integrating. The use in electromagnetics of
moment and related matrix methods has been popular since
the references(14,15] showed how powerful and versatile
such techniques could be,

When an electromagnetic signal strikes a metal surface,
it induces a current flow on the surface. In the case of
an FSS, the current flow is restricted within the array
of elements.

The induced current{Jg) can be represented in terms of a

set of basis functions h, defined over the conducting

element of a unit cell A'.

Jglre) = Xenhy(rg) (4.7)
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is the number of the functions used to approximate as
‘ closely as possible to the actual induced current.

4.4 Formulation of the Integral Equation for the Induced

Current

An integral equation can be formulated to find out the
induced current density with the aid of the method of
moments menticned in section 4.3.

Figure 4.2.

When a periodic array (Figure 4.1), is placed in the
signal path as shown in Figure 4.2 , the fields can be
expanded in three regions, i.e., inside the dielectric
sheet and in the air on either side, into Floquet's
modes[1,10). The fields tangential to the interfaces are

where cp is the undetermined complex coefficients and N
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expanded in the dielectric layer as a set of Floquet
modes VYpg. The tangential field component propagating in

the +z direction is given as

Et = ZEmpq‘qu eXP(—jquZ)Kmpq - (4.8)
. Impgq

After applying standard electromagnetic boundary
conditions on each interface, an integral equation for
the unknown current(Js) on the array elements in the
plane z=0 1is obtained.

Then the method of moments, as given in section 4.3 is
applied to reduce the current equation to a set of matrix
equations which are to be solved by matrix inversion
technique as shown below. Details of these mathematical
mahipulations can be found in [1,12]}] and all the symbols
bear the same notations as per the references.

(1] [611 Gin |[C1 ]
. = . . . . . . (4.9)
_LHJ  Gn1 « « Gnn |G
where
2 ( slab) incs *
m=1
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—1a * .
Gyrn = 2 Z Z(Tleq A) lkmpq g, (k )kmpq - g (ke ) {4.9b)
D g mpq 1'=tpq n ~tpPq

Cn = unknown coefficients of the basis functions,

Equation (4.9) can be solved for the unknown coefficient
Cnp to find out the current flowing in the conductor of a

unit cell.

The computations of plane wave transmission and
reflection coefficients are omitted  There, due to
repetition in literature{l2,13].

4;5 Effects of Periodicity Variation on The Performance
of FSS8

The ©periodicity plays an important role on the
performance of any grating structure. As shown in
Figure 4.2.a,a typical FSS transmission frequency response
at normal incidence for a free standing dipole array
exhibits a near A/2 resonance. As the ratio D/L increases
the bandwidth decreases. Higher order resonances begin’ to
emerge at D/A ~ 1 and are mainly due to the periodic
nature of the surface. As the bandwidth reduces, the
surface begins to act like a radiation filter which is

sensitive to angle of incidence-.
o —

relative power, dB

frequency, GHz

Figure 4.2.a. Typical Freq. Response of an FSS.
58




Chapter 4

a)

—

b)

Figure

4.3 Geometry of the
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As the periodicity increases further, less power will be
transmitted at the resonant frequency. Only the TE mode
seems to be more dependent on angle of incidence as the
T™ mode has a relatively higher bandwidth.

The effect of wvariation o©f the resonant frequency with
periodiclty are computed for the geometries given in
. Figure 4.3 and are shown 1in Figures 4.4 and 4.5. The
resonant frequencies at various periodicities are taken,
when the respective transmission coefficients are at
their maximum. For crossed dipole FSS, when D1 is a
variable, the resonant frequency tends to decrease
sharply &as Dl moves towards a higher wvalue. As the
periodicity increases further the transmission
coefficient tends to decrease sharply. This is thought to
be due to the advent of grating lobes. As D2 1is varied
from 7 mm to 15 mm, the resonant frequency reduces by
~5 GHz.

Similar characteristics are observed for tripole FSS. The

variation in D2 shows no apparent change in the resonant
frequency.

In.Figure 4.3, the direction of the electric field is in
the direction of the y axis.
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Effect of the variation of spacing for crossed dipole FSS.
for normal incidence
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Figure 4.4
Effect of the variation of spacing for tripole FSS
for normal incidence.
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Effects of the substrate thickness on FSS

‘ for normal incidence

sz

29 |
28 |
27 |
26 |
‘ o4 |

23 [
22 |
21 |

Resonant frequency, GHz.

thickness, mm.

Figure 4.6

4.6 Effects of the substrate thickness on FSS performance

When an FSS 1is exploited as an angular filter in an
antenna system, it should be 'able to withstand the
mounting pressure, atmospheric disturbances etc. As a
consequence one has to increase the dielectric thickness
to provide mechanical stability. The influence of
supporting dielectric layers on the transmission
properties of wide band FSS has been repcorted[l6]. Here
the same properties of a narrow band FSS are investigated
theoretically.

Figure 4.6 shows the effects of increasing the substrate
thickness. For both FSS the resonant frequencies reduce
with thickness. From 0 to ~2 mm the decline in the
resonant frequency is rapid. There after it saturates,
which suggests that during the production of thin FSS

a1 ] ~—— tripole ]
30 ——= crassed—dipole | ]
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layer utmost care should be taken to maintain the
dielectric thickness as close as to the design thickness.
But in the case of thick dielectric FSS, additional
resonances could appear due to the contributions of
surface wave trapped in the substrate. Also evident from
the graph 1is that crossed dipcle FSS has the Llowest
resonant frequency compared to tripole FSS.

4.7 Frequency Scanning

The study of frequency scanning forms an independent
research to look into the scanning properties of FSS.
This investigation 1is not related to the passive redome
concept which was discussed in chapter 2.

4.7.1 Use of Periodic Gratings

In communication applications, 1t is necessary to move
the antenna beam in space to locate the target. The most
commonly used method is the conventional rotating antenna
in a vertical axis. Linear, planar and conformal arrays
can be designed with either a fixed main lcbe, or a
scanned beam which is rapidly positioned in space by
means of electromechanically or electronically actuated
devices connected in the feedlines behind the array
radiators. These devices change the phase or time-delay
between radiators to produce the required ©phase
progression along the array. Scans can be either one-or
two-dimensional. Such systems are expensive to construct
due to their complex nature of operation. Hybrid
antennas[l17] are also used to achieve this feat.

It is emphasised here, that periodic grating structures
can be utilised to construct antennas with frequency
scanning properties. Gratings have found a lot of
applications in many areas of physics and engineering.
Some important applications include: microwave

polarizers, twist reflector antennas, spectrum analysers,
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integrated optical devices, holography and acousto-
cptical devices. Because of their widespread
applications, the diffraction properties of gratings have
been studied extensively over the last few decades[18].
Periodic grating structures have been proposed to
construct antennas with frequency scahning
properties[19,20,21].

To reduce the total operatiocnal cost of certain complex
systems, a method of steering the grating lobes using FSS
is introduced, which i1is considered easy and inexpensive
to produce due to the passive nature of the FSS{22,23].

This method of antenna beam steering offers several
advantages over that of mechanically steering the beam by
using a servo-driven gimbal system, the most obvious
being the capability to steer the antenna at higher
speeds and without mechanical lags. However, the
electronic steering technique also causes some non
uniform distortions in the angular spacings among the
pattern's 1lobes, as well as changes in the lobes'
amplitude, compared with those of the unsteered pattern.

4.7.2 Basic Principle

In this section, the characteristics of the first order
grating lobe are studied. For this the FSS geometry is
selected in such a way that the first order diffracted
mode is propagating while the surface is illuminated by
an electromagnetic wave, A surface with such a property
is known as a blazed grating 'in optical terminology,
which transfers the incident signal power to diffracted
power., It is understood that the grating lobes are more
sensitive to wvariation in frequency and can therefore be

steered.

The basic principle of the microwave blazed grating is
similar to that of 1its optical counterpart. The
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" fundamental idea is to select a proper grating structure

so that the first higher order diffracted wave 1is
propagating when an electromagnetic signal is incident on
the surface. The propagation direction of the diffracted
signal will be frequency sensitive and this signal 1is
used to scan as the frequency 1is varied. In order to
increase the signal power df this beam, 1t 1is necessary

to convert the incident power to the first order beam.

The performance of a fregquency scanned grating is
dependent on the blazed efficiency of the grating. Here,
a numerical algorithm is developed to find out the
scanning angle of any higher order diffracted mode.

4.7.3 Analysis

The theoretical analysis of FS5 consisting of periodic
array of conducting elements, which was reviewed earlier
in this chapter is used here for the analysis.

From equation 4.5, it 1is evident that the propagating
modes have the magnitude of the transverse propagation
constant kgpqr less than the propagation constant of the
free space kg. It is the intention of this section to
provide a general equation to find out the scanning angle
for any combinations of propagating modes (p,q).

For a plane of incidence (Figure 4.2) in the region
~90°%$<90°, the general expression for the mode index for
any higher order diffracted wave is given as per eguation
4.4 and substituting for pk; and gkp, one gets

. . pAQ sin oo [qko sinog
sin®© cos = sinBcosd + -
p.q €05 bp,q = 51 ¢ [ D1 ]{sin(az _ al)] D2 J| sinlay - a3)

(4.10)
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. . . . pAg —J cos op [q?\.o ] cos oy
sin @ in = sinB@sin¢ - +
in0p,q sintp.q \ [ D1 [sin(ag - o) p2 || sinfap - a1)

(4.11)

where (Bp,q,cbp’ q) is the diffraction angle of the pgqth
diffracted wave and Ap is the wavelength of free-space.

Now the mode index of a first order diffracted wave is
(pray=(-1,0), for which equation 4.10 and 4.11 become

sinB_y gcosd_1. 9 = sinﬂcos¢)—[—?ﬁg:| , sin g (4.12)
! ! D1 51n(a2 ~ al)

sin®_1,05ind-1,0

sin®sin ¢ + [-?39-] COS %2 (4.13)
D1 sin(ot2 - ay)

Therefore the frequency scanned angle o¢f the surface
depends upon the incident angle 6,0), grating
periodicity D1, and the relative position of the
elements with respect to the x-axis.

4.8 Numerical Results
Assuming that ¢ = 0, o« = 90° and «ay=0° then from

equations {(4.12 and 4.13), the ({-1,0) mode will be
transmitted in the plane of incidence given by
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sinf_1,p = [3—2] - sin® (4.14)

Four incidence angles are chosen to demonstrate the
dependency of the diffracted mode in relation to
frequency and periodicity. They are 30°, 45°, 60° and 75°.

From Figures 4.7, for TE incidence, it is clear that the
periodicity determines the scan angle. As the periodicity
increases the scan angle increases. Also the scan angle
range 1increases. For TM incidence, when ¢=90°,

} 4)..1,0 dees
not remain at 90° as ¢ does.

For a fixed periodicity, say 13 mm, a frequency scan of
~10° is predicted in the range of 30 to 40 GHz and the
scan range also increases. More efficient scanning can be
seen at lower periodicities. At 9 mm, ~25° shift of the
beam 1is noted in the range of 23-25 GHz, which suggests
that a greater range <c¢an be covered with lower
periodicities and a lower range of frequency.

These figures are based on the information available from
the basic grating equation 4.14. The information given in
these graphs 1is not based on the amplitude of the
transmitted power. Results of a rigorous approach based
on the modal analysis method in which the effect of the
first order component is presented in Chapter 6. This
provides information regarding. other parameters such as

the transmitted powers of various higher order modes.
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Frequency Scanning Properties of Periodic Gratings.

at 30 degree= incidence for first order mode.
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Figure 4.7.a

Frequency Scanning Properties of Periodic Gratings.
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Frequency Scanning Properties of Periodic Gratings.

at 60 degrees incidence for first order mode.
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Figure 4.7.c

Frequency Scanning Properties of Periodic Gratings.

at 75 degrees incidence for first order mode.
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4.9 Summary

In this chapter the basic properties of FSS were
described. The modal analysis method was reviewed, in
view of finding the scan angle of the wvarious higher
order diffracted modes on a frequency scanned grating
structure. The design procedure of an angular filter
which is to be used as a redome was also investigated, in
terms of element pericdicities of the FSS. The effect of
dielectric thickness on the resonant frequency was
studied. The fregquency scanning property has been
obtained by selecting a periodicity in such a way that
the 'first higher order diffracted wave propagates and
serves as the frequency scanned beam. Numerical examples
were provided to substantiate the range of frequency
scanning and the results showed that wider scanning
angles can be obtained using FSS with  higher
periodicities.
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CHAPTER 5

RESULTS OF PASSIVE ANTENNA COMPONENTS

5.1 Introduction

In this chapter, the realisation of dielectric multilayer
(DML} and frequency selective surfaces (FSS) as spatial
passive filters are studied towards implementing a novel
passive antenna concept. Theoretical models of the DML
and FSS are based on the analysis provided in Chapters 3
and 4., Experiments were carried out in an anechoic
chamber. Some experiments, however were carried out
without any theoretical model, as they are beyond the
scope of this thesis.

In many of applications of the DML and FSS mentioned in
literature are employed as spectral filters. The
structures are usually designed to have a uniform angular
response in the pass-band {(e.g. for filters, dielectric
mirrors and beam splitters) or they function at specific
incidence angles (e.g. polarising filters). For certain
applications, it is required to produce a filter which
has more than one specific spectral pass-band [1,2].
Recently a similar study on fractal [3] and chiral (4]
multilayer filters and reflectors has been presented. In
this several properties of the diffractals generated by a
cantour fractal medium with relatively low number of
layers illuminated by a plane wave have been establiéhed.

Although the spectral properties of multilayers have been
exploited, especially in optics, studies of the angular
response of such structures in the context of microwave
component technology are less common. In particular the
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possibility exists of utilising the angular response to
extend the role of dielectric multilayers into that of
frequency dependent spatial filters.

Curved structures were subjected to a practical study in
this chapter. The inspiration of curving'filter surfaces
forms a pilot study of the proposed semi-spherical dome
structure in Chapter 2. The curved structure admits the
signal which incidents normally to the 1locally flat
region on the redome. The rest of the signals will be
reflected. This provides discrimination of the signal
according to the direction of arrival. Also such designs
would provide less aerodynamic drag when installed at
certain positions in a moving vehicle.

In this chapter, the experimental setup and the
measurement procedures are discussed, together with the
results. Four sets of measurements were carried out to
establish the passive antenna concepts discussed in
Chapter 2. They were angular filtering measurements,
plane wave measurements, radiation pattern measurements
and near field measurements. These measurements would
suggest the operation of the proposed antenna system.

5.2 Experimental Set-up
5.2.1 Anechoic Chamber

A schematic diagram of the measurement system in the
anechoic chamber is given in Figure 5.1. The transmit and
receive antennas are pyramidal horns. The transmitting
horn is connected to a microwave sweep oscillator
(HP8350B) and the receiving horn to a scalar network
analyser (HP8757A). The transmitting antenna is mounted
on a table and the receiving horn in placed on a purpose-

built jig.
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aperture
Receiver Transmitter
Scalar Network

Analyser
HP 8757A

-] [~

——  Computer

’
Microwave Sweep
Oscillator

HP 8350B

Figure 5.1
5.2.1.1 Microwave Sweep Oscillator (HP 8350B)

In the anechoic chamber a microwave sweep oscillator (HP
8350B), is used to generate microwave signals of the
required bands. To have a complete operating unit, this
sweep oscillator must be used with an RF plug-in unit
which operates in the desired frequency range. This plug-
in unit is capable of producing signals from 2.4 GHz to
40.75 GHz with an maximum output power up to 15 dBm. For

76



Chapter 5

the experiments carried out in this thesis, the frequency
range 26-40 GHz is utilised.

5.2.1.2 Scalar Network Analyser (HP B757A)

The HP 8757A is a microprocessor-based receiver capable
of making scalar {(magnitude only) reflection and
transmission measurements over a frequency  range
determined by the external detectors used. It has a large
screen for display of measurements. It is programmable
over the HP-IB (Hewlett-Packard Interface Bus). Whether
or not it is being controlled remotely through HP-IB, it
can control a specified plotter and/or source through the
8757 Systems Interface. A measurement with the HP 8757A
requires the connection of detector(s) and/or directional
bridge(s) to the detector inputs on the front panel, and
the use of a compatible RF/microwave source.

The equipments mentioned above have remote programming
interfaces using the HP-IB, which provides a remote
operator with the same control of the instfument
available to a to a local operator. Remote control is
maintained by a system controller, a computer, that sends
commands to and receives data from the HPB350B using the
HP-IB,

5.3 Objectives of the Measurements

The antenna structures proposed in Chapter 2 should be
able to detect signals emerging from any direction in
space within a certain frequency band and amplitude. The
dome structure consists of passive filters such as DML or
FsS. It is necessary to study both the planar and curved
structures as redomes to compare their performances to
determine which structure provides the better radiation
performance. The curvature of the surface results in the
angle of incidence varying from one edge of the surface
to cther edge. The expected effects of curving the radome
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is demonstrated in Figures 5.2.a and 5.2.b. For flat
geometries, as the wave is incident on the surface at an
angle, the filtered signal has the same amplitude at the
exit plane, which would be fed to the detector. For
curved structures, the filtered signal component which
has the maximum intensity is the part of the signal which
impinges normally to the 1locally planar area of the
surface. The rest of the signal will be attenuated
according to its angle of incidence. This provides some
information to 1locate the source of transmission. The
redome structure determines the frequency band of the

signal transmission.

A set of near field measurements are therefore required
to determine the interception point of the signal on the .
detector. The proposed measurement setup of a multihorn
system an assessment is shown in Figure 5.2.c. A Ku-band
horn antenna was used to measure the received signal and
it was moved in steps of 1 om to serve as a detector, in
the horizontal plane. For the curved structure two types
of hyperbolic curves were used. The curve dimensions were
obtained by plotting the equation

2
z=hy|1- 1+[E}i—} (5.1)

for various wvalues of x.

Where h, and hyp for each curvature in Figure 5.2.c are

given as
Curve hy hy,
HO o ===
H1 0.217 0.508
H2 0.217 0.281
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The hyperbolic structures were formed by machining
polystyrene blocks according to the necessary dimensions.
Polystyrene blocks were selected because they show
characteristics close to that of air. FSS were then glued
to the machined blocks to provide the necessary curvature
to the surface. For DML, due to its rigidness, wooden
frames were made to provide the necessary curvature.

5.4 Measurement Procedures

The data acquisition systems were automated to reduce the
human effort involved and it was carried out in the
chamber as a part of an M. Sc project [20]. Measurements
were carried out for both TE and TM polarisations. Four
types of practical measurements were performed in the
chamber, to study the characteristics of the filters.
They are given as follows:

5.4.1., Angular Filtering

The wvariation of the received signal with the angle of

incidence was cbtained as follows:

A rotatable wooden frame with a square aperture in the
middle was positioned normal to the angle of incidence,
i.e., at 0°. The network analyser was normalised with
respect to the maximum power at bore-sight. Then the DML
or F3S was placed over the aperture and the received
power was recorded. After removing the filter, the
aperture was positioned at 'a new angle and the
normalisation procedure was carried out again. This setup

enables the incident wave to strike on the surface at an
angle, which gives information of the transmitted power
as the change of angle of incidence changes. The rest of
the region in the wooden frame, apart from the aperture

was covered with microwave absorbers. The angle of

incidence can be varied in steps of 2.5°.




N




,
,_
@

e -

e




Chapter 5

5.4.2 Plane Wave Measurements

The plane wave measurements were conducted in the chamber
to establish the variation of received power at various
angles of incidence, at a given frequency. The wooden
aperture ontc which the surfaces are mounted can be
rotated about its wvertical axis. The centre of the
aperture lines up with the transmitter and receiver
horns, which are in the line of sight. For the angular
response measurements, the aperture is rotated in steps
of 5°, while the positions of the transmitter and receiver

horns are fixed.
5.4.3. Radiation Pattern Measurements

A conventional method for measuring the field pattern of
an  antenra. consists of wvarying the angular position
between the antenna being tested and a receiving probe
located at a fixed distance. This is equivalent to moving
-the recelving probe over an arc of an imagiﬁary spherical
surface centred on the antenna being tested and it is
this method which is utilised for the radiation pattern
measurements and was carried out in the following manner.

The receiver horn was placed on a rotatable arm in the
horizontal plane and was normalised at boresight. The
filter was then placed in the aperture area. The receiver
horn was used to scan the radiation patterns of the
filters.

5.4.4. Near field measurements

In this setup the transmitting antenna was mounted on a
table and the filter was once again put onto the
aperture. The receiving horn was placed on a separate jig
close to the filter., The jig was designed in such a way
that the horn antenna can be moved in all possible
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directions in space. The receiving horn was moved slowly
in the lateral direction in steps of 1 cm, to scan the
fields close to the filters.

5.5 Preparation of the filters

The main objective of the design of the DML, is to
attenuate the incoming wave, as the angle of incidence
increases. This provides better signal discrimination and
helps to find out the direction of signal source.

The theoretical analysis of plane wave scattering from
dielectric multilayer structures is given in Chapter 3.
Here the study 1is based on a structure familiar to
spectral filter designers consisting of two materials
arranged in an alternating sequence. For optimum effect
the two materials must be composed of contrasting
dielectric permittivity wusually termed 'high' (H) and
"low'! (L). In particular the combination 'HLHLHHLHLH'
will be considered, which exhibits a fundamental
resonance ({pass-band), with respect to normally incident
plane waves, when the thickness of the high{low)
permittivity layer is A4 (A/2), where A is the
wavelength in the material.

In the context of microwave radiation the choice of
material for the high permittivity layer is governed by
the needs to achieve narrow band performance at an
appropriate frequency, to minimise the insertion loss and
to limit manufacturing costs. For these reasons a high
permittivity layer composed of the glass fibre laminate
melamine (manufacturer's data: relative permittivity,

€r = 7.5 and loss tangent, tand = 0.02 at 1 MHz), being
tough and durable was selected. Melamine sheets with
thickness ~0.76 mm will be considered as these are
supplied as standard and the resulting multilayer
gstructures will possess transmission resonances near to
the atmospheric attenuation window ({~25-45 GHz) between
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water and oxygen molecular absorption. Expanded
polystyrene is used for the low permittivity (~1) layer.
Having chosen these materials the fundamental resocnance
(~36 GHz) 1is fixed and as a consequence the design
thickness of the polystyrene layer is ~4.2 mm. The 9-
layer DML chosen for the measurements, was 65 cm? and was

| sandwiched by a square frame to form a multilayer
structure.

Periodic metal gratings have been used as angular filters
that can be integrated with conventional antennas to
improve the radiation characteristics 1[5,6,7,8,9}. The
primary objective for the design of the FSS is to provide
a narrow beam performance for an antenna. Here slotted
FSS are used to generate a rapid variation of the
transmission response with angle of incidence. For the
slotted FSS, a magnetic integral equation was formulated
for the unknown magnetic current M [12,13], in the
presence of a dielectric slab of thickness d, as follows:

2 .
inc _ d *
% 2Nmooby Ymoo=- X (Empqnmpq + nmpq)‘i’mpq I M dr
m=1 mpg unitcell
aperture
{5.2)

where biNC is the amplitude of the plane wave exciting
the structure and

1~ Ampg
= 5.3
Empq 1+ / ( )
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..d y nd -7
ijpq Pq {(5.4)

Appg = €
pgq d
11mpq * Mmpq

Yy and mn are the modal propagation constants and
admittances respectively, where in the dielectric region
they are denoted by the superscript d. (p, g) are the
Flogquet indices for ™ (m=1) and TE (m=2) modes and W is
the vector Floguet mode.

As mentioned in section 4.3, a method-of-moments soclution
was employed to determine the electric current on the
element. The slotted FSS were made by taking the-
Babinet's complement of the element FSS. Entire domain
basis functions were used for this solution, of the form

! rn.u .
cos(msm),sin(ﬁz~). L is the length of the segment under

consideration, which is along an arbitrary direction u.
m', n' may take integer as well as half integer values. In
total, three magnetic current bases were used for the
tripole, each corresponding to index m’ = 1/2. Seven basis
functions were used: m" = 1, 3 and n" = 2, 4, 6, 8, 10 in
each horizontal and vertical arm of the crossed dipole.
One hundred and sixty nine Floguet modes were found
adequate to represent the tangential £field adjacent to
the array. The transmission and reflection coefficients
were calculated using the zero-order propagating mode.

In the design procedure, the parameters were initially
adjusted to obtain a passband near 30 GHz at normal
incidence, beyond which the array is highly reflective
with increasing incident angles. This was achieved by
varying the array periodicity whilst keeping the element
length fixed. The radiation pattern of these FSS as
spatial filtering arrays, under plane wave illumination
at normal incidence will therefore be associated with the
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above variation. For practical purposes, such as the size
of the array to the wavelength, it was found that an
appropriate design for the tripole slots[1}] and crossed-
dipole slots[10] was a periodicity of 8.9 mm and 8.6 mm,
respectively. Figure 4.3 shows the lattice and element
geometries and the physical parameters of both the
designs. The arrays were backed by a 0.037 mm thick
dielectric substrate (polyester) with e, = 3.0, and the
copper thickness was about 10 um. The FSS measured 60 cm?
and were stretched over a rigid wooden frame.

5.6 Inspiration for Curved Measurements

The concept of curving DML and FSS is actually an
intermediate stage in the proposed design of a semi-
spherical refracting dome. Curved surfaces have been used
in practice(l4,15}, although no attempt was made to
analyse the effect of curvature explicitly. Here a
practical study to establish the effects of the curved

surface is carried out.

The planar filters can be conveniently formulated due to
their finite shape and geometry in a three dimensional
plane. However, modelling the scattered fields from
curved surfaces is a formidable problem. For an arbitrary
surface where general integrals of differential equation
formulations are necessary, rigorous numerical modelling
may not be realistic and it is beyond the scope of this
project. However, work has been going on in the area of
curved FSS "which would form a future study in this
region[l6,17,18]. '

Here the planar theory is applied to the curved
multilayer and it has been expected that this approach is
to be reasconably accurate when the curvature is small
compared with the wavelength and with the scale size of

the surface variations.
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5.7 Results

Both the DML and the FSS are measured to determine the
angular filtering characteristics. Radiation patterns and
the near-field patterns from which the passive nature of
the planar redomes can be compared to that of curved

redomes.
5.7.1 Angular filtering characteristics

An angular filter, transmits ~or reflects an
electromagnetic signal depending upon the angle of
incidence, relative to the filter surface. The main
intention of such a filter is to provide a narrow beam
width radiation characteristics. This filter, if placed
in front of a directive antenna can reduce the sidelobes.
The main lobe of the antenna corresponds to a wave that
is incident in the angular passband of the antenna and is
not affected by the filter. Once the angle of incidence
is varied, the signal will be attenuated which results in
less transmitted power. Here the characteristics of DML
and FSS, as angular filters are investigated.

5.7.1.1 Dielectric Multilayer

The simulated and theoretical frequency responses of the
melamine multilayer filter for wvarious angles of
incidence are plotted in Figure 5.3. The response at
normal incidence is nearly symmetric about the
fundamental resonant frequency({~36 GHz} and the departure
from symmetry is due to material absorption within the
melamine. Also clearly noticeable in the figures ére
higher order resonance features which arise because of
the presence of more than one layer. When the angle of
incidence <changes to 30° the frequency response
approximately shifts by a few GHz as shown in Figure 5.3.
A notable change is in the behaviour of the second-order
response. The TE component shifts its position by
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Frequency response of a 5-layer dielectric multilayer (TE).
at 0, 10, 20 degree incidence.
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Figure 5.3.a

Frequency response of a 5—-layer dielectric multilayer.
at 30, 40 degree incidence (TE).
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Figure 5.3.b
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Frequency response of a H~layer dielectric multilayer.
at 0, 10, 20 degree incidence (TM).
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Figure 5.3.c

Frequency response of a 5—layer dielectric multilayer.
at 30, 40 degree incidence (TM).
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~2.8 GHz towards the high frequency regime, resulting in
a reduction of amplitude of ~4.5 dB. The T component
behaves in a similar way, exhibiting a shift of 2 GHz to
the high frequency region, although the amplitude remains
unchanged. These results suggest that more sensitive
control of the angular transmission properties of the
filter can be accessed in the vicinity of the second
order resonance rather than the fundamental or first

orders.

Clearly the predicted resonant structure is observed
experimentally. The discrepancy in some parts of the
curves 1s mainly due to inaccuracies in the input
parameters to the model, rather than the model itself.
The dimensions and dielectric parameters are not exactly
known, in particular it is unlikely that the electrical
properties of the melamine laminate are the same as those
at 1 MHz. Also the finite size of the DML which was used
for . the measurements could be a reason for this
inaccuracy. Despite the relatively crude nature of the
experimental and theoretical comparison the results
nevertheless indicate that the multilayer does indeed
behave as a spectral and angular filter in the manner

predicted.

The applications of DML as a curved surface were studied
with a view to converting the planar dome structure to a
curved dome structure. Figures 5.4 show the frequency
responses of the DML for curvatures H1 and HZ for both
polarisations. For normal incidence, the transmitted
power decreases as the curvature increases for the second
order frequency 29.5 GHz., The peak at this frequency
moves away to the high frequency region and is ~-17 dB at
45° incidence for H1 for TE polarisation. For H2, the
second order peak in the TE frequency response remains
almost the same for various incidences. The TM responses
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Measured frequency responses of curved DML (Single horn).

For curve H1, TE Response
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also show an increase in the signal absorbed in the DML,
as the curvature is increased. The amplitude of the
second order component remains almost the same for a
range of incident angles, though more discrimination is
offered by Hl1l, as was true for TE pclarisation.

5.7.1.2 Frequency Selective Surfaces

Measurements were conducted with tripole and crossed

dipole slotted arrays.

For the tripole surface, two sets of measurements are
possible for the same incidence. They are

(1) When one of the arms of the tripole slot is parallel

to TE polarisation;

At this state the TE component is TEa and the TM
component is TMb.

(2) When one of the arms of the tripole slot is parallel
to TM polarisation;

Here the TE component is TEb and TM component is TMa.

The above definition of incidences is described
geometrically in Figure 5.5. All the possible states of
TE and TM polarisations were tested in the chamber and
both the TE components (TEa and TEb) and TM components
(TMa and TMb) gave nearly the same performance. Hence
from here onwards only the TEa and TMb will be discussed
in this thesis. Unlike tripoles, only one set of readings

was taken for crossed dipole surface, due to the symmetry
of the FSS element.
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= TEa = TMa

=TEDb

Figure 5.5 Various orientations of the tripole slots.

The simulated and 3Uréd frequenc © responses of ..

nlanar (H0) crossed Jipolf and tripole slot FSS for both
solarisations are shown in Figures 5.6 & 5.7. Measured
values fit with the piedicted values within a range of
+5 dB. . .- For ™ incidence for both FSS, the
amplitude of the resonant frequency component drops
drastically as the angle of incidence varies and
increases at higher angles of incidence. For tripole slot

F3S, at frequency ~29.5 GHz, the signal amplitude reduces

from 0 dB to ~-15 dB and at 60° it is ~-7 dB. The resonant

. Peaks move to the low frequency region. |

For TE incidence, the tripole surface shows a signal
amplitude of ~-3 dB and unlike TM 1incidence, the
amplitude reduces as the angle of incidence increases and
it stays below -11 dB at 60°, Similarly for the crossed
dipole surface, the signal amplitude remains at ~-2 dB at
10° incidence and at 60° incidence it is well below -10
dB.Like the TM, the resonant peaks for TE shift to a
;lowér frequency. |

These results suggest that for TM incidence these
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Frequency Response of a cross—dipole slot FSS (TE).
for 0, 10, 20, 30 degrees incidence
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Figure 5.6.a

Frequency Response of a crossed—dipole slot FSS(TE)
for 40, 50, 60 degrees incidence
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Figure 5.6.b
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Frequency Response of a crossed—dipole slot FSS(TM).
for 0, 10, 20, 30 degrees incidence
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Figure 5.6.c¢

Frequency Response of a crossed—dipole slot FSS (TM).
for 40, 50, 60 degrees incidence
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/
Frequency Response of a tripole slot FSS(TEa). /
for 0, 10, 20, 30 degrees incidence
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Figure 5.7.a

Frequency Response of a tripole slot FSS(TEa).
for 40, 50, 60 degrees incidence
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Frequency Response of a tripole slot FSS(TMb).
for 0, 10, 20, 30 degrees incidence
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Figure 5.7.c

Frequency Response of a tripole slot FSS (TMb).
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surfaces act as narrow bandpass filters and admit a
narrowband of 0.75 GHz (-3 dB bandwidth) for tripole
surface and 1.75 GHz (-3 dB bandwidth) for crossed dipole
surface. For TE, a sharp filtering hasn’t been observed,
but a gradual decay of the transmitted signal, with angle

of incidence is noted.

As the angle o¢of TE incidence increases, the onset of
grating lobes 1is noted in the frequency response of the
crossed dipole surface ({Figure 5.6.a and 5.6.b). Grating
lobes appear when the periodicity Dbetween the slots
approaches one wavelength. They have almost the same
amplitude of the main resonance[l192]. This effect has not
been predicted by the theoretical model and suggests that
as the periodicity increases the model becomes invalid,
due to a finite number of slots on a finite surface.
Nonetheless the TM gives almost the predicted values. The

effect due to the finite size of the FSS 1is verified

experimentally.
From planar surface(H0) measurements, it 1s concluded

that the surface acts as an angular filter for T
incidence, which admits electromagnetic waves within a
certain band and this provides the discrimination for

frequencies in the proposed antenna design.

The performances of curved FSS(curve Hl1 and HZ2) are now
studied in relation to that of the planar surface
FSS({HO}). As mentioned in section 5.6, no theoretical
model is available for the evaluation of the curved FSS.
The method of evaluation used is strictly based on the
comparison of the available practical data from the

planar surface.

With regard to the curved FSS (Figure 5.8), a degradation
of signal strength is noted for both surfaces, for both
curvatures and for both polarisations. For TM incidence,
tripole FSS gives almost the same -3 dB bandwidth as the
planar one. But the angular filtering effect seems to
reduce as the curvature increases. For curve Hl, at 15°
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Measured frequency responses of curved FSS (Single horn).
TE Response of crossed—dipole for curve Hi
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‘ Measured frequency responses of curved FSS (Single horn).
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Measured frequency responses of curved FSS (Single horn).
TE Response of crossed—dipole for curve H2
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Measured frequency responses of curved FSS (Single horn).
TM Response of crossed—dipole for curve H2
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Measured frequency responses of curved FSS (Single horn).
TE Response of tripole for curve H1
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Measured frequency responses of curved FSS (Single horn).
TM Response of tripole for curve H1
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Measured frequency responses of curved FSS (Single horn).
TE Response of tripoie for curve H2
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Measured frequency responses of curved FSS (Single horn).
TM Response of tripole for curve H2

Rel. power, dB.

—-+— 45inc

L L L L J a A - 1 1 1 e,

28 a0 a2 34 s 38 40
Frequency, GHz.

Figure 5.8.h

10z



Chapter 5

incidence and the resonant frequency of ~30 GHz an
anplitude of ~-8dB is obtained and for curve H2, it is
~~4 dB. For TE incidence, the characteristics seem to
repeat for wvarious curvatures. For curve H1, ~-4 dB is
observed for the signal at the resonant fregquency, at 15°
incidence and ~-1 dB for curve H2. Also a sharp null at
~33 GHz is observed as the curvature increases.

A decrease of ~-3 dB in the transmitted power at the
resonant frequency ~30 GHz is obtained for the crossed
dipole surface, for TM incidence as the curvature is
increased. The null at ~30 GHz seems to deepen with the
curvature. For TE incidence the degradation of the
transmitted power 1is nearly the same as the planar
surface. Also the amplitude of the grating lobes
increases with increase in curvature.

These results imply that these surfaces can be bent or
curved to suit the regquirement, but they give nearly the
same angular filtering performances with a reduction in
the maximum transmitted power and in bandwidth.

5.7.2 Plane Wave Measurements
5.7.2.1 Dielectric Multilayer

The simulated and measured angular responses of the
structure are plotted for the second order resonant
frequency (~27.4 GHz) in Figure 5.9. In broad terms, both
polarisation states are well transmitted near normal
incidence and as the angle of incidence increases to ~40°
the transmitted power decreases sharply. The TE component
stays below -~20 dB at 30° and higher whilst the
transmission of the TM component increases after ~40°.
These results indicate that the transmission response of
the divergent beam would have an angular variation
resulting in collimation. Even though the electrical
parameters of the melamine layers are not known
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accurately at the operating frequencies used here, the
positions of the points are estimated fairly well within
a range of 5 dB by the simple model.

0

]
=7}
X 10 4
S
g
=
B
& -20

-30

0 10 20 30 L0 50 '60
Angle {deg}

Figure 5.9. Theoretical and measured angular transmission
responses of the DML. (open circles) - TE measured, {(black
circles) - TM measured, (solid 1line) - TE theory, (dotted
line) - TM theory.

5.7.2.2 Frequency selective surfaces

The plané wave transmission responses as a function of
incidence angles, at ~30 GHz, are shown in Figure 5.10.
For TM incidence, as the angle of incidence increases
there is a sharp decrease in the transmission and at 25°
incidence it is near -10 dB., There 1is an increase of up
to -6 dB as the angle of incidence increases to 60°. The
computed and measured values of both arrays were in good
agreement., For TE incidence there is a slower attenuation
which may originate from the fact that the incident
electric field vector is always parallel to the surface
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Angular filtering characteristics of FSS.
for TM incidence.
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Angular filtering characteristics of FSS.
for TE incidence,
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achieved with the PSS subreflector. Lee.ck., et al [1], proposed a system where a
single reflector antenna is nsed at multiple frequencies by employing these FSS
surfaces to separate the individual bands. One such configuration operating at three
frequency bands is shown in figure 2,3. Here the bands f1, j2 and f3 are separated by
two subreflectors FSS1 and FSS2. In figure 2.3, FSS2 is rcquucd to scparate two
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irrespective of the angle of incidence. In addition,
wider element spacing may be required to achieve sharper
attenuation. But the wider the element spacing, the more
power at boresight will tend to attenuate and this power
will be shared by the grating lobes. The behaviour of TE
incidence seems to suggest that a degradation of the
spatial filtering performance might be expected.

5.7.3 Radiaticon Pattern Measurements
5.7.3.1 Dielectric Multilavers

These measurements are required to substantiate the bean
coverage required for the antenna system to pick up a
weak signal in any given direction.

In Figufes 5.11, the radiation patterns of the DML are
shown, when used in conjunction with a Ku-band horn
antenna. The patterns are compared with a reference
pattern of the horn. There is a gradual reduction in the
boresight received power as the curvature is increased.
This loss could be attributed to the material absorption
at the operating frequency range. The power reduction is
~=1 dB each as the geocmetry of the DML moves from HO to
H2 for TE and TM. The measured -5 dB beamwidth! of the
horn antenna is ~36° for TE and TM. For the DML the -5 dB
|beamwidths. are ~30°, ~24° and 8° for HO, H1 and H2,
respectively with reference to the horn antenna level.
These values remain the same for the other polarisation
state. The encouraging fact about the DML is that it
gives almost the same radiation’ response for both TE and

TM, unlike its FSS counterparts.
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Co—polar patterns of a 5—layer DML for TE incidence.
For various configurations of the surface, at 36.745 GHz.

Rel. power, dB.
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Figure 5.1l.a

Cross—polar patterns of a 5—layer DML for TE incidence.
For various configurations of the surface, at 36.745 GHz.
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Figure 5.11.b
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Co—polar patterns of a 5—layer DML for TM incidence.

For various configurations of the surface

. at 36.745 GHz.
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Figure 5.11l.c

Cross—polar patterns of a 3—layer DML for TM incidence.
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Another positive feature of the DML is its cross polar
characteristics ({Figure 5.11.b & 5.11.d). For all the
curvatures and for both polarisations, they tend to stay
around the noise level (<-32 dB), which is the cross-
polar level of the horn antenna. .

5.7.3.2 Frequency Selective Surface

The measured patterns of the FSS filters for TE incidence
are compared with a Ku-band horn patterns. Both surfaces
were illuminated at normal incidence with the feed 30 cm

away.

Radiation patterns for crossed dipoles ahd tripoles are
shown in Figure 5.12.a and 5.12.c. Tripole FSS gives a
narrow pattern for all the curvatures for T™™ incidence.
It gives ~8° ~9° and ~5° for HO, Hl and H2, respectively,
compared with 36° for the horn. The power absorption at HO
is ~0 dB and as ﬁhe curvature 1is increased, this wvalue
increases by ~3.5 dB (H1) and ~5.0 dB (H2).

For crossed dipole FSS, the radiation pattern is broader
than that of the tripole FSS for TM incidence. The lower
degradation of the transmission coefficient against the
angle of incidence produces a broader pattern for the
crossed dipole FSS. Like the tripole surface the -5 dB
beamwidth (with respect to horn) as well as the power at
boresight reduce for <crossed dipole surface. Power
attenuations are ~0 dB, ~-1 dB and ~-5 dB for HO, H1l and
H2, respectively. The beamwidth for HO, H1 and H2 are
obtained as 17°, 11° and 7° respectively.

For TE incidence, the radiation patterns of the tripole

and crossed dipole surface coincide with that of the horn
antenna. Moreover in both cases, the H-plane patterns are
almost similar to that of the horn feed. No reduction in
the beamwidth is observed. '
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Co—polar Patterns of Crossed—Dipole Surface (TM)

For various configurations of the surface, at 30.455 GHz.

Rel. power, dB.
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Figure 5.12.a

Cross—polar patterns of crossed—dipole FSS for TM incidence.
For various configurations of the surface, at 30.5 GHz.
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Co—polar Patterns of Tripole Surface (TM)

For various configurations of the surface, at 30.455 GHz.
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Figure 5.12.c

Cross—polar patterns of tripole FSS for TM incidence.
For various configurations of the surface, at 30.5 GHz.
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The c¢ross polar patterns are illustrated in Figures
5.12.b & 5.12.d. For tripole F3S5, a maximum of -10 dB is
.noted for HO and as the curvature is increased, it
reduces, whereas for the crossed dipole FSS, it remains
reasopably low. for flat surface and gradually
increases with the curvature. The maximum‘amplitude noted
is ~~26 dB.

Both DML and FSS have their own merits as well as
demerits. The DML gives broader patterns for both
polarisations where as FSS gives a narrow pattern for TM
incidence, especially for tripole. But when it comes to
cross polarisation the DML leads the way by providing the
polarisation level, almost similar to that of the horn
antenna. The cross polarisation level seems to vary with
curvature in the case of FSS, while for DML, it remains
at the same as that for the planar surfaces, which is the

noise level of the network analyser..
5.7.4 Near field Measurements

In the previous sections the effects of angular filtering
and the corresponding radiation patterns were
investigated. In this section the near field measurements
are studied experimentally to determine the effects of

curvature.

For a micrcwave antenna system, to predict the direction
of arrival of a signal it 1is necessary to have a
knowledge about where on the detector the signal strikes.
Based on this information, with the help of necessary
signal processing, the origin of the signal source can be
determined. |

The laboratcory setup to measure the near field effects is
shown in Figure 5.2.c. Three horn antennas were used to
simulate a 'busy' electromagnetic¢ environment in the
chamber. The horns were turned on and off in sequence to
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Near-Field Measurements of Tripole FSS.
Flat FSS (HO) at 30.5 GHz for TM incidence.
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Near-Field Measurements of Tripole FSS
Curved FSS (H1) at 30.5 GHz for TM incidence.
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Near-—Field Measurements of Tripole FSS.
Curved FSS (H2) at 30.5 GHz for TM incidence.
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Figure 5.13.c

Near-~Field Measurements of Crossed—dipole FSS.
Flat FSS (HO) at 30.5 GHz for TM incidence.
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Near—Field Measurements of Crossed-dipole FSS.
Curved FSS (H1) at 30.5 GHz for TM incidence.
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Figure 5.13.e

Near—-Field Measurements of Crossed—dipole FSS.
Curved FSS (H2) at 30.5 GHz for TM incidence.
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simulate the presence of a signal source. Measurements
were carried out according to the procedure suggested in
section 5.4.4. The detector horn is placed at a distance
of 20 cms from the edge of the surface.

Initially the flat surfaces (HO) and then the curved
surfaces (H1, H2) were tested. Figures 5.13 give the near
field measurements of tripole and crossed dipole arrays
for TM incidence. All the curves given were normalised.
The terms F and N denote OFF and ON states of the signal
power source. For flat surfaces (HO}, the detector could
not detect the signals coming from either side at an
angle of 30° from the centre horn. Once a curvature is
introduced, the signal sources slowly appear on the
graph. For «cross dipole and tripole surfaces, the
curvature (H1) brings the signal sources onto the edge of
the detector. The position of the signal sources are
further moved towards the centre, when the curvature is
increased. So it is evident from these graphs that the
curvature determines the position on the detector, where
the signal strikes. The more the curvature the smaller
the region for the detector to be scanned.

For DML, the radiation patterns for the TE and TM are
broader compared to the TM of the FS85. This means that
although the detection of the sources are possible using
DML, it cannot be observed as clearly as the FSS.

Once the curvature is optimised, such structures should
be able to predict the direction of the signal source,
depending upon the position ©oh the detector, where a

signal is incident.:
5.8 Summary
In this chapter the behaviour of DML and FSS were

assessed experimentally and compared with the theoretical
data available. A DML consisting of five layers of

116



Chapter 5

melamine sheets was used to study the microwave
performance. Meanwhile, for FSS, tripole and crossed
dipole slot designs were employed. The frequency
responses, radiation pattern characteristics, plane wave
measurements and near field measurements were carried out

to assess the performance of the proposed passive antenna

structure.
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CHAPTER 6

Beam Modulation Due to Varying Structure
Parameters

6.1 Introduction

In this chapter the variations of the antenna radiation
characteristics due to wvariations in several structure
parameters as well as signal parameters are discussed.
This provides necessary information regarding the
frequency response, beam formation and frequency scanning
properties of the structures under discussion. Alsc the
applications of passive antenna elements, such as DML and
F55, as focusers and beam directors are investigated.

An advantage of these passive filters compared to the
existing form of lenses such as zoned 1lenses 1s the
ability to reduce the physical size of the lens
structure. FSS can be made to act as a diverger by
appropriately selecting the element geometry. Certain
structures help to change the direction of an incoming
electromagnetic wave, to other directions by proper
choice of element geometry. The design procedures are
based on a simplified mathematical model and will
therefore be used in parallel with experimental
procedures. Mass reduction in the lens structure is obtained.
here by Varying the element size of the F3sS.
Beam steering is achieved using DML by varying the
frequency of the incident wave. The steering is observed
for the zero order beam at boresight. With FSS the beam
steerage for the first order component is studied. For

the beam scanning applications one could consider the
role of FSS as gratings.
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Gratings have found plenty of applications in many areas
of physics and engineering. Some important applications
include: microwave lines and polarizers, twist reflector
antennas, spectrum analysers, integrated optical devices,
holography and acousto-optical devices. Because of their
widespread applications, the diffraction properties of
gratings have been studied extensively over the last few
decades{1l]. Periodic grating structures have recently
been proposed to construct antennas with beam steering
properties[2,3,4). It 1is understood that the grating
lobes are sensitive to variation in frequency and
therefore can be steered. In this experiment, the first
order grating lobe is studied. For this the FSS geometry
is selected in such a way that the first order diffracted
mode is propagating while the surface is illuminated by
an electromagnetic wave. A surface with such a property
is known as a blazed grating in the optical sense. It
transfers the incident signal power to diffracted power.

A novel concept in beam steering is introduced here using
FSS. The effect of this beam steering is studied by
rotating the FSS which 1is mounted in front of a
conventional antenna. For this system, one requires only
a fixed frequency source which in turn reduces the cost
of the system. Unlike steering the first higher order
mode, in this application the fundamental mode is steered

Exploitation of the DML as an electromagnetic window is
investigated in the Ku band. Comparisons are made with
practical data obtained in the ‘anechoic chamber. The same
experiment is performed using a waveguide instead of an
antenna to establish the beam forming features of the
DML.

Due to the diverse properties of FSS one can consider
them as candidates in a number of applications which
require enhancements of existing antennas with regard to
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beamforming or focusing tasks. In this chapter some
procedures for attaining controlled modifications of the
incident field that result in beam directing, filtered
and focused radiation patterns are discussed. Planar
single layer spatially varying array designs have been
designed to produce the required combination of amplitude
and phase changes. A number of prototypes have been
manufactured and assessed experimentally in the 26-40 GHz

frequency region.
6.2. Beamsteering

A frequency scanning method was used to steer the beam
using DML.

6.2.1 Dielectric Multilayers

In sections 5.7.1.1 and 5.7.2.1 it was shown that the
multilayer plane wave pass~bands are in effect shifted
when the angle of incidence is varied. This suggests that
one way to achieve steering 1s by varying the source
frequency of a divergent beam incident on a multilayer
filter placed in the near field. It is stressed that the
direction of the beam is frequency dependent only in the
sense that part of the signal incident on the multilayer
will be reflected and hence the structure is behaving as

a spatial fiiter.

The model used to calculate the responses presented in
sections 5.7.1.1 and 5.7.2.1 is only exact for plane
waves but nevertheless can be used to indicate the
response characteristics of a multilayer filter when
positioned in the near-field of the radiating source.
Thus under the physical optics approximation, the
radiation pattern of a wide angle source and multilaver
filter, normalised with respect to the radiation pattern
of the source, will be roughly equivalent to the plane
wave angular transmission response. From Figure 5.4 it is
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apparent that a satisfactory half power performance can
be expected from the steered signal by varying the source
frequency within a range of 0.6 GHz, centred around
~28 GHz. That is in the wvicinity of the second order

resonant frequency of the 9-layer structure.

A schematic diagram of the measurement setup is shown in
Figure 6.1. The multilayer was placed in the near-field
of a radiating microwave antenna such that radiation was
illuminating the dielectric across a range of angles from
0° {in the centre of the multilayer) to ~25° (near the
edge of the multilayer). Because of the practical
difficulties associated with supporting the structure in

Horn antenna

Transmitted beam

profile at frequency | fl

Figure 6.1 Schematic diagram for beam scanning using DML.
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Figure 6.2.a. Simulated radiation patterns of the
multilayer filter for (&) TE mode and (b) T mode at
source frequencies (A)27.5 GHz; (B)28 GHz; (C)28.5 GHz;
(D) 29 GHz.
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Figure 6.2.b. Measured radiation patterns of the
multilayer filter for {(a) TE mode and (b} TM mode at
source frequencies (A) (open squares) 27.9 GHz; (B) (black
squares) 28.5 GHz; (C) (open circles) 28.7 GHz; (D) (black
circles) 29 GHz.
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the measurement chamber and avoiding extraneous effects
due to the edges of the multilayer, useful data were
obtained in the range -20° to 20°. The receiver probe was
positioned as far away as possible from the multilayer
(1.2 m) within the constraints of the chamber size.

The simulated radiation patterns in the region of the
second order resonance (~28 GHz) for TE and T™
polarisation states are shown in Figure 6.2.a. Since the
theoretical angular transmission is highly directional,
the beam is expected to be collimated by the structure as
well as effectively steered. In Figure 6.2.b the
radiation patterns, measured at ~1.2 metres from the
multilayer, are shown for a range of illumination
frequencies. It will be noted that these data were chosen
to be representative of the beam-steering process rather
than to provide an exact comparison with the simulated
data. It is apparent that the model used to predict the
performance of the structure is qualitatively accurate
but quantitatively inaccurate. This is not surprising as
the source-multilayer interaction is clearly not fully
described by a one dimensional model. In addition to this
primary aspect it has been noted that the tolerances in
the construction of the multilayer filter were relatively
large (~10%) and the precise dielectric parameters at
the design frequencies are unknown. Nevertheless the
structure performs the predicted filtering action,
providing directional Dbeam-steering under frequency
control. The simulation also correctly predicts that the
steering angle, for given frequency, 1is larger for TM
modes than for TE and that the beamwidth at resonant
frequency is larger for TM than TE.

In this experiment the main lobe is effectively steerable
in the vicinity of the second order resonant frequency of
the multilayer. In the optical regime, passive frequency
controlled beam steering is usually achieved by employing
a grating structure. However most of the transmitted
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power lies in the 'unsteerable zero order mode and
therefore would be unacceptably inefficient for analogous
microwave antenna applications. The use of blazed grating
would overcome this drawback but a further, more
significant, problem exists with the use of conventional
grating structures for beam steering at microwave
frequencies, namely the small practical range of angular
steerage which is feasible. In this case it was found
that the beam could in effect be steered by up to 10°
under frequency control in the range 27.9 to 28.9 GHz
although there 1is an associated reduction in the
transmitted power as the beam is steered. This is due to
the fact that the maximum amplitude of the signal
impinging on the filter surface 1is at boresight and
decreases away from boresight.

The main use of grating structures at microwave

'frequencies is for spectral filtering. More recent

studies of doubly periodic gratings (F83) are also mainly
in the context of spectral filtering. Thus the attempt to
demonstrate beam formation and steering as well as
spectral selection, is novel, Optically analogous
gratings are not used to Dbeam steer at microwave
frequencies as the available frequency band 1s not large
enough to produce sufficient angular range. This can be
seen 1n a crude approximation by the thin grating
equation[5].

dsinB=nA (6.1)

where n is the number of the order, A is the wavelength,
d is the periodicity of the gratings. | 0
is the angle of incidence. After differentiation equation
6.1 gives
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AB=tanb. A / A (6.2)

Thus for a thin grating the angular steering range is
proportional to the size of AA/A, where AA 1is the
wavelength range over which a sweep 1is made and A is the
shift in the beam. Whereas in many optical systems one
can easily obtain AA/A ~ 2 , in a practical microwave
communications system it is only reasonable to expect
values of AA/A ~ 0.1 at the most, due to the limited
allocation of frequency bands. Thus in practice, the
angular steerage would be at least an order of magnitude
less than achievable at optical frequencies and therefore
not as large as provided by the method proposed here.

6.2.2 Frequency Selective Surfaces

Two sets of procedures are discussed here for steering
the beam using FSS. They are

1. Steering by Frequency Scanning
2. Steering by altering the position of FSS

6.2.2.1 Steering By Frequency Scanning

An antenna has a main lobe pointing at the desired
direction. In certain applications, it is necessary to
steer the beam at various angles. Steering of the antenna
beam from its boresight direction is accomplished by
causing a progressive phase variation of the radiated
fields across the antenna aperture. Several methods are
available to achieve this in practice. For example in a
phased array, the progressive phase shift can be provided
by means of phase shifters at each array element; in a
reflector antenna the same effect can be achieved by
lateral displacement of the feed from the focusl[é].
Though these techniques are relatively simpler, the cost

and weight of the associated components is too expensive.
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Linear, planar and conformal arrays can be designed with
either fixed main lobe, or a scanned beam which 1is
rapidiy positioned in space by means of
electromechanically or electronically actuated devices
connected in the feedlines behind the array radiators.
These devices change the phase or time-delay between
radiators to produce the required phase progression along
the array. Scans can be either one- or two-dimensional,
Such systems are expensive to construct due to their
complex nature of operation. To reduce the total
operational cost of such systems, a method of steering
the grating lobes using FS$S 1is introduced, which is
considered easy and cheap to produce due to the passive
nature of the FSS[4].

Earlier works on frequency scanning have been based on
the frequency dependent phase shift between the antenna
elements created by delay in a transmission line, to
which the elements were loosely coupled[7]. A printed
circuit grid antenna at 2 GHz showed a slightly shifted
frequency dependent beam[8]. Cascaded coupled microstrip
resonators were used as frequency scanning antennas and
resulted in scanning the beam upto +30°[9]. The method
suggested here is the utilisation of passive filters to
obtain the necessary scanning by varying the frequency of

operation.

Several papers[2,3,4)] have been published recently, to
emphasis the applications of periodic structure, to
construct antennas with frequencdy scanning properties, in
the reflection mode. For these operations periodic arrays
of elements were used. Here, the beam scanning-properties
are studied in the transmission mode. Periodic arrays of
slots were used for this study. The basic principle is
similar to that of the optical counterparts. The
fundamental idea 1is. to select a proper grating structure
so that the first order diffracted wave is propagating
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when an electromagnetic signal is incident on the
surface. The propagation direction of the diffracted
signal will be frequency sensitive and this signal is
used to scan the range as the frequency is varied. In
order to increase the signal power of this beam or
aperture efficiency, it is necessary to channelise the
incident power to the first order beam. Structures with
this property are referred to as blazed gratings.

The blazed grating structure considered for the present
study consists of a slotted array of crossed dipoles
etched on dielectric sheet. The modal analysis method,
explained in Chapter 4, was utilised for the design of

the crossed dipole surface.

The performance of a frequency scanned grating is
dependent on the blazed efficiency of the grating. It was
found out in optimisation that the most sensitive
parameters are the periodicity between the crossed dipole
elements and the thickness of the dielectric layer.

\

The diffraction angles are calculated from an equation
derived from the grating lobe equation, which is given in

Chapter 4 {equation 4.14) as:

i.e., sin®_3,0=% (%—‘i-—sine) {6.3)

where 6 : the incident angle, 6-1,0 : the first order
diffracted angle, Ap :the wavelength of the incident
signal and D1 : the element periodicity in the horizontal
direction. The '+' and '-' signs refer to reflected and

transmitted waves.
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6.2.2.1.1 Numerical Results

Two crossed dipole surface geometries were used to study
the frequency scanning performance of FSS. The FSS
responses were calculated using the modal analysis method
suggested in Chapter 4. It is evident from equation 6.3,
that D1, the horizontal periodicity plays a major role in
determining the diffraction angle for the (-1,0) mode.
The FSS geometries are given as follows. The slot lengths
and the slot widths were selected as 4.2 mm and 0.2 mm
respectively. The vertical periodicity is kept constant
at 8.7 mm. The horizontal periodicities of the first and
second surfaces were taken as 10 mm and 12 mm. Both the
slot surfaces were backed by a 0.037 mm thick polystyrene

layers.

These surfaces are assumed to be illuminated by a TM wave
at an angle 6=45° and ¢=90°. The primary intention of this
exercise is to establish numerically the behaviour of the
first order mode, in comparison with the zero order mode.
The amplitude of the frequency responses are the
normalised wvalues for the zero order mode and non
normalised values of the first order mode of the vertical
component (Ey vector) of the field. The total incident
field strength is assumed to be 1 volts/metre.

Figures 6.3.a and 6.4.a show the computed wvalues of the
zerc order mode for the T component for both the first
and second surface. Fiqures 6.3.b and 6.4.b show the
corresponding readings of the (-1,0) mode and the degrees
of angular steerage are given.-
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Frequency response of the zero order beam.
For crossed dipole array (First surface)
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Frequency response of the zero order beam.
For crossed dipole array (Second surface)
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Frequency response of the zero order scanned beam
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' The Ey values of the first order mode of the first

surface show an increase in amplitude between ~30 GHz andE
32 GHz when compared to that of the =zero order

. transmitted mode. This is equivalent to scanning of the

first order beam from ~12° to 25° as per Figure 6.3.b.

i Though the energy of the first order component is small

compared to the zero order mode, this energy may be used

E for the first order beam scanning. Similarly for the
‘second surface, the Ey values of the first order:
- component is higher in the frequency region from 28 GHz

o 29.1 GHz as shown in Figure 6.4.b. The Ey values of

the first order mode vary from ~0.009 to 0.010 which

~corresponds to a beam scanning coverage from 9° to 12°. It .

should be noted that the first order responses are not

normalised with respect to any angle.

In Figures 6.5.a and 6.5.b the prediction of the
P zero order mode is compared with the measured
data and they show a reasonably good agreement. The scan
range for these surfaces averages to ~3°/GHz. It has been
ncted from these computed wvalues that the effective
channelling of the power in the zero order mode to the
first order transmitted mode is obtained over a narrow
range of frequency. Alsc the reflected zero order mode

and first order mode are effectively suppressed over this
range.

6.2.2.2 Steering by Rotating the FSS

Most of the existing steerable antenna systems use
electronic, mechanical or frequency scanned antenna
systems. For a mechanically scanned antenna, a rotatable
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antenna is used to scan around the region. A electronic .

scanning implies the use of phased array antennas, to
steer the beam by varying the phase of the signal. Here,
a novel antenna concept is establish to keep the feed
antenna at a fixed position and scan the region in front
by means of a rotating FSS. The basic principle is to use
a spatial movable filter in front of an antenna, so that
by rotating the F$S in the horizontal or vertical axis,
it can transmit and receive to or from a source. A
schematic diagram of such a system can be envisaged as

given in Figure 6.6.

a3
v\ a2
Horn antenna
Transmitted beam
profiteat—angle al
az2
e
_100 10€
OC

a3

Figqure 6.6 Schematic diagram for beam scanning by rotating the FSS

A tripole FSS5 was used to study the performance of such
an antenna system. The dimensions of the FSS geometry are
given in Figure 5.3. The size of the FSS was 20 cm2. Such
a geometry was chosen, so that the system can have a
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narrow beamwidth performance. The FSS was placed in the
far field of a horn antenna. As the filter is rotated, it
changes the direction of the transmitted or received
beam, which is dependent on the angular position of the
filter.

The measured data are shown in Figure 6.7 for TM
incidence. The filter was rotated in steps of 2.5°. A
shift in the beam position is apparent with the shift in
the filter position. A -3 dB performance is observed in
the region from -15° to +15° After this range, the
signal strength deteriorates sharply. This c¢an be
accounted for by the sharp angular filtéring nature of

Angular Seanning using tripole fss.
for TM mode, at 30.5 GHz

-5 0 5
=
o
b
[
B
o
o B
0]
(o
—40 . { : 1 L I L ! L ! L 1 " ! L
-40 -30 -20 -10 0 i0 20 30 40
Scanning angle, degrees.
Figure 6.7.

the FSS, as given in Chapter 5. Though such a shift is
also present for TE incidence, due to its broad beamwidth
the resolution of the shift is poor.
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6.3 Dielectric Multilayer As An Electromagnetic Window

For applications in communications, the dielectric
multilayer filter should have low power absorption within
a prescribed transmission band. It should provide high
directivity by shaping the antenna beam. Such a window
can also act as an apodiser by suppressing the sidelobes
of the primary antenna. This property of a DML is
investigated in this section of the chapter.

The type of dielectric filter studied here is given in
Figure 3.1. The thicknesses of the layers are chosen
according to the fundamental resonance frequency fp given
by [10]

c

) 4f0\/[eh(l - jtandy) - sin® Gi]

(6.4)

£ = c (6.5)

2f0\/[al(l - jtand;) - sin? Bi}

where tan 8 is the loss tangent, t is the thickness of
the individual layer, @i is the incident angle and ¢ 1is
the speed of light. Subscripts h and 1 represent the high
and low permittivity regions.

These filters have higher order resonances depending on
the number of layers used and their properties. Attention
is focused here on the first order rescnance which occurs
at ~34 GHz for normal incidence, for which the
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fundamental resonance is 36.2 GHz and exhibits a passband
of 2 GHz. (Figure 5.4.)

6.3.1 Experimental Results

The antenna structure is tested by placing the dielectric
multilayer in the far field of a pyramidal horn, which is
used as a primary feed. The measured radiation patterns
of the multilayer filter are compared with the feed
patterns. The feed patterns are shown in Figure 6.8 for
both TE and TM polarisations and in each graph both co-
and cross-polarisations are shown. It can be seen that
the cross-polarisation of the horn ‘is below -25 dB.
Figure 6.9 gives the radiation patterns of the co- and
cross-polarisations of the TE and TM modes for the horn
with multilayer filter. It can be seen that both the co-
polar patterns of the TE and TM modes of the multilayer
filter are more directive. The =3 dB beamwidth of the
multilayer filter for co-polarisations is ~12° compared
with the beamwidth of ~24° of the horn feed for both TE
and TM., The sidelobe levels are also suppressed being

well down in the noise region of the pattern.

The co-polar pattern of the novel antenna system shows an
increase in the resolution and directivity. In
particular, the resolution of the antenna is increased
from ~32° to ~20° and the directivity from ~19 dBi to
~24.5 dBi. The filteﬁ- achieves this reduction in the
beamwidth without any increase in the cross-polarisation
level and the gain of this system is approximately the
same as that of the horn. Since this structure exhibits
almost the same radiation patterns for co- and cross-
polarisations for both TE and TM modes, it can be used
for dual ©polarisation applications. The 1low cross-
polarisation of the two modes is important for this type
of operation. Thus by using this type of multilayer, the
antenna performance can be exXtended into narrow band and

dual polarisation applications.
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In theory the passband and beamwidth of the antenna
system can both be further reduced by increasing either
the number of individual layers or the ratio ep/ej. It
should be noted however that as the beam becomes
narrower, the radiation efficiency of the system 1is

reduced.
6.4 Beamforming Using DML

The DML being investigated can also be used to produce a
narrow beam with low side lobes and in this sense could
be described as an apodizing aperture. This application
is a simple alternative to the use of phased arrays in
beam-forming [7]. The far field radiation pattern of the
multilayer described above, placed in the near field of
an open-—-ended waveguide, is shown in Figure 6.10 for the
second order resonant frequency ~28 GHz. It can be seen

WWM 0

f 4 Y -10

h| dB8

GL 32 0 o: 6b
Angle (deqg)

Figure 6.10. The collimating effect of the multilayer at
the second order rescnant frequency. Curves (A) and (B)
correspond to open ended waveguide without and with

multilayer filter respectively.
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that the -3 dB beamwidth of the multilayer is close to
10°. Also note that the far field pattern displays no
sidelobe level above the noise threshold (~-18 dB).

6.5 Concepts Of Electromagnetic Lenses

Antenna systems using lenses play an important role among
the different types of antennas which have been developed
for use at wvarious frequency bands{ll,12]. Lenses have
been used in conijunction with microwave horn antennas for
a considerable period{13]. The general design approach is
to place the lens at the aperture of the horn and to
treat it as a phase correcting device which produces a
plane wavefront from the rays emerging from the effective
point source at the phase centre of the horn. By using
the lens as a phase corrector, the flare angle of the
horn can be made much larger than would be required, if
its radiation pattern were to be limited by diffraction
from the non-phase-corrected electric field distribution
in the aperture. Thus a lens corrected horn can be made
much more compact than a simple feed horn having equal
directivity or gain.

Lenses are transmissive components, which operate by
altering the phase of the electromagnetic wave as it
passes through. The phase of the signal can be altered in
several ways. The simplest being by altering shape of the
component. For example, by curving both surfaces of a
slab, inwards or outwards, a diverging or converging lens
can be made. Also for focusing, the dielectric constant
of the lens medium is varied "such that the index of
refraction is a maximum at the centre of the lens and

minimum at the edge.
6.5.1 Focusing Action Of FSS

The focusing action using FSS is discussed in this

section. The lengths of the slots are wvaried to obtain
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the phase change to produce a focused beam. The lengths
of the slots are changed, from the centre to the edge of
the surfaces. This also means that the periodicities
between the slots are changing. The lengths of the slots
can be increased or decreased according to the
requirements. To produce a converging lens, the length of
the slots are decreased and for diverging lens, they are

increased.

It has been shown that regular arrangements of periodic
elements can be viewed as artificial dielectrics or phase
shifting structures{14]. A plurality of elements or a FSS
can be used to introduce a phase shift in the transmitted
portion of the radiation incident on the array. The phase
shift can be made stepped or progressive, by altering the
geometry or dimensions of the array elements used.
Therefore, using an array with phase shifting properties
varying spatially across its surface, incident radiation
can be influenced in such a way to beam form, beam
direct, filter or converge the incident wave.

The basic principle involved in creating a newly formed
wave front 1s to introduce symmetrical or anti
symmetrical phase advances, increasing in relation to
spatial distance from the axis (centre) or the perimeter
of the array. The amount of beam shaping near the
lossless region of the band depends on the wvariation of
the transmission coefficient (amplitude and phase) to the
local angles of incidence which are present on the

structure.

An array with continually varying element dimensions (Fig
6.11.a) of the same periodicity is studied in this
section. A progressive phase shift will therefore advance
across the surface. Using the same postulate, arrays were
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Figure 6.11.a Geometry of a tapered array.

assessed with symmetrical configurations of the above, as
shown in Figures 6.13.a and 6.14.a. The elements were
slotted crossed dipoles and were arranged on a regular
grid.

6.6 Beam Directing Array

The design comprises a continual tapering of the
elements' dimensions so that a net phasing effect may be
introduced. Fig 6.11.ghf§lgtted crossed dipole (20 cm
square) single layer array. There was a total reduction
of the horizontal arm length of about 50% from one side
of the surface to the other. The vertical arm length and
the lattice geometry (square of side 4.35 mm) remained
unchanged. The e‘le’“ment"lengths were L1 = 4,15 mm and LF =

2 mm. With the incident field across the horizontal arm
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(normal incidence)at 35 GHz (Position A), there was a
relocation of the transmitted beam at about =-9° in the
H-plane which is shown in Figure 6.11.b. The results show
evidence of a progressing phasing effect produced by a
reduction of A/2 to A/4 element length and a slow wave
near the edge of the array. Rotating the surface through
180° (Position B) in its own plane the beam appeared near
+9° which is symmetrically opposite to the previous
case. For both orientations, there is less than 1 dB loss
over a 5% bandwidth. In addition to the beam location,
there is also a notable narrowing of the illuminating

beam.
Beam directing patterns of the tapered array.
at 35 GHz, for TE incidence.
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Figure 6.,11.b.

6.6.1 A First Order Approximation Of Beam Directing

To explain the beam directing phenomenon, a first order
approximation model of the continually tapered array is
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presented. This model is entirely one-dimensional for the

sake of simplicity.

According to this method the entire surface is divided
into small arrays. i.e., a 20 cm long surface is divided
into 400 arrays, each representing 0.5 mm of the surface
length. The transmission coefficient of the region over
which copper is coated is taken as zero. The transmission
coefficients over the rest of the surface (slots) are
calculated from the modal analysis method given in
section 4.2. This analysis was run for the given slot
lengths. This gives information regarding the
transmission coefficients on the surface (i.e., the
aperture distribution). Once the aperture distributien is
known, the radiation pattern can be calculated using
Fresnel-Kirchhoff Integral method{15,16,17].

Figure 6.12.(a, ¢, e, g) gives the aperture distribution
of the crossed dipocle surface at various frequencies. It
should be noted that as the 1lengths of the slots are
decreased, the periodicity between the slots increased
and vice versa. As the frequency 1s varied, the resonant
point of the surface also varies. The reason is that at a
particular freguency only one slot on the surface
resonates, depending upon the length of the slot. In
Figure 6.12.a, at 33 GHz, the 18th slot from the centre
of the surface to the left edge resonates, At this point,
the phase also changes its polarity. As the frequency is
increased the resonance moves towards the centre of the

surface.
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Aperture distribution of tapered array at 33 GHz.

For crossed dipole array
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Radiation Pattern of Tapered Array at 33 GHz.
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Aperture distribution of tapered array at 35 GHz.
For crossed dipole array
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Aperture distribution of tapered array at 37 GHz.
For crossed dipole array
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Radiation Pattern of Tapered Array at 37 GHz.

For crossed dipole array
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Aperture distribution of tapered array at 39 GHz.
For crossed dipole array
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Radiation Pattern of Tapered Array at 39 GHz.
For crossed dipole array
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The corresponding effects on the radiation patterns are
shown in Figures 6.12 (b, d, £, h). The peaks of the
radiation patterns are at ~1°. Once the frequency is
increased, the sidelobes start to appear and at 39 GHz,
distinct nulls are formed between the 1lobes. Also a

reduction in the beamwidth is observed.
Figure 6.12.d shows a slightly broader pattern at the -20

dB level and below.

This approximation shows that the beam: remains the same at:

the boresight as the frequency of the signal is varied.
The effects due to the vertical arm of the crossed-dipole
is ignored completely in this method. A more rigorous two
dimensional approximation 1is required to show this
effects and that is beyond the scope of this work.

6.6.2 Symmetrically Tapered Array

Figure 6.13.a shows a symmetrical spatially varying
slotted crossed dipole array. There is taper in both the
vertical and horizontal arm lengths, from the left to
right as well as from top to bottom of the surface. The
dimensions were as follows: LHI = LVI = 4.15 nm,
LEHR = 3 mm and LHF = 2 mm. There was a 33% reduction in
the vertical arm. The radiation patterns in the E and H
planes are shown in Figure 6.13.b, at 33 GHz, exhibiting
similar features. A radiation intensity increase over
5 dB was measured when compared to the standard gain horn
at the same £frequency. Increases begin at about 30 GHz
and occupy a bandwidth of 9%.

A different type of symmetrical arrangement of the array
elements can be seen in Figure 6.14.a. This formation of
elements 1is axi-symmetric where square loop zones
increase in circumference from the centre of the surface.
The element at the centre has equal length arm (LI = 4.15
mm) and the elements at the edge of the array reduced by

Unlike other qraphs
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Figure 6.13.a. Geometry of the symmetrically tapered

array 1.

28% (LF = 3 mm). Similar comments could be made as with
the previous array, with the exception of broader
principle plane beams and suppressed sidelobe
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| Radiation patterns of symmetrically tapered array 1
at 30.5 GHz.
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performance, as shown in Figure 6.14.b. This is primarily

due to the reduced tapering of the element lengths. A
gain of ~4.35 dB is observed at boresight with this
surface.

Figure 6.14.a. Geometry of the symmetrically tapered
array 2.

The measured frequency responses at normal incidence for
both the surfaces are given in Figures 6.13.¢c and 6.14.c.
Both responses show indications of gain in a certain
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Radiation patterns of symmetrically tapered array 2.
at 30.5 GHz.
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Measured frequency responses of crossed dipole FSS.
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frequency bhand. In Figure 6.13.¢ the maximum gain 1is
~5,5 dB. and the range at which the surface acts as a
focussing object is from ~29.3 to ~37.3 GHz, Figure 6.14c
shows a gain of ~4.3 dB from ~29.2 to ~31.1 GHz.

6.7 Summary

In this chapter the variation of the microwave beam due
to variations in the slot gecmetries of the FSS as well
as variations in the signal parameters has been
investigated. Also the performance of DML as an
electromagnetic window and beam steerer were studied. The
same dielectric multilayer has alsoc been demonstrated as
an apodizing aperture. FSS have been used to steer the
first order component by selecting a grating geometry
such that the first higher order diffracted wave 1is
propagating when the surface 1is illuminated by an

electromagnetic wave.

Although the DML structure performs well as a beam-
former, its passive Dbeam-steering ©property (under
frequency control) exhibits a significant reduction in

efficiency as the angular scan increases.

It has been stressed that the model used to indicate the
behaviour of the DML in this context was purely one-
dimensional, and there may be significant contributions
from two-dimensional effects (i.e. waves propagating
parallel to the layers). In particular it would be
expected that the source position and transverse
dinension of the structure would be critical factors in

the performance.

An investigation intec the possibilities of alternative
uses of planar pericdic arrays was made., It had been
shown that the continually varying single layer arrays
can be used to modulate the direction of the beam as well
as focusing of the beam. It is envisaged that the spatial
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filtering, in conjunction with the converged bean,
resulting from such planar structures could be used to
‘improve side lobe performance and directivity in linearly

polarised antenna systems.
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CHAPTER 7

CONCLUSIONS

7.1 CONCLUSIONS

A novel antenna concept has been discussed in this thesis
which enables signals to be classified according to the
criteria: frequency Dband, propagation direction and
amplitude. A critical component is the external filter
and simulations of various designs have been presented
based on a dielectric laminate and a frequency selective
surface.

A nine layer DML was used to examine their wviability as
one of the spatial filter components. Periodic arrays of
slots were also used as the external filters. Two types
of array geometries were employed as FSS. They have been
used to provide the necessary spectral and angular
filtering effects.

The performance of the DML were tested and analysed. Both
planar and curved measurements were conducted. For a
planar surface the predicted frequency response was
obtained in the chamber. The discrepancy in some part of
the characteristics was attributed to the inaccuracies of
the input parameters of the DML. In particular, the
inaccuracies in the individual layer dimensions and the
electrical parameters. It is unlikely that the electrical
properties of the melamine layer are the same as those at
1 MHz, The physical shape, i.e., the finite size of the
DML which was used for the measurements could be another
reason for this error. Despite these drawbacks the
predicted and practical comparison indicate that the DML
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did indeed behave as a spectral and angular filter as
expected. As an angular filter the practical values were
estimated fairly well within a range of 5 dB by the
simple model.

It is evident that as the number of layers 1s increased,
the better the directivity of the filter. The TE and TM
radiation characteristics showed almost the same
patterns. The main advantage of the DML is the cross
polarisation level. For both signal orientations they
were kept down to the level of the horn antenna.

The curved multilayer behaves almost the same way as the
planar multilayer. Theoretical models are not available
at this stage, as it is beyond the scope of this thesis.
For single horn measurements, as the curvature was
increased, the signal power at the Dboresight was
decreased. But a narrowing of beamwidth of the radiation
patterns were observed for both TE and TM. For multiple
horn measurements, discrimination of the TE and TM
patterns were not possible due to their broad beamwidths.

The performance of the DML was also assessed with a view
to steering the beam. It was found that the beam could be.
steered by up to 10° in a frequency range of ~27.9 GHz to
~28.9 GHz although there is an asscociated reduction in
the transmitted power as the beam is steered. This is due
to the fact that the maximum amplitude of the signal
impinging on the filter surface 1s at boresight and
decreases away from Dboresight. Since most of the
transmitted power 1lies in thé unsteerable zero order
mode, the DML would be unacceptably inefficient for
microwave antenna applications. The DML under scrutiny
has been tested for its applications as a beam former. It
provided a narrow beam pattern with low sidelobes, when
used in conjunction with an open ended wave guide, thus
emphasising its candidature as an apodising aperture.
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For communication applications, the DML should have low
absorption within a certain frequency range. It should
have a high degree of directivity by shaping the antenna
beam, Here the use of DML was established as an
electromagnetic window. This DML would transmit signals
at a certain frequency band without much reduction in the
power and for some other bands the DML would reflect,
Also the low cross polarisation really stresses
that the antenna performance could be extended into

narrow band and dual polarisation applications.

Two different geometries of FSS were tested in the
anechoic chamber. They were tripole slot FSS and crossed
dipole FS8S. During the investigations of the performance
of FSS as spectral filters, it has been noted that the
measured values agree with theoretical wvalues within a
range of ~3 dB. This discrepancy could arguably be due to
the finiteness of the surface. The important parameter in
the design of a narrow band filter is the periodicity
between the elements. The higher the periodicity the

narrower the transmitted band and vice versa.

In the case of TM incidence for both FSS, the amplitude
of the resonant frequency component drops drastically
with angle of incidence and increases after ~15°, For TE
- incidence, the amplitude ©of the signal decreases slowly
and at 60°, it is at ~-10 dB level. For crossed dipole
surface, as the TE incident angle increases the onset of
grating lokbes was noted. This effect has not predicted in
the theoretical model and suggests that as the
periodicity between the slots increases the model becomes
invalid. This effect could be due to the finite number of

slots existing on a finite surface.

Both the FSS were tested for their angular filtering
properties. The computed and measured values of both the
arrays were 1in good agreement. There was a sharp
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attenuation for the TM incidence. For TE, a slower
attenuation was observed.

The radiation patterns ¢of both the F35 were studied.
Among these, the tripole slot surface gave better
directive performance than the c¢rossed dipole slot
surface. The TM pattern of the tripole slot FSS showed a
nuch narrower beam width than the other surface. However,
the TE patterns were rather brocad for both surfaces. Thus
the tripole slot FSS deserve a better degree of
appreciation for its co-polarisation performance.
Meanwhile the cross polarisation -~ ilevel’ .. of the
tripole FSS 1is much higher than that of the crossed
dipole FSS. For tripole FSS, a c¢ross polar level of -10
dB was observed. The cross polar level for the crossed
dipole FSS remained at noise level at ~-33 dB.

The properties of curved FSS were investigated with a
view to making a redome structure. For TM incidence, the
tripole FSS gave a narrow beam pattern for all the
curvatures. For crossed dipole FSS, the TM beam pattern
is broader than that of the tripecle FSS. For TE
incidence, the patterns remained the same as the flat FSS
for both surfaces. Another interesting observation was in
the cross polar levels of these curved FS55. For tripole
FSS, the c¢ross polar level seemed to decrease with
increasing curvature, whereas for crossed dipole FSS,
they seemed to increase with increasing curvature. This
effect could be put down to the wave propagation
behaviour through surfaces which have got slots with
right angle Jjoints as in crossed dipole FSS and 120°
joints as in tripole slot FSS.

Multiple horn measurements were alsoc carried out to
observe whether the curved structure could distinguish
signals coming from vwvarious directions. In comparison
with DML, FSS gave a narrow beam pattern. Therefore
stress were given to measurements using FSS. For a flat
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surface, the receiver horn could only recognise the
signal from boresight. As the curvature was increased,
signals from the other directions came into the scan
region. For the second curvature all the beams were
visible towards the centre of the scan region. This
suggests that further optimisation of the curvature is
required to predict the direction of signal arrival. For
TE, since the beam pattern was broad, such detection was

not visible.

Numerical studies were carried out to analyse the
capability of FSS as a frequency scanning surface in
transmission. The principle used here was to suppress the
zero order mode and convert that suppressed energy to the
first order mode. This first order mode is sensitive to
frequency wvariations. Such action could be accomplished
by proper selection of a grating geometry. The numerical
results showedfan increase in power for the first ocorder

‘mode..

data. A practical
study was performed to look into the steering by rotating
the FS5S. The beam was shifted in a range of #10° with a
maximum loss of ~3 dB.

A practical study was carried out to investigate the
possibilities of using FSS as a beam directing array and
a focusing array. This was accomplished by tapering the
slot geometry, in an appropriate fashion. Using the beam
directing array a shift of ~9° was cbserved, A numerical
study was performed - o on a simple grating
structure to establish the beam directing action. A gain
of ~5.5 dB and ~5 dB were noted for the focusing array 1
and 2,

Further work is required to establish the optimum phase
changes of these arrays. It is realised that the spatial

filtering, in conjunction with a converged beam,
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resulting from such planar structures could be used to
improve sidelcbe performance and directivity in linearly

polarised antenna systems.

The properties of the passive spatial filters studied
here are potentially applicable to the design of
antennas, particularly in the contexts of mobile and
satellite communications. These structures can in
principle perform 'passive’ frequency and angular
selection when used in conjunction with a conventional
antenna. It is likely that this would lead to an increase
in the directivity of the antenna at minimal cost. Since
the dynamic range of the frequency-contrelled angular
steerage found is relatively low, the filters could find
applications as a passive enhancement to an actively
steerable antenna system. The enhancement is obtained by
the fact that different frequencies can be transmitted
into different directions, thus allowing for a

distributed network of receivers.

Another useful application would be to increase the
resolution of a remote sensing system in which the target
locations are identified in terms of the frequency
detected at the receiver. This may be especially relevant
to improving the performance of surveillance and homing
radars, for which it is important to minimise the
footprint and hence maximise the possible resolution. The
collimation described above will apply in the radial
direction, thus a target plane perpendicular to the
central propagation direction will be illuminated by an
annular shaped footprint whosé' radius is controlled by

the source frequency.
7.2 Suggestions for future work
The transmission characteristics of both DML and FSS were

observed. Both of them, have their own advantages. The TE
component of the multilayer attenuates rapidly, where as
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for the slotted FSS array, it is the TM component. These
facts have been proven theoretically and practically. But
the combined effects of both multilayer and FSS are not
well established and obviously, it is one of the
.suggestions for further investigations. Also the cross
polarisation level introduced by tripole FSS is high,
though its co-pclarisation performance is good.

DML can also be used for beam directing and focusing
objects. An alternative approach to tackle this situation
is to use planar geometries, rather than curved ones. One
possibility is wvarying the thicknesses of layers at a

constant gradient.

Further improvement of the multilayer characteristics
will be achieved by optimising their structure and
composition. In particular it is expected that increased
collimation of the scanned beam will be obtainable with
additional layers and by the use of higher dielectric
permittivity materials.

The effect of varying the element lengths to form a beam
directing array and a focusing array have been analysed
practically. But the theoretical model for such surfaces
are not available . . anywhere at the preparation of this
thesis. Also the modelling of curved surfaces using
multihorn measurements are” ' also not avallable,
Theoreticdl analysis of such models prove to be another

fruitful area of research.
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bstract. A theoretical and experimental siudy of passive, microwave beam
odulation is presented using a planar dielectric multilayer structure in the
equency range 26—40 GHz. The structure is shown to exhibit both spectral and

Introduction

he effectiveness of a microwave communication or
dar transceiver system depends critically on its ability
distinguish between signals in terms of their ampl:-
de, frequency and beam properties. The increasing
¢ of the same spatial channel and spectral band for
ultiple signal propagation {1, 2] further complicates
e electromagnetic environment and motivates the
ed for antenna systems which provide a steerable,
rrow beam pattern within a narrow spectral band.
ch antenna systems are also relevant to the imaging
buried objects [3], in the treatment of hyperthermia
] and in radar imaging [5]). In all these applications,
nsmitter and receiver probes with low side lobes
e required to avoid unwanted reflections and hence
crease the resolution. Furthermore there is a require-
ent, particularly in mobile and satellite communi-
tions [6], for the beam to be steerable to allow
xible access between source and receiver locations.
Conventional methods for beam formation and
ering are by employing active phasing of antenna
rays [7, 8]. Although beam steering by phased arrays
ovides faster and more flexible reconfigurations than
chanical systems, the hardware is relatively expens-
and significant signal processing is required to inter-
et the array response [9]. Traditional antenna designs
bre aimed at providing wide band performance [10]
t the increasing emphasis on frequency re-use within
pltibcam and multiband systems [11] suggests that
e spectral filtering would be an advantage.
though spectral selection is normally performed
thin the receiver, in principle the antenna can be
signed to provide passive’ discrimination, for
jample via the use of frequency selective surfaces
bss) [12]).

This paper addresses the passive role of an antenna
the contexts of beam formation and steering as well

P2-3727/92/061026 + 06 $04.50 © 1992 IOP Pubfishing Ltd

gular filtering properties with respect to plane waves. The same filter is also
monstrated to function as a collimating aperture and apodizer when combined
ith a conventional antenna. In addition the filter is used to steer a beam through
few degrees of arc by sweeping the source frequency from ~27 fo ~29 GHz.

as spectral selection. One approach to passive beam
steering is via the variation of the carrier frequency of
radiation passing through a structure with frequency
dependent transmission properties. This has been
achieved at microwave frequencies by using specially
designed Fsss [13] consisting of doubly periodic arrays
of conducting elements on a dielectric substrate.

Another type of frequency selective structure is a
dielectric multilayer, widely used in the construction of
microwave components such as radomes [14, 15] and
optical components such as mirrors and polarization
filters [16, 17]. In the majority of applications the mul-
tilayers are employed as spectral filters and are usually
designed to have a near uniform angular response in
the pass band (e.g. for filters, diclectric mirrors and
beamsplitters), or else they function at specific inci-
dence angles (e.g. polarizing filters). In more specialist
applications, more than one specific spectral pass band
may be required [18, 19]. Recently, theoretical studies
of fractal [20] and chiral [21] multilayer filters and
reflectors have also been made.

In this paper we investigate the spectral, spatial and
beam modulation properties of multilayers for Ku band
microwaves. Special emphasis is placed on a theoretical
and experimental analysis of the angular response
which reveals a novel application of such structures. In
particular, the possibility exists of extending the role of
dielectric multilayers into that of frequency dependent
spatial filters. It is found that the most efficient spatial
filtering is not achieved at the fundamental or first-
order spectral resonances, due to their relatively high
bandwidths. We assess the performance of a multilayer
composed of a glass fibre laminate and address the
viability of its use as a passive beam steering and beam
forming device.,

In section 2 we investigate theoretically the plane
wave response of the dielectric multilayer and the



sults from an experimental test are given in section

The filter’s use as a passive beam steering device is
Idressed in section 4 .and as a collimating aperture in
ction 5.

Dielectric multilayer filters

he theoretical analysis of plane wave scattering from
electric multilayer structures is well known [16]. Here
e study is based on a structure familiar to spectral
ter designers consisting of two materials arranged in
’l alternating sequence. For optimum effect the two
aterials must be composed of contrasting dielectric
rmittivity usually termed ‘high’ (H) and ‘low’ (L). In
rticular the combination HLHLHHLHLH will be con-
ered. This exhibits a fundamental resonance (pass
nd) with respect to normally incident plane waves
en the thickness of the high (low} permittivity layer
1/4 (/2), where A is the wavelength in the material.
In the context of microwave radiation our choice
material for the high permittivity layer is governed
the need to achieve narrow band performance at
appropriate frequency, to minimize the insertion
s and to limit manufacturing costs. For these reasons
high permittivity layer composed of the glass fibre
inate melamine (relative permittivity ~7.5 and loss
gent 0.02 measured at 1 MHz), being tough, light-
ight and durable, was selected. Melamine sheets
th thickness ~0.76 mm are considered as these are
plied as standard and the resulting multilayer struc-
es will possess transmission resonances near to the
ospheric- attenuation window (~2545GHz)
tween water and oxygen molecular absorption [22].
panded polystyrene is used for the low permittivity
1) layer. Having chosen these materials the fun-
mental resonance (~36 GHz) is fixed and, as a
nsequence, the design thickness of the polystyrene
er is ~4.2 mm.
The simulated frequency responses of the melamine
Itilayer filter for 0° and 30° angles of incidence are
tted in figure 1. The response at normal incidence
pure 1{a)) is nearly symmetric about the fundamental
onant frequency (~36 GHz) and the departure from
metry is due to material absorption within the
lamine. Also clearly noticeable in figure 1(a) are
her order resonance features (labelled first and
ond) which arise because of the presence of more
n one layer. When the angle of incidence changes
30° the frequency response shifts by approximately
w GHz as shown in figure 1(5). A notable change
n the behaviour of the second-order response. The
component shifts its position by ~2.8 GHz towards
high-frequency regime, resulting in a reduction of
plitude of ~4.5 dB. The T™™ component behaves in
imilar way, exhibiting a shift of 2 GHz to the high-
uency region, aithough the amplitude remains
hanged. These results suggest that more sensitive
trol of the angular transmission properties of the
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- Figure 1. Simulated frequency responses of the multilayer

filter at {a) 0° incidence and (b) 30° incidence. Black
squares represent TE and open squares represent T™
components,

filter can be accessed in the vicinity of the second-order

resonance rather than the fundamental or first orders.

3. Plane wave measurements

The experiments were conducted in a laboratory with

microwave absorber blocks situated in appropriate

positions to obtain a near anechoic environment. The
experimental set-up for plane wave measurements is
shown schematically in figure 2(a). The aperture on
the wooden frame onto which the multilayer is
mounted can be rotated in a vertical plane. The centre
of the aperture lines up with the transmitter and
receiver horns, which are in the line of sight. The rest
of the -area, apart from the aperture in the wooden
frame, is covered with microwave absorbers to avoid
unnecessary reflections. For the angular response
measurements, the aperture is rotated in steps of 10°,
while the positions of transmitter and receiver horns
are fixed. The pyramidal transmitter horn is excited by
a microwave sweep generator (HP 8757B) in the range
26-40 GHz. An identical receiver horn is connected to
a scalar network analyser (HP 8520B) from which data
are directly downloaded to a plotter.

A five-layer melamine structure was made accord-
ing to the design specified in section 2. The theoretical
and measured frequency responses of this structure for
normally incident plane waves are shown in figure 3.
Clearly the predicted resonant structure is observed
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igure 2. Schematic diagram of the experimental set-up
or (a) plane wave measurements and {(b) radiation
frequency scanning) pattern measurements.

Frequency (GHz)

igure 3. Transmission frequency response of the
ultilayer filter at normal incidence. The full curve shows
e theoretical values; dots indicate the measured values.

xperimentally. Even though the electrical parameters
f melamine layers are not known accurately at the
perating frequencies used here, the positions of the
ain resonances are estimated fairly accurately by the
imple model. ' :
The simulated and measured angular responses of
e structure are plotted for the second-order resonant
equency in figure 4. In broad terms, both polarization
ates are well transmitted near normal incidence and
s the angle of incidence increases to ~40° the trans-
itted power decreases sharply. The TE component
ays below —20dB at 30° and higher whilst the trans-
ission of the T component increases after ~40°.
hese results indicate that the transmission response
f a divergent beam would have an angular variation
sulting in collimation,

28

Relative power (dB)

Angle {deg)

Figure 4. Theoretical and measured angular transmission
responses of the multilayer filter. O, TE measured; @,
TM measured; ——, TE theory; ———, ™ theory.

4. Beam steering

In sections 2 and 3 it was shown that the multilayer
plane wave pass bands are in effect shifted when the
angle of incidence is varied. This suggests that one way
to achieve steering is by varying the source frequency
of a divergent beam incident on a multilayer filter
placed in the near field. It is stressed that the direction
of the beam is frequency dependent only in the sense
that part of the signal incident on the multitayer will
be reflected and hence the structure is behaviag as a
spatial filter.

A conventional method for measuring the field pat-
tern of an antenna consists in varying the angular posi-
tion between the antenna being tested and a receiving
probe located at a fixed distance. This is equivalent to
moving the receiving probe over an arc of an imaginary
spherical surface centred on the antenna and it is this
method which is utilized for the radiation pattern
measurements as illustrated in figure 2(b).

The model used to calculate the responses pre-
sented in sections 2 and 3 is exact for plane waves
but, nevertheless, can be used to indicate the response
characteristics of a multilayer filter when positioned in
the near field of the radiating source. Thus, under the
physical optics approximation, the radiation pattern of
a wide angle source and multilayer filter, normalized
with respect to- the radiation pattern of the source,
will be roughly equivalent to the plane wave angular
transmission response. From figures 1 and 3 it is appar-
ent that a satisfactory half power performance can be
expected from the steered signal by varying the source
frequency within a range of 0.6 GHz centred around
~28 GHz—that is, in the vicinity of the second-order
resonant frequency of the five-layer structure.

The multilayer structure was placed in the near field
{~25cm) of a radiating microwave antenna such that
radiation was illuminating the dielectric across a range
of angles from 0° (in the centre of the multilayer) to
~25° (near the edge of the multilayer). Because of

S



-18F,

-2l

-3 0 -0 [ 10 % iy
Angle (degh

gure 5, Simulated radiation pattems of the multilayer’

er for (&) TE mode and (&) TM mode at source

quencies (A), 27.5 GHz; (B), 28 GHz; (C), 28.5 GHz; (D)
GHz.

e practical difficuities associated with supporting the
ucture in the measurement chamber, and avoiding
traneous effects due to the edges of the multilayer,
eful data were obtained in the range —20° to 20°.
e receiver probe was positioned as far away as poss-
le from the multilayer (1.2 m) within the constraints
the chamber size. ‘

The simulated radiation patterns in the region of
e second-order resonance (~28 GHz) for TE and ™
larization states are shown in figure 5. Since the
eorctical angular transmission is highly directional,
e beam is expected to be collimated by the structure
well as effectively steered. In figure 6 the radiation
tterns measured at ~1.2 m from the multilayer are
own for a range of illumination frequencies. We note
at these data were chosen to be representative of the
am steering process rather than to provide an exact
mparison with the simulated data. It is apparent that
e model used to predict the performance of the struc-
re is qualitatively accurate but quantitatively inac-
rate. This is not surprising as the source-multilayer
eraction is clearly not fully described by a one-

ensional model. In addition to this primary aspect

note that the tolerances in the construction of the
ltilayer filter were relatively large (~10%} and the
ecise dielectric parameters at the design frequencies
e unknown. Nevertheless the structure performs the
edicted filtering action, providing directional beam
ering under frequency control. The simulation also
rrectly predicts that the steering: angle, for given
quency, is larger for T modes than for TE and that

beamwidth at resonant frequency is larger for ™
an TE.

Beam forming

e structure being investigated can also be used to
oduce a narrow beam with low side lobes and in this

Microwave beam modulation
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Figure 6. Measured radiation patterns of the multilayer
filter for (&) T mode and (b) ™ mode at source
frequencies (open squares) 27.9 GHz, (black squares)
28.5 GHz, (open circles) 28.7 GHz and (black citcles)
28.9 GHz.
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Figure 7. The collimating effect of the multilayer at the
second-ordér resonant frequency. Curves (A) and (B)
correspond to open ended waveguide without and with
multilayer filter respectively.

sense could be described as an apodizing aperture. This
application is a simple alternative to the use of phased
arrays in beam forming {7]. The far-field radiation pat-
tern of the multilayer described above, placed in the
near field (~30cm) of an open-ended waveguide, is
shown in figure 7 for the second-order resonant fre-
quency ~28 GHz. It can be seen that the —3 dB beam-
width of the multilayer is close to 10°. Also note that
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1e far-field pattern displays no side lobe level above
1¢ noise threshold (~22 dB).

. Discussion

e have investigated the microwave transmission
roperties of a dielectric multilayer consisting of five
eets of melamine. The plane wave transmission
sponse was shown to be in good agreement with
mple theory. A novel application was considered by
sitioning the multilayer in the near field of a rad-
ting source. In this case it was found that the beam
uld in effect be stecred by up to 10° under frequency
ntrol in the range 27.9 to 28.9 GHz although thers
an associated reduction in the transmitted power as
e beam is steered. This is due to the fact that the
aximum amplitude of the signal impinging on the
ter surface is at bore sight and decreases away from
re sight. The same dielectric multilayer has also been
monstrated as an apodizing aperture. In particular a
verging source with —3 dB beamwidth of ~90° was
own to be collimated by the multilayer down to ~10°
ith no side lobes measurable as low as —22dB.
We stress that the model used to indicate the behav-
ur of the multilayer was purely one-dimensional,
ereas we would expect significant contributions from
o-dimensional effects (i.e. waves propagating par-
lel to the layers). Our results therefore suggest that
theoretical study of such structures would be fruitful
d could lead to further optimization of the detailed
sign so that attenuation with steering angle would
reduced. In particular, we would expect the source
sition and transverse dimension of the structure to
critical factors in the performance.
In our experiment the main lobe is effectively steer-
le in the vicinity of the second-order resonant fre-
ency of the multilayer. In the optical regime, passive
quency-controlled beam steering is usually achieved
employing a grating structure. However most of the
nsmitted power lies in the unsteerable zero-order
de and therefore would be unacceptably inefficient
r analogous microwave antenna applications. The use
blazed gratings would overcome this drawback but
urther, more significant, problem exists with the use
conventional grating structures for beam steering at
crowave frequencies, namely the small practical
ge of angular steerage which is feasible. For a thin
ting the angular steering range is proportional to
size of AAfA, where AL is the wavelength range
er which a sweep is made. Whereas in many optical
tems one can easily obtain AL/ ~ 2, in a practical
crowave communications system it is only reason-
le to expect values of AA/A ~ 0.1 at the most, due
the limited allocation of frequency bands. Thus in
ctice, the angular steerage would be at least an
er of magnitude less than achievable at optical fre-
encies and therefore not as large as provided by the
thod proposed here.

0

The properties of the filter studied here are poten-
tially applicable to the design of antennas, particulatly
in the contexts of mobile and satellite communications.
The multilayer can in principle perform ‘passive’ fre-
quency and angular selection when used in conjunction
with a conventional antenna. It is likely that this would
lead to an increase in the directivity of the antenna at
a minimal cost. Since the dynamic range of frequency-
controlled angular steerage found is relatively low, the
multilayer could find applications as a passive enhance-
ment to an actively steerable antenna system. The
cnhancement is abtained by the fact that different fre-
quencies can be transmitted into different directions,
thus allowing for a distributed network of receivers.
Another useful application would be to increase the
resolution of a remote sensing system in which the
target locations are identified in terms of the frequency
detected at the receiver. This'may be especially rel-
evant to improving the performance of surveillance and
homing radars.

Further improvement of the multifayer charac-
teristics will be achieved by optimizing their structure
and composition. In particular we expect that increased
collimation of the scanned beam will be obtainable with
additional layers and by the use of higher dielectric
permittivity materials. Subsequent studies will also
investigate the use of transversely non-uniform struc-
tures with a view to producing high gain as well as
beam formation and steering.
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difficulty in removing the photodetector response from the
link response. Another was an additional electrical leakage
that set in at 35 GHz. Although this leakage does not manifest
itself in the form of dips in the electrical response, it tends to
increase o, thereby lowering the device response. We attribute
this to power leaking away from the dominant CPW mode
without recoupling back into the same mode so as to cause
dips in the electrical response {6]. From Fig, 2 it appears that
further increasing the electrode thickness should improve the
phase match. This required some modification in our fabrica-
tion process which concurrently changed the electrode wall
angle, so the phase match was not improved. Qur calculations
do show that the phase match is critically dependent on the
electrode wall angle, which implies that strict process control
will be required to obtain a phase matched device.

AL
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Fig. 4 Electrical and optical responses of device with 18 pm thick CPW
electrodes

a Electrical response
b Optical response
QO experiment

- theory

We have achieved improved results in response and V, for
broadband LiNbQ, modulators. These results are particularly
important with respect to the approach of Reference 2 because
our devices do not suffer from the nonlinear phase response of
coded modulators [2]. Thus these devices can be used directly
in the time domain for short pulse applications. As our
devices are not yet truly phase matched, it is clear that further
improvements will be made. As phase match is approached,
longer devices may further reduce ¥, but details of this trade-
off remain to be determined,
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PASSIVE FILTER FOR INCREASING
DIRECTIVITY IN DUAL POLARISATION
ANTENNA SYSTEMS

S. Chandran and P. R. Smith

IndexingYerms: Antenna radiation patterns, Microwave filters

A novel design for a passive microwave filter is presented.
The filter consists of a stacked array of low loss dielectric
layers, whose permittivity profile alters in a near sinusoidal
manner. The radiation property of the filter is investigated
for both co- and crosspolarisation and it is shown that the
filter acts as an apodiser and a beam shaper.

Introduction: The properties of dielectric multilayers as filters
at optical frequencies have been examined by various authors
[e.g. References 1 and 2]. Analogous microwave structures are
not commonly used in microwave applications, although
recently, a multilayer radome has been used to reduce the
radar cross-section of a microstrip patch antenna [3]. Investi-
gations have also been carried out by the authors on the
properties of diclectric multilayers at microwave frequencies in
the Ku band [4]. In that work, frequency response, the
angular transmission properties, beam steering, frequency
response and the beam-shaping action of the layers are dis-
cussed. In this Letter a new anfenna system employing a
dielectric multilayer as a narrowband spatial filter is explored.
The co- and crosspolarisation performance is examined
experimentally. '

Dielectric multilayer: For applications in communications, the
dielectric multilayer filter should have low power absorption
within a prescribed transmission band. The widely used multi-
layer structures at optical frequencies are made by coating
thin layers of materials of different chemical compositions on
one or both sides of a substrate, At microwave frequencies the
construction of analogous filters is less difficult due to the
longer wavelength and low cost, light weight structures can be
envisaged. Efficient performance can be obtained by using
designs consisting of alternating sequences of high permittivity
(2,) and low permittivity ()} materials. '

The particular filter studied here consists of five melamine
layers (¢, = 7-5, tan &, = 0-02 at ! MHz) and four polystyrene
layers (g, = 1, tan &; == O at 1 MHz) combined in an alternating
sequence with the centre layer of melamine having twice the
thickness of the other melamine layers. The thicknesses of the
layers are selected according to the fundamental resonance
frequency f, given by

1, = ¢/4fo /el —j tan §,) — sin%6;] (1)
ty = ¢/ /lel —j tan §) — sin?6.3 2

where tan § is the loss tangent, ¢ is the thickness of the indi-
vidual layers, @; is the incident angle and ¢ is the speed of




. These filters have higher order resonances depending on
ngmber of layers used and their properties. We focus
1ition on the first arder resonance (see Fig. 3 of Reference
hich occurs at ~ 34 GHz for which the fundamental res-
ce is ~36:2 GHz and exhibits a passband of ~2GHz.

erimental results: The antenna structure is tested by
ing the dielectric multilayer in the far field (~26cm) of a
midal horn, which is used as a primary feed. The mea-
b radiation patterns of the multilayer filter are compared
| the feed patterns. The feed patterns are shown in Fig. 1
roth TE and TM polarisations and in each graph both co-
crosspolarisations are shown. It can be seen that the
Lpolarisation of the horn is below —25dB. Fig. 2 gives the
tion patterns of the co- and crosspolarisations of the TE
TM modes for the horn with multilayer filter. It can be
that both the copelar patterns of the TE and TM modes
e multilayer filter are more directive. The 3dB beamwidth
¢ multifayer filter for copolarisations is ~12° compared
the beamwidth of ~24° of the horn feed for both TE and
The sidelobe levels are also suppressed being well down
¢ noise region of the pattern.
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ssion: The copolar pattern of the novel antenna system
s an increase in the resolution and directivity. In particu-
he resolution of the antenna is increased from ~32° to
® and the directivity from ~19dBi to ~24-5dBi. The
achieves this reduction in the beamwidth without any
ase in the crosspolarisation level and the gain of this
m is approximately the same as that of the horn. Because
structure exhibits almost the same radiation patterns for
nd crosspolarisations for both TE and TM meodes, it can
sed for dual polarisation applications. The low cross-

polarisation of the two modes really stresses thus type of oper-
ation. Thus by using this type of multilayer, the antenna
performance can be extended into narrowband and dual pol-
arisation applications.
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In theory the passband and beamwidth of the antenna
system can both be further reduced by increasing either the
number of individual layers or the ratio g,/g;. It should be
noted however that as the beam becomes narrower, the radi-
ation efficiency of the system is reduced. Investigations are in
progress to increase the gain of this antenna system by opti-
mising the filter geometry, moving away from planar struc-
tures.
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ERFORMANCE OF TWO SINGLE-
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partment of Electronic and Electrical Engineering
ughborough University of Technology
ughborough

icestershire, LE11 3TY

ited Kingdom

EY TERMS
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BSTRACT

wo single-layer FSS5 are presented as radiation filters in conjunc-
n with a conventional horn antenna. The amplitude of the trans-
itted wave to the variation of the incidence angle is studied with a

jew to designing a spatial filter array. It is demonstrated that these

ngle-layer arrays act as spatial filters, following a simple design of
regular plurality of slotted elemenis. © 1993 John Wiley & Sons, Ine.

INTRODUCTION

E‘?c:l;;r::?{-ﬁi?:;:tzgcfiir:i;ii (‘Fsz:_;) are of.ten used as passive
(1] or Cadomes [2]-- The oo E;rf;.t‘ lblexfers in reﬁectf)r:\'ysu‘ms
reflection bands is prinnril[; A vy by ransmitsion nd

. a k chieved by the choice of the
element and lattice geometries under a particular state of
illumination. In some cases the angle of incidence significantly
alters the frequency response of the surface. This implies that
there is a direct relationship between the frequency and an-
gular characteristics. The effect of the angle of incidenee o
the waves transmitted through the surfaces has prompted the
use of periodic arrays or FSSs as spatial filtering arrays (S1°Ax)
[3—7]. However. mast of the work reported in the literature
deals with multitayer arrays and formations of metaltic prids
with diefectric substrates, In this Letter the performance of
two single-layer SFAs which are comprised of arrays of
crossed-dipole and tripole slotted elements is presented. The
design procedure and the radiation pattern comparisons with
a primary source are discussed. The spatial filtering proposcd
would be advantageous for side-lobe suppression and heam
forming in anternna systems.

DESIGN PROCEDURE

The elements under scrutiny are slotted crossed dipoles and
slotied tripoles [8. 9]. A parametric study has been carried
out using a modat analysis method, with regard to optimizing
the performance of the transmitted response varying the pe-
riodicities (square lattice) as well as the lengths of the array
elements. The diclectric substrate, lattice geometry, and the
orientation of the element remained unaltered. The analysis
was based on a vector Floquet mode expansion W of the
tangential fields [10]. A magnetic field integral equation was
formulated for the unknown magnetic current M (11, 121, in
the presence of a dielectric slab of thickness d. as follows:

N
E 27?:.1;..,")::}"‘1’;..”..

me 1

-
= — ¢
Z (én,uqﬂm,uq + n:rqnq)\l’mnq

g

M- \[’lfr,uq dr- “)

anit well
:lpcrlun:

where & is the amplitude of the plane wave exciting the
structure and

1~ Ampq

gmpq = +
1+
Am,uq (2)

Avpy = PREIT _ni’..,,,, — Mg
Tj”i‘,’){f + Tfmpq

yand g are the modal propagation constants and admittances,
respectively. where in the diefectric region they are denoted
by the superscript 4, (p.q) are the Floquet indices for T™M
(m = Vand TE (m = 2) modes. A method-of-moments so-
Jution was employed to determine the magnetic current in
each slot. Entire domain basis functions were used for this
solution. of the form cos(m’mu/L). sin{n' me/L). where L is
the length of the segment under consideration. which is along
an arbitrary direction w. m'.n’ may take integer as well as
half-integer values. In total, three magnetic current bases for
the tripole array were used, each corresponding to index
m’' = ). Seven basis functions were used: m’ = 1.3 and
n = 2.4.6.8.10, in each horizontal and vertical arm of the
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crossed dipole array. One hundred sixty-nine Floguet modes
were found adequate to represent the tangential fields adja-
cent to the array. The transmission and reflection coefficients
were calculated using the zero-order propagating mode.

A rapid variation of the transmission response with angle
of incidence was the primary objective for the design of the
filter. In the design process, the parameters were initially
adjusted to obtain a passband near 30 GHz at normal inci-
dence, beyond which the array is highly reflective with in-
creasing incident angles. This was achieved by varying the
array periodicity whilst keeping the element lengths fixed. The
radiation pattern of the SFAs, under plane-wave ilumination
at norma! incidence, will therefore be associated with the
above variation. For practical purposes, such as the size of
;the array to the wavelength, it was found that an appropriate
‘design for the tripole slots (SFA1) and crossed-dipole slots
(SFAZ) was a periodicity of 8.9 mm and 8.6 mm, respectively.
Figure 1 shows the lattice and element geometries and the
physical parameters of both designs. The arrays were backed
by a 0.037-mm-thick dielectric substrate (polyester) with
e, = 3.0, and the copper thickness was about 10 pm. The
surfaces measured 60 ¢cm square and were stretched over 2
rigid wooden frame.

The plane-wave transmission responses as a function of
incidence angle. at 30.5 GHz, are shown in Figure 2. For TM
incidence. as the angle of incidence increases there is 2 sharp
decrease of the transmission and at 25° incidence it is near

y (a)

S PL

y (b)
w L
] e l L
T

Figure 1 Geometry of the two arrays with slotied elements (shaded
portion) (a) SFAl: Dt = D2 = 89 mm, L = 20 mm, W =102
mm. (b) SFAZ: D1 = D2 = 8.6mm, L = 42 mm, W = 0.2 mm

— 10 dB. There is an increase of up to —6 dB as the angle
of incidence increases to 60°. The computed and measured
values of both arrays were in good agreement, For TE inci-
dence there is a slower roll off, which may originate from the
fact that the incident electric field vector is always parallel to

{a) 0

transmission coefficient, dB
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Figure 2 Planc-wave transmission response as a fanction of inci-
dence angle. (a) TM incidence, (b) TE incidence. SFAIL: solid lines,
theory’ closed squares, measured vajues. SFA2: dashed lines, theory,
open squares, measured values
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- surface irrespective of the angle of incidence. In addition,
der element spacing may be required to achieve sharper
enuation. The behavior of TE incidence seems to suggest
at a degradation of the spatial filtering performance might
expected.

\DIATION PATTERN MEASUREMENTS

' measured radiation patterns of the FSS filters for E and
planes are compared with the feed (Ku-band standard py-
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Figure 3 Copolar patterns in the E plane: (a) solid line, horn;
dashed line. horn + SFAL (b) solid line, horn; dashed lines,
horn + SFA2

ramidal horn) patterns. Both surfaces were illuminated at
normal incidence with the feed 30 cm away. Figure 3 shows
the E-plane copolar component of the radiation pattern of
the tripole array, SFAL, and crossed-dipole array, SFA2, at
30.5 GHz. The filtering effect is clearly iliustrated, whereby
a —3-dB beamwidth reduction of about 78% and 50% for
SFA1and SFAZ, respectively, is obtained. Similar beamwidth
reduction was also observed for the — 10-dB level. It can be
seen that there is a close relationship in the levels with Figure
2, up to 10° and 15° for SFA1 and SFA2, respectively. The
slow transmission coefficient against the angle of incidence
roll off of the SFA2 produces a broader pattern. Moreover,
in both cases, the H-plane patterns are almost similar to that
of the horn feed. The transmission bandwidth, defined be-
tween the —0.5-dB level, was about 1.2% and 2% for SFAL
and SFA2, respectively. A notable feature of this set of array
designs is the depolarization of the incident field in transmis-
sion. Peak cross-polar levels for SFAL of up to —10 dB were
recorded and can be attributed to the difference between the
TE and TM plane-wave frequency respenses.

CONCLUSION

Two single-layer array designs were fabricated and the radia- -
tion patterns were measured, indicating their spatial filtering
properties. These SFAs were designed to exhibit an angular
filtering effect near 30 GHz at normal incidence. The radiation
pattern and theoretical values which were obtained by varying
the angle of incidence using a plane-wave modal analysis cor-
respond, which confirms the ease of the design procedure. As
the beam becomes narrower, the cross-polarization levels in-
crease. Despite that deterioration the spatial filtering of these
surfaces is easily achieved and they can be incorporated in
existing antenna systems. For enhanced performance, the ef-
fect of the lattice geometry and dielectric backing to the fil-
tering properties needs to be addressed and forms the next
phase in our studies.
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ABSTRACT

A new analviic characteristic equation is presented and applied to
the analysis of avenuation properties of normal modes in couted cir-
endar waveguides including conductor loss. Approximate and nu-
mierical methods are employed 1o accomplish the solution to the new
eqration, resulting in some wseful approximate formulas for calcula-
tions of modal attenugtions. These formilas are applicable to the
analusis and design of the coated circular waveguide including con-
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ductor loss because of their good agreement with the numerical re-
sults obtained by the computer. © 1993 John Wiley & Sons. Inc.

I, INTRODUCTION

The characteristic equation [1-3] for propagation constants
k, of normal modes in a coated circular waveguide is well
known and has been widely adopted in many applications [4-
8] to accomplish the approximate or accurate analysis of the
attenuation properties of main low-order normal modes in
the waveguide. For formulating the characteristic equation of
normal modes in a multilayered coated waveguide, 2 matrix
method [8] based on the mode-matching technique was pre-
sented which only involved the manipulation of 4 X 4 matrices
for any number of coating layers. In these studies, however,
the metallic wall was usually assumed to be a perfect con-
ductor in order to simplify the theoretical analysis. This re-
laxed treatment has certainly introduced some loss of accuracy
in these results, especially for the cutoff waveguide, where
high accuracy for calculations of modal attenuations is of ut-
most interest.

This Letter is devoted to the analysis of attenuation prop-
erties of normal modes in a coated waveguide under the con-
dition of no restriction to the metallic wall. To this end, a
new characteristic equation including conductor loss must be
derived first. The method for formulating the characteristic
equation in this Letter is still the matrix method. which in-
volves the manipulation of 2 x 2 matrices instead of 4 x 4
ones as in {8]. In Section LI, this nove! methed is presented
first to formulate the characteristic equation for a muitilayered
coated waveguide, and subsequently a new apalytic charac-
teristic equation for a single-layer coated circular waveguide
with an imperfect wall is obtained. In Section I according
to this new equation, attenuation properties of normal modes
in the cutoff and the overmoded waveguides are discussed,
respectively, using approximate methods. These approximate
treatments result in some useful formulas for the analysis and
design of the coated circular waveguide which agree well with
the numerical results obtained from the computer by Miiller’s
methods. These numerical results and their discussions are
also presented in the same section.

. CHARACTERISTIC EQUATION OF NORMAL MODES

A generalized model is shown in Figure 1. Region / is the air
layer. Region n + 1 is the metallic conductor whose con-

Figure 1 Geometry of a multilayered coated circular waveguide
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PHASING EFFECTS OF CASCADED AND SPATIALLY VARYING PLANAR ARRAYS

$ C Chandran, B Little, J C Vardaxoglou

Loughborough University of Technology, UK

NTRODUCTION

Passive arrays of clements such as Frequency Selective
Surfaces ¢an be used as frequency filters to scparate
different bands in & communications antenna systern while
maintaining the high radiation performance - required.
Cascaded surfaces can produce improved responses over
single layers primarily due to the flexibility in the choice of
the clement and lattice geometrics as well as their supporting
iclectric structures and scparation regions. Due to the
iverse properties of these aays one can consider them as
andidates in a3 number of applications which require
enhancements of cxisting antennas with regard to angular
filtering (£ ), beamforming or focusing tasks.

is paper deals with some procedures for attaining
ntrolted modifications of the incident field that result in
am direction, filtered and focused radiation patterns.
Planar single and multilayer spatially varying array designs
ave been incited to produce the required combination of
amplitude and phase changes. A number of prototypes (of up
to four layers) have been manufactured and experimentally
assessed in the 26-40 GHz frequency region. The bandwidth
and polarisation performance wiil also be discussed.

OUTLINE OF CONCEPTS

t has been shown that regular arrangements of periodic
lements can be viewed as artificial dielectrics or phase
hifting structures (2, 3). A plurality of clements or a
Frequency Selective Surface can be used to introduce a
hase shift in the transmitted portion of the radiation
incident on the amray. The phase shift can be stepped or
rogressive, by altering the geometry or dimensions of the

ay elements used. Therefore, using zn array with phase
hifting ‘properties varying spatinlly across it's surface,
incident radiation can be influenced in such a way as o
beamform, beamdirect, filter or converge the incident wave,

e basic principle involved in crealing a newly formed
wave fronl is to introduce symmetrical or asymmetrical
phase advances, increasing in relation 1o the spatial distance
[rom the axis (centre) or the perimeter of the array. The
amount of beam shaping near the lossless region of the band
cpends on the variation of the transmission cocfficient
(amplitude and phase) 1o the {ocal angles of incidence which
4re present on the structure,

The first exercise deals with a multilayer structure of strip
zone arrays. In order to achieve the required phase variations
cach surface was divided into zones within which the
geometry of the array remained the same, as shown in Fig.
la. A parametric study has been performed using a modal
analysis and equivalent circuit methods (4, 5) with regard to-
optimising the performance of the transmitted beam by
varying the laltice geometries as well as the distance -
scparating the arrays. The aim was to minimise the reflected
wave component, whilst obtaining the required phase shifts.
The analysis is based on a coupled integral equation
formulation in which an iterative method sclution was
employed to determine the clement currents. Propagating
and evanescent mode coupling have beea taken into account
by expanding the tangential ficlds in the scparation region as
sets of Floquet modes, The clements that have been
considered in this study were conducting square loops.

An  asymmetric array (single layer structure)  with
continually varying etement dimensions (Fig. 2a) of the
same periodicity formed the second part in the study. A
progressive phase shift will therefore advance across the
surface. Using the same postulate, arrays were assessed with
symmetrical configurations of the above, Figs. 3a and 4a.
The elements were slotted crossed dipoles and were arranged
on a regular grid.

STRIF ZONE ARRAY DESIGN

Discrete zones of the array are defined, as shown in Fig. 2a,
within which the geometry of the elements remains the
same, hence giving a constant phase shift across the zone.
The gomplete structure comprises of 4 layers (of the order.
outer, inner, inner, outer) over the 5 central zones, doubled
up to eight layers for the outer strip where a greater phase
shift is required. The phase shifts were 977, -542 +760 and
+147° for zones 0 to 3 respectively. In this array strip zones
were designed, creating a phasing effect in one plane only.
The array was designed for a normally incident plane wave,
and an electrical separation of 720 between the layers at 30
GHz. The scparation was introduced by considering the
thickness of the diclectric substrate on which the array
clements were printed and by adding a thin layer of
cxpanded polystyrene sheet. The array was comprised of
scven zones each 543 cm across, making the array
dimensioas J8ca by 28cm.




1 the cxperimental set-up used in the testing of the
ultilayer structure, the transmitting and receiving horns
erc 2.1 m aparl, with the element to be tested situated at &
stance of 0.89 m from the transmitting horn. RBoth
equency and angular scans were performed in the
casurement of the planar arrays.

Ithough the arrays were designed for normal incidence at
ound 30 GHz, investigations of the properties of cach array
cre made for a variety of different orientations. Both TE
1d TM incidence were simulated, at angles of incidence up
450, Fig. 2b shows the radiation pattern of the structure
r TM: 300 incidence at 27.5 GHz. When compared with the
imary source (standard pyramidal horn) notable filtering
ours associated with a radiation intensity increase. The
crease peaked about 5 dB above the boresight level of the
orn and had a nominal value of about 2 dB from 26 - 29
Hz. It can be attributed to the phase advances and minor
ffraction arising from the edges of the structure. These
creases were lower for TE incidence with lower sidelobes
" the filtered radiation pattern. The crosspolar performance

vel.
ONTINUALLY VARYING ARRAY DESIGN
am directing array

design comprises of a continual tapering of the
ements dimensions so that a net phasing effect may be
troduced. Fig., 2a shows the four comners of a slotted

sed dipole (20cm square) single layer array. There was a
El reduction of the horizontal arm length of about 50%
>m one side of the surface to the other. The vertical arm
ngth and lattice geometry (square of side 4.35 mm)
mained unchanged. The element lengths were LI=4.15 mm
d LF= 2 mam. With the incident clectric field across the
rizontal erm (normal incidence) at 35 GHz, there was a
ocation of the transmitted beam at about 99, in the H-
hne which is shown in Fig. 2b. This result shows
idence of a progressive phasing efféct produced by a
vction of Af2 o A/4 clement length and a slow wave

the edge of the amray. Rotating the surface through
09 in its own plane the beam appeared near +99 which is
Lnm«:t:riclelly opposite to the previous case. For both
entation thcrp is less than 1 dB loss over & 5%, bandwidth.
addition to the beam location, there is also a notable
Towing of the illuminating beam.

[nmetrical tapering

3a shows the botiom left hand quarter of a
nmetrically spatially varying slotted crossed dipole array.
Bre is taper in both the vertical and horizontal arm lengths,

the left 1o right as well as from top lo bottom of the
acc. The dimensions were as follows: LHI=LVI=4.15
h, LHR=3 mm and LHF=2 mm. There was a 33%
uction in the vertical arm. The radiation patterns in the E

as moderate with peaks of about 25 dB below the boresight
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R

and H planes are shown in Fig. 3b, st 33 GHz, cxhibiting
similar features. A radiation intensity increase over 5 dB was
measured when compared to the standard gain hora at the
same frequency. Increases begin at about 30 GHz and
occupy a bandwidth of 9%.

A different type of symmetrical arrangement of the array
clements can be seen in Fig. 4a, wherc the elements of the
bottom right quadrant are drawn only. This formation of
elements is axisymmetric where square loop zones increase
in circumference from the centre of the surface. The element
at the centre has equal length arm (L1=4.15 mm) and the
¢lements on the edge of the array reduced by 28% (LF=3
mm). Similar comments could be made with the previous
array with the exception of broader principal plane beams
and better sidelobe performance, as shown in Fig. 4b. This is
primarily due to the reduced tepering of the element lengths.

CONCLUSICN

We have made a preliminary investigation into the
possibilities of alternative uses of planar periodic arrays
which are entirely passive. It was shown that continually
varying single layer arrays performed better than the strip
zoned designs. The disadvantage of the latter is that it is
bulky and difficult to construct accurately, However il
produced a wideband angular filtering that may otherwise be
difficult to achieve, (1). Further work however is needed
with regard to the predictions using finite armray theory
nomenclatures, {(6) to establish the correct phase changes
including the mutual coupling effects. It is envisaged that the
spatial filtering, in conjunction with the converged beam,
resulting from such planar structures could be used to
improve sidelobe performance and directivity in lincarly
polarised antenna systems.
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Fig. 2. (a) Array geometry.
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